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FOREWORD
The Specialists' Meeting on Gas-Cooled Reactor Safety and Accident
Analysis was convened by the International Atomic Energy Agency in Oak
Ridge on the invitation of the Department of Energy in Washington, USA.
The meeting was hosted by the Oak Ridge National Laboratory. The purpose
of the meeting was to provide an opportunity to compare and discuss
results of safety and accident analysis of gas-cooled reactors under
development, construction or in operation, to review their lay-out,
design, and their operational performance, and to identify areas in which
additional research and development are needed. The meeting emphasized
the high safety margins of gas-cooled reactors and gave particular
attention to the inherent safety features of small reactor units.
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INTRODUCTION
The Specialists' Meeting on Gas-Cooled Reactor Safety and Accident
Analysis was held at the Oak Ridge National Laboratory, Oak Ridge, USA,
13-15 May 1985. The meeting was convened by the International Atomic
Energy Agency on the recommendation of the International Working Group on
Gas-Cooled Reactors. It was attended by 50 participants from Austria,
France, the Federal Republic of Germany, Italy, Japan, Poland, the United
Kingdom, and the USA. The meeting was chaired by Dr. Paul Kasten, ORNL,
and subdivided into four technical sessions:

1)
2)
3)
4)

Safety and Related Experience with Operating Gas-Cooled Reactors
Risk and Safety Analysis (Part I and II)
Accident Analysis (Part I and II)
Miscellaneous Related Topics

The participants presented 29 papers on behalf of their countries or
organizations. Each presentation was followed by an open discussion in
the general area covered by the paper.
At the end of the meeting a panel discussion was held.

SUMMARY OF SESSION I
SAFETY AND RELATED EXPERIENCE WITH OPERATING OCRs
Session Leader: J.C. Cleveland
The first paper, by J.W. Dawson of the Central Electricity
Generating Board (CEGB), and F.F. Youell of the National Nuclear
Corporation, is titled, "The Radiological Environmental Impact of a
Commercial Advanced Gas-Cooled Reactor (CAGR). The paper was presented by
Mr. Dawson. He described the sources of exposure including direct
radiation and radiation from discharges of gaseous and liquid effluent.
The radiological consequences for all three sources are given for a
typical CAGR on a semi-urban site. The conclusion is that the offsite
exposure from all sources to the most exposed person is low compared to
the Design Safety Criteria.
The next paper is titled "The Analysis and Evaluation of Recent
Operational Experience from the Fort St. Vrain HTGR" by D.L. Moses of the
Oak Ridge National Laboratory and W.D. Lanning of the U.S. NRC. The
paper, presented by D. Moses, reports that since 1981 FSV operating
experience has been dominated by long periods of shutdown often due to
safety implications of events which required significant maintenance. The
sources, effects, and the detection of moisture ingress are the most
significant operational problems. Related problems include the failure of
6 of 37 rod pairs to automatically insert on a scram signal and leaching
of 6203 contaminant from reserve shutdown material (B^C) precluding
complete dumping of material in a surveillance test. Also, there have
been a number of challenges to the essential electrical supplies at the
plant. Work is proceeding on resolving these problems.
The third paper is titled "The Evaluation of Occupational Exposure
on a Commercial Advanced Gas Cooled Reactor" by J.W. Dawson of the CEGB,
F.P. Youell of the National Nuclear Corporation, and J. Edwards of the
Hinkley Point "B" Station. The paper, presented by Mr. Dawson, delineates
design target dose limits for station staff which will ensure compliance
with the "as low as reasonably practicable" principle and legislative
requirements. The paper evaluates operator exposure at the Heysham AGR
against these design target dose limits. The conclusion is that estimates
of the occupational exposure associated with the operation, inspection,
and maintenance and repair/replacement work show, in most instances, a
large margin to the budget allocation based on the radiological criteria
for occupational exposure. Current experience from operating CAGRs shows
levels of total Station exposure to be significantly lower than that
allowed under the collective dose criterion.

The fourth paper is titled "Safety Related Experiences with the AVR
Reactor" by G.P. Ivens and K.J. Krüger of the Arbeitsgemeinschaft
Versuchs Reaktor-GmbH Jiilich. The paper, presented by Mr. Krüger,
summarizes safety-related experiences at the AVR reactor. The fuel
elements have shown good retention of fission products. As a result, the
calculated maximum dose in the surrounding of the plant is less than
1 milli-rem/year. Experiments have been performed in which forced coolant
flow was interrupted at full power operation by stopping the circulators
and without control rod insertion. Based on measurements and auxiliary
calculations, it is concluded that fuel temperatures did not exceed the
initial values. A new series of core heatup tests is proposed which will
be performed at depressurized conditions.

SUMMARY OF SESSION II

RISK AND SAFETY ANALYSIS (Part I)
Session Leader: S.J. Ball (ORNL)

1.

ORNL Analysis of AVR Performance and Safety

This paper is a good example of how working agreements between two
countries' programs can benefit both parties: the U.S. got more familiar
with pebble bed reactor realities and some verification of accident code
assumptions; the FRG got an independent check of their analyses for a
core heatup accident. The paper also demonstrated that a fairly simple
model can be used for modular ATWS predictions, and confirmed the
remarkably small fuel temperature transients resulting from loss of
forced circulation - no scram events.
2.
Investigations of an Emergency Shutdown System Using Small Absorbing
Spheres for Pebble Bed HTGRs.
This paper was an elegant theory plus experiment answer to the
question of the relative shutdown worth of the reserve shutdown spheres
(KLAK) as a function of the configuration the KLAK assumes when it
settles in the core. The agreement between theory and experiment gave
confirmation of the calculational methods.
3.

Reliability Analysis of VHTR Reserve Shutdown System

This paper described the use of a fault tree computer code "FTGRAF"
in evaluating a proposed design for the VHTR reserve shutdown system.
Particularly attractive were the sensitivity and uncertainty analyzer and
the automatic plotting features. The analysis showed the system
reliability to be adequate assuming periodic testing was done.

4.

The Structure of Risk Caused by Accidents in Small and Medium HTRs

This paper was not presented except for a brief summary following
paper 4. The results were very interesting in that the overall risks from
the modular (100 MW(e)) and larger (500 MW(e)) designs were indicated to
be comparable.
5.

Safety Analysis of Small and Medium HTRs Under Core Cooling Accident
Conditions

This paper presented an extensive comparative study of the modular
and HTR-500 predicted behaviour for a variety of low-probability forced
cooling flow failure scenarios. The models also predicted fuel failure
and fission product release transients. The release from the modular HTR
core was calculated to be 0.03% of the total inventory after one week.
Credit was taken for substantial absorption of the metallic fission
products on the graphite.
6.

Proposed Quantitative HTGR Safety and Forced Outage Goals

This paper described the "topdown" and "integrated approach" methods
being used in the current DOE (US) program for advanced HTGR development.
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The goal is to eventually come up with a design with investment risks and
forced outage rates comparable to those of fossil plants. For licensing
purposes, the developers hope to prove to NRC that a "fresh start" to the
licensing philosophy is appropriate, hopefully avoiding possible
misapplication of LWR criteria and rules.

SUMMARY OF SESSION III
RISK AND SAFETY ANALYSIS (Part II)
Session Leader: D.L. Moses
Session III consisted of five papers describing the applications of
risk and safety methodologies in various stages of the design,
performance analysis, and plant modification of gas-cooled reactors. In
the first paper, "Advanced Gas-Cooled Reactor Design Approach to Safety",
Les Ingham of the British National Nuclear Corporation (NNC) described
the design safety process for the AGR stations at Heysham and Torness in
which probabilistic safety criteria were used in all stages of the
design. The paper outlined the fundamental safety principles and
guidelines and their impact on the design of the plant protection system.
The overall probabilistic design safety guidelines were (1) that the
total frequency of all accidents that could lead to an uncontrolled
release of radiation should be no greater than 10~6/reactor-year and
(2) that the frequency of a single accident that could lead to such a
release should be less that 10~'/reactor-year. The paper proceeded to
demonstrate how the design process met these guidelines.

In the second paper in Session III, Winfried Wachholz of
Hochtemperatur-Reaktorbau GmbH presented the "Safety Concepts of Present
HTR Plants" including discussion of the Thorium High-Temperature Reactor
(THTR), the HTR-500 follow-on concept, and the modular vertical-in-line
(core and steam generator) HTR-100. The paper discussed the salient
design features and safety philosophy of each of the three different
pebble bed reactor concepts.
In the third paper, Chet Everline and Liz Bellis of GA Technologies
presented an overview of the analytical methodology used in the "Risk

Assessment of the Small HTGR". The paper outlined briefly the selection
of the limiting events which define the envelope of both investment risk
and safety risk. The contribution of primary coolant leaks of
radio-activity to the confinement building is found to dominate both risk
envelopes. The limit of investment risk is also defined by
turbo-generator damage and that of safety risk by steam generator leaks
which can release radioactivity directly to the invironment. The
preliminary results demonstrate how the early stage of the design process
is affected by requiring compliance with risk goals.
The fourth paper by lan Facer also of NNC dicussed the application
and validation of "VEC: A Transient Whole Circuit Model for AGRs".
Mr. Facer reported both the predictive capabilities of VEC and the
results of comparisons to transient thermal-hydraulic measurements at
Hinkley Point B as well as Heysham II. The validated code has confirmed
plant flow rates under extremely adverse conditions including the
existence of at least one percent natural circulation between the core
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and cooler surfaces even without any operating essential system. Such
minimum flow leads to fuel and clad temperatures falling below normal
full power conditions in less than an hour and without a significant
initial rise in temperature.

The last paper was presented by Dr. N. Kirch of KFA-JUlich and
discussed "Results of the Safety Evaluation for the AVR-Modification into
a Nuclear Process Heat Plant". The paper describes the proposed plant
modifications which include piping to a pilot chemical process plant
which will be located in a new process heat building. Several different
chemical processes will be tested, including initially methane splitting
in a steam reformer. The safety features of the vented confinement were
discussed along with the integrity of the process ducts. The safety
review has addressed the risks due to earth-quake, flammable process gas
plumes, and aircraft crashes. A consensus has been reached within the BMI
advisory group that these potential events have an extremely low
probability of occurence and further that none pose a significant hazard
to the health and safety of the public.

SUMMARY OF SESSION IV

ACCIDENT ANALYSIS (PART I)
Session Leader: R.P. Wichner
Paper IV-1;

Gaseous and Metallic Fission Product Transport Characteristics of a
Modular Pebble Bed HTGR During Loss of Core Cooling Accident,
S.B. Inamati, G.G. Hoot, and M.B. Richards, GA
Models were developed to predict the transport of metallic and
gaseous fission products trhough the multilayered fuel particle coatings
and the graphite matrix of the core accident conditions. Using these
models, FP transport and releases were calculated for a loss of core
convective cooling accident in a 250-MW(t) 3.8-W/cc pebble bed HTGR. This
accident was selected for this study since the fuel particles are exposed
to above normal temperatures, thereby affecting the retention of fission
products within the coated fuel particles. Fission-product transport
through the particle kernel and coatings, the graphite
pebbles/reflectors, the reactor vessel, and the confinement were assessed.
Over 90% of the amount of gaseous FPs that are released is predicted
to be due to the small amount of initially failed fuel particles and
heavy metal contamination. The metallic cesium release during this
transient is due to release from failed fuel particles and diffusion
through intact particles. The results of this study show that the most
effective barrier to fission products is the coated fuel particle. The
reactor vessel and the confinement provide additional attenuation for the
small amount released from the core. The release to the environment
occurs over a period of days and was reported to be so low that the
safety criterion of 5 rem thyroid dose (to avoid off-site sheltering) is
satisfied with a margin of more than an order of magnitude.

12

Paper IV-2;
The Study of the Metallic Fission Product Release from the VHTR Core
Under Power Operating Conditions, F. Oakmoto and H. Mikami, Fuji Electric
Co. and Mltake and K. Suzuki, JAERI
The experimental VHTR (Very High Temperature Reactor), being

developed in Japan Atomic Energy Research Institute, is designed to
produce the reactor outlet gas temperature of 950°C. The FORNAX code
has been developed to investigate the release characteristics of volatile

metallic fission products from the VHTR core under power operating
condition. This code calculates the diffusion of metallic fission
products based on the Pick's law of diffusion and can evaluate fission
product transport behaviour in the coated fuel particle, matrix and
graphite sleeve. This code can also take into account the distribution of

the power, temperature and particle failure in the core and their time
history. In this paper, the outline of the analytical model used in the
FORNAX code and the results of preliminary analysis are presented.

Paper IV-3;
Core Heatup Accident Simulation with HTR Fuel Elements, H. Nabielek, W.
Schenk, and K. Verfondern, KFA JUlich
Fuel maufacture and the first phase of irradiation tests of
low-enriched UÛ2 fuels were completed in 1984, and demonstrated low
contamination levels and a negligible failed particle fraction during
normal operations. The main effort is now concentrating on testing coated
particle fuels under accident conditions. Therefore, irradiated fuel

balls are heated in hot cell furnaces to temperatures in the range of
1400-2500°C. The measurement of 85Kr release is indicative of the
failure of particle coating. In addition, the measurement of long-lived
metallic fission products yields information on diffusive release from

intact particles. First results from temperature ramp and from isothermal
annealing tests are being presented.
In parallel, work on fuel performance modelling has enabled the
prediction of fission product behaviour in a given reactor design. Models
to describe the time and temperature dependent gas release in the case of
core heatup have been incorporated into the PANAMA-code, which contains
the principal mechanisms for coating failure at high temperatures. The
diffusive release of metallic fission products during irradiation and
annealing has been modelled in the code FRESCO with effective diffusion
coefficients as one of the main material parameters.
Paper IV-4;
Investigations on the Water Ingress in a Pebble-Bed High Temperature
Gas-Cooled Reactor, H.J. Müller, W. Ninaus, F. Schürrer, and H. Rabistch.
University of Graz, R.D. Neef, KFA

Reactivity and flux spectrum changes due to water ingress were
measures at the Seimans Argonaut Reactor. Polyethylene spheres were used
to simulate a controlled addition of water to a small-scale version of an
AVR core. The results showed a maximum increase of ~ 0.002 in k^,, at ~3%
water in the core. Flux spectrum changes were in good agreement with
predictions using the GAMTEREX code.
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Paper IV-5;
The Corrosional and Nuclear Effects of Water Ingress Into the Primary
Circuit of an HTR-Module, G.H. Lohnert, Interatom GmbH
Water ingress into the primary circuit of a high-temperature reactor
caused by a tube rupture of a steam generator is considered to be a major
design basis accident due to both the nuclear and corrosional
consequences of steam in a hot, critical graphite core.
By reducing the heavy metal content of the standard pebble fuel
element from 11.3 to 7 g reactivity effects can be held below levels
caused by postulated rod ejections and for which counter measures are
already provided.
To limit and mitigate the fuel element corrosion, several devices
are incorporated into the plant of a modular HTR such as humidity
detection systems, water separators in the helium purification plant,
steam generator draining system, blower flap, ventilating systems and
primary circuit relief valves. Their influence on the fuel element
corrosion is discussed.
Results of estimated corrosion rates, maximal fuel element burnup,
water gas generation, pressure rise in the primary system and
environmental dose rates are given for design accidents as well as
hypothetical accidents. It is demonstrated that water ingress into the

modular HTR poses no grave problems to the reactor plant and its
environment even if combinations of accidents are considered which have
to be placed far into the hypothetical domain.

Paper IV-6;
Air and Water Ingress Accidents in an HTR-Module of Side-by-Side Concept,
J. Wolters, G. Breitbach, and R. Moormann, KFA

The effect of air ingress during a design basis depressurization accident
involving a fracture of a fuel element charge tube was evaluated. It was
demonstrated by an experiment that the total amount of air entering the
circuit by this means is small and that the resulting corrosion can be
neglected. Massive air ingress can only occur by natural convection which
requires three large leaks in the pressure boundary at suitable positions
to generate a chimney effect. This highly hypothetical event was
considered in order to gain knowledge about the behaviour of the system
under these extreme conditions. The results show that the maximal degree
of corrosion of fuel elements remains low for a long period of time. A
significant release of fission products is significantly delayed allowing
time for counter measures.
Water ingress accidents proved to be risk dominant due to the fact
that fission products deposited on the surface of the primary circuit may
be resuspended by reaction with water and steam. These may be released
from the primary circuit via the relief valve and the ventilation system
to the stack, and via a steam generator leak and the dump line, if a dump
line valve fails to close.
A worst case event using conservative assumptions resulted in an
estimated 70 Ci of 137Cs and 400 Ci 131I being released to the
atmosphere.
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Paper IV-7;
Analysis of Cooling Capability of Reactor Vessel Cooling System of the
Experimental VHTR, K. Suzuki, H. Suminoto, and M. Hirano, JAERI and T.
Asami, Babcock Hitachi
In the experimental VHTR being developed at Japan Atomic Energy
Research Institute (JAERI), Reactor Vessel Cooling System (RVCS) is
provided to remove residual heat and fission product decay heat from the
core at postulated accidents, e.g., a rapid depressurization accident or
total loss of forced circulation accident.
This paper describes the calculation methods for estimating the
effective thermal conductivity and the natural convection flow in the
core. Some analytical results of the total loss of forced circulation
accident are also presented.
The conclusions obtained are as follows:
1.

Reactor vessel cooling system of the experimental VHTR has a
sufficient cooling capability for the reactor core at the total loss
of forced circulation accident.

2.

It was found that natural convection in the core would have a great
effect on the core temperature redistribution which would influence
the temperature behaviour of the top head of reactor vessel.

3.

It was shown that the thermal shielding plate would work well to
keep the top head of reactor vessel below its acceptable temperature
limit.

SUMMARY OF SESSIONS V AND VI

ACCIDENT ANALYSIS (PART JI) AND MISCELLANEOUS RELATED TOPICS
Session Leader: J.P. Sanders
Summary by Related Concepts:
1.

VHTR in Japan
(a) Takao Asami presented a comparison of experiment and calculation

for the startup of an emergency cooling system. Four cooling tubes in
parallel were used to cool a wall preheated to 400°C. Flows and
temperatures were measured together with strains. It was found that

orifices at the inlet were required to suppress flow perturbations.
Measured temperatures were found to agree with calculations based on
available heat transfer correlations.

(b) Katuso Suzuki discussed the analysis of the effect of flow
deviations in the core of the VHTR due to large horizontal gaps between
the blocks. Gap patterns at the top and bottom and at the midplane and

top were considered. These gaps permit the transfer of coolant flow among
the regions, with the adverse effect of reducing the flow in some higher
power regions. The consequence is an increase in the maximum fuel
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temperature in these regions and a resultant increase in the release of
the more volatile fission products. The most significant is an increase
in Cesium-137 release because of bypass flow due to top to bottom gaps.
2.

Pebble Bed Core

(a) A paper was available, but not presented, by S. Brandes on the
core physics experience and calculations for the THTR-300 during fuel
loading and zero power operations. Reasonable agreement was obtained
between the measured and calculated values for reactivity.

(b) E. Teuchert presented a novel suggestion for quasi-batch
fuelling of an annular pebble bed core. Using a slightly higher fuel
loading per pebble, the core is brought critical at a core height of 250
cm. During the core life of 2 years, pebbles are added, as required, to
bring the height to 650 cm. At the end of life, all pebbled are removed
through the top opening. Operating costs are competitive and several
advantages are offered (e.g., storage of fuel in the core and no handling
equipment). Analysis indicated that maximum temperature following a
depressurivation can be tolerated with fuel damage.
3.

CAGR in the United Kingdom

(a) Mike Bridges described a method of determining the temperature
coefficient of reactivity by perturbing the power of an operating system.
From steady—state operation, the control rod is withdrawn and maintained
in a constant position for a short time (~30s). The fuel temperature
increases, and the reactivity will decrease. A plot of reactivity vs
calculated mean fuel temperature provides a slope that gives the
temperature coefficient. Insertion of the rod provides an inverse process
that provides a check of the slope. Measurements during core oscillation
or core ramps can be used with more detailed analysis. Good agreement is
obtained between calculated and measured values.
4.

FSV.

2240-(MW(t) and Modular

(a) Computational procedures developed for the US-NRC work at ORNL
were described by Syd Ball. Several of these procedures have been
verified by comparison with data from FSV and AVR. These include CORTAP
as a course core model and ORECA as a fine core model. The code ORTAP
combined CORTAP or ORECA with BLAST (steam generator model), and the code
ORTURB was used for the balance of plant. Code verification includes
internal and external reviews, application to a variety of problems,
sensitivity studies, comparison with other codes, and comparison with
experimental data. These programs represent significant capabilities.
(b) Mike Harrington used many of the same basic correlations plus a
model structural in CSMP to look at a 250-MW(t) vertical, inline, steel
vessel, modular HTR for several accident sequences. A detailed core model
predicted maximum fuel temperatures less than 1600°C for a LOFC with
depressurization and loss of feed water (worse case) sequence. For the
same case without loss of feed water, temperatures were not as severe. A
gross representation of the core was used in conjunction with a
representation of the surrounding earth to evaluate the heat dissipation
capabilities of this sink. The result was sensitive to the parameters
defining the amount of afterheat and thermal conductivity of the earth.
Within the assumed range, conditions ranged from acceptable to not
acceptable.
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SUMMARY OF ROUND TABLE DISCUSSIONS
Moderator: P.R. Kasten
A series of panel discussion were held; the areas involved and the
panelists are given below:
(1) Experience with Gas-Cooled Reactors: J.W. Dawson, G. Ivens,
and W. Rehm
(2) Risk and Safety Analyses: T. Araki, L. Inham, H.J. Mueller,
and W. Rehm

(3) Accident Analyses: M.J. Bridge, G.H. Lohnert, F. Okamoto,
W. Rehm, and K. Suzuki
A summary of the information provided is given below.
Experience with advanced gas-cooled reactors (AGRs) has been very
good recently, with load factors exceeding 75%. Most of the experience
with refuelling AGRs has been with off-load refuelling; however, recent
experience with on-line refuelling indicates that a major advantage is
that certain maintenance operations are more readily delayed than if the
plant is already down for refuelling. Much of the AGR experience appears
to be useful to HTR operations, and should be examined from that
perspective by the HTR community. Experience with on-line refuelling in
the Arbeitsgemeinschaft Versuchs-Reaktor (AVR) has been very extensive,
and generally good. Availabilities up to about 90% have been attained,
although the average is more like 75%. The AVR refuelling machinery is
based on design of the 1950s, and the prospects are that pebble bed
refuelling operations and equipment can be significantly improved.
Operation of the Thorium High-Temperature (THTR) refuelling equipment
appears to be satisfactory in testing to date. Operation of the Fort St.
Vrain Reactor (FSVR) has been limited primarily by non-generic problems
associated with water ingress events. Refuelling operations have gone
smoothly and have not been cause for any delay in reactor startup. To
date, refuelling of FSVR has been accomplished in a minimum time of about
27 days (1/6 of core)
With regard to risk and safety, the areas which appear to be of most
concern for HTRs are water ingress events and fission product behaviour
under postulated accident conditions. For AGRs, the principle source of
risk is the reliability of the protective mechanisms against reactivity
insertions and aginst system depressurization. More HTR experimental
information is needed relative to reactivity effects associated with
temperature changes, water ingress, and control rod movements; more
detailed analyses are required to quantify effects. Thermal
hydraulic/nuclear analyses related to safety behaviour need to be
extended, including evaluation of water ingress and air ingress
situations; in particular, fission product behaviour needs more
experimental study. For AGRs, there is need to characterize the reactor
response to transient conditions comprehensively, and to evaluate the
required plant restraints.

With regard to accident analyses, there was incomplete agreement on
the R&D needed for passively-safe-type HTRs. One expressed view minimized
the R&D required, as well as the need for better calculational models and
additional experimental data; this view held that the temperature
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coefficient is predicted fairly well, and that behaviour properties in
general can be calculated adequately. Other statements pointed out that
the above view was optimistic and largely judgemental and was not backed
up by uncertainly analyses of important characteristics such as
reactivity coefficients, fuel performance, and fission product behaviour.
There was support for obtaining additional experimental data on fuel
performance and fission product behaviour under various conditions, on
measurement of reactivity coefficients associated with water ingress and
temperature changes, and on reactivity worth of neutron control systems.
Relative to HTR fuel performance, it was noted that 1600°C does not
represent a temperature above which fuel coating performance suddenly
becomes very poor; at the same time, there are uncertainties associated
with calculated peak fuel temperatures, and an uncertainty of 200°C in
peak fuel temperature under certain conditions was cited. It was
generally agreed that experimental verification of postulated accident
behaviour in the AVR would be helpful and useful. Tests on steam
generator performance were also mentioned as being desirable. Further,
the need for more sophisticated computational tools was mentioned,
particularly with regard to reactivity and thermal hydraulics
calculations. For AGRs, the calculational models were stated to be
adequate, and that validation of codes is important to perform; such
validations were performed in several Windscale experiments, and covered
measurements of reactivity coefficients and transient-flow behaviour. The
tests involved a series of experiments involving severe transient
conditions. Overall, there was agreement that benefits resulted from
reducing uncertainties associated with responses to postulated accidents.
Discussion Concerning a Future Meeting

Relative to whether there should be a future meeting covering the
topics presented here, there was general consensus that such a meeting
should be held; based on overall comments, the next meeting should
convene within two to three years. That timing will permit significant
progress and new results to be obtained and should lead to meaningful
interchange of information in areas pertinent to the operation, safety,
and development of gas-cooled reactors.
Discussions Concerning an IAEA Technical Report on Gas-Cooled Reactor
Safety
Relative to remarks of panel members concerning a planned HTR safety
report, there was general agreement that such a report summarizing the
safety aspects and safety performance of HTR concepts would be useful,
but it was emphasized that a great deal of thought and effort would be
required to provide a balanced report.
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Abstract
This Paper considers the principal sources of radiation exposure which
contribute to the radiological environmental impact of a Commercial Advanced
Gas Cooled Reactor (CAGE).

There are three sources of exposure, viz: direct radiation, radiation
from gaseous effluent discharges and that from liquid effluent discharges.
The Paper describes the sources and defines the calculational route used
for the assessment of each of them. It describes the design measures taken
to reduce arisings and discharges. In the case of effluents, estimates
of the annual discharges are included.
The radiological consequences for all three sources are given for a typical
CAGR on a semi-urban site.
Where possible, the accuracy of the predictions is demonstrated by comparisons
with measurements made on an operating station.

1.

INTRODUCTION

The requirement to ensure that the radiological environmental impact

of any nuclear power plant is acceptable demands that an accurate
assessment of the sources of activity which contribute to off-site
exposure is available.
There are three sources of radiation exposure:(1)

Direct radiation from sources on-site;

(2)

Radiation from discharges of gaseous effluent;

(3)

Radiation from discharges of liquid effluent.

For direct radiation, the major contributors are the fuel handling
route, the waste and coolant treatment plants and coolant in the
penetrations of the concrete pressure vessel.
Isotopes discharged in gaseous effluent derive principally from normal
coolant leakage. The isotopes of significance are C14, S35, H3, A41
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and N16. Of these, C14, A41 and N16 are produced by direct activation
of the coolant. S35, C14 and H3 are produced by activation of the
graphite moderator and are then subsequently released to the coolant.
In addition to these routine continuous discharges, the possibility
of discharges of fission products released from failed fuel is also
a consideration. 1131 is the most significant isotope.
The major contributors to activity in liquid effluent discharges
are H3 and S35 which are removed from the coolant by the driers in
the CO processing plant. The significant isotopes as far as off-site
exposure is concerned however arise from the irradiated fuel cooling
pond and from other inputs, such as the laundry, to the active effluent
treatment plant.

This Paper considers each type of source, defines the calculational
method used for the assessment of each and briefly outlines the design
measures taken to reduce the arisings and discharges. Estimates of
the sources are given for Heysham Stage II, which is a CAGR on a
semi-urban site, and their off-site radiological consequences are
included.
For the earlier stations in the programme of CAGRs, estimates of
discharges were derived largely from measurements of activity made
in the Windscale AGR prototype and from laboratory experiments. Such
assessments tended, of necessity, to err on the side of pessimism
to ensure that the radiological consequences were not under-estimated.
Now, however, that a number of years of CAGR operating experience
are available, it is possible to confirm the accuracy of the earlier
predictions by comparing results based on these methods of calculation
with measurements obtained from operating stations. This process
of evaluation, as it is termed, has been applied to the majority
of isotopes which arise in gaseous and liquid effluent and has resulted,
on occasions, in revisions to the methods and data.
The results of such comparisons and how they have affected the
predictions are given in this presentation.

2.

DESIGN ASSESSMENT CRITERIA

The radiological design criteria adopted
in the United Kingdom, against which any
assessed, are contained in Design Safety
exposure during normal reactor operation

by the Generating Boards
design of power plant is
Guidelines which for off-site
are as given below.

The overriding principle is that all discharges and resulting radiation
exposures should be as low as reasonably practicable. In addition,
and to provide an indication that this criterion is being satisfied,
the following numerical targets are specified:-
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(1)

The dose from direct radiation from plant and buildings on
the site should not exceed 0.05mSv/y, taking into account local
occupancy factors and any other stations on the site;

(2)

The plant design should be such that an annual discharge of
liquid effluent for the station of 740GBq (alpha plus beta),
excluding H3 and S35, could be achieved in operation.

In addition, the total dose from effluent discharges and direct
radiation, including contributions from existing stations on
the site, should be assessed against l/30th of the ICRP limit
for the general public in any year.
3.

THE SOURCES OF OFF-SITE EXPOSURE

The three sources of radiation exposure which contribute to off-site
impact are as outlined in the Introduction:- direct from activity
on site; gaseous effluent as a result of normal coolant leakage and
deliberate coolant blowdown; and liquid effluent discharged from
the active effluent treatment system. Each of these sources is considered
in turn in the following sub-sections.
The assessment of the resulting exposures is determined from surveys
of the habits of people living close to the site. The surveys consider
locations and occupancies for external exposure and milk and food
production rates at nearby agricultural land. These data are used
to identify critical groups and to estimate the doses that might
be incurred by individuals in these groups living close to the site.
3.1

Direct Radiation

The major sources of activity on site which contribute to exposure
of members of the public are:(1)

Irradiated fuel and to a lesser extent irradiated control
assemblies in the irradiated component handling route;

(2)

Coolant in its processing system and in the penetrations of
the concrete pressure vessel;

(3)

Active waste in its storage and treatment system.

The assessment of the shielding against these sources considers the
exposure of both station staff and members of the public. In practice,

it is found that station staff doses are limiting and define any
shield requirements. Estimates of off-site radiation levels include
where appropriate additional shielding provided by intervening walls
and containment.

3.1.1 The Irradiated Component Handling System

At the end of its irradiation, fuel is unloaded using the
charge/discharge machine whilst the reactor is still at power.
This means that the minimum decay on any irradiated component
being handled can be only a few minutes. Substantial machine
shielding is consequently required.
Operator access to the machine during handling operations is
required to the control and the drive platforms where dose
rates are generally less than 10 Sv/h. Because of restrictions
in machine weight however, radiation levels in positions to

which access is not normally required are higher, at up to
approximately ImSv/h, and it is radiation through this reduced
shielding which determines off-site exposure levels.
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3.1.2 Active Coolant
The principal gamma radiation sources in the CO coolant are
A41, produced by activation of the A40 impurity, and N16 which
results from activation of oxygen. The specific activity of
each of these isotopes is considered in more detail in Section 3.2.

The bulk of the coolant is contained within the concrete pressure
vessel of the reactor and as such is no problem. There is however
a regular bleed of coolant to plant external to the vessels
for the purpose of controlling its composition. There are a
number of sources in this treatment system of which the most
important in off-site exposure estimates are the desiccant
drier towers used for moisture level control.

Coolant also diffuses down the penetrations through the pressure
vessel. Diffusion times down these penetrations can be sufficiently
long that decay of N16 is significant.
3.1.3 The Active Waste Handling and Treatment System
A large proportion of the active waste treatment and storage
system is below ground level and since this is generally shielded

to allow unrestricted operator access to adjoining areas, presents
no significant problem as far as off-site radiation levels
are concerned.
Above ground, the main sources are the sand filters which contain
particulates removed from liquid effluent.

3.1.4 N16 in Coolant Discharges

Normal leakage of the CO coolant contains N16 as discussed
in Section 3.1.2. This isotope has a 7.2 second half-life with
the result that it undergoes substantial radioactive decay
before it is dispersed in the atmosphere. Because of this the
discharge is treated as a direct radiation source close to
the point of emission.
3.1.5 Off-Site Direct Radiation Levels
The assessment of off-site dose rates from the sources outlined
above takes into account both local shielding generally designed
for operator exposure control, and any additional along the
line of sight to the relevant dose point. Uncollided and scattered
photons are treated separately to allow for the finite dimensions
of the building compared to the distance from the source to
the dose point and hence remove the inherent pessimism in the
use of infinite medium build-up factors. Air attenuation is
included.
For Heysham Stage II, the predicted annual exposure from each
source for the critical individual is given in Table 1 which
shows a total from all sources of approximately 6juSv/year.
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TABLE 1

Off-Site Exposure from Direct Radiation Sources

Source

3.2

Annual Exposure to Critical
Individual (jicSv/Year)

Fuel Handling System

0.1

CO

in Processing System

0.9

CO

in Vessel Penetrations

2

Active Waste Systems

0.5

N16 Gaseous Effluent

2

Gaseous Effluent

Gaseous effluent activity consists primarily of discharges of coolant
as part of the normal leakage or due to deliberate blowdowns. The
current operating experience on the CEGB's reactors is that the leak
rate is approximately 3% of the coolant mass per day,
the majority
of which is expected to occur from the coolant processing system.
A similar value is assumed for Heysham II.
Since, for the majority of isotopes, discharges are proportional
to the assumed leak rate, there is every incentive to ensure that
coolant leakage is reduced to a level which is as low as reasonably
practicable. Measurements are currently being made on operating stations
to ascertain where the majority of leakage occurs so that, if possible,
remedial measures may be introduced to reduce the consequential
discharges.
Deliberate discharges of coolant occur via a number of routes. These
include reactor blowdown, charge machine blowdown and discharges
from coolant monitoring and sampling facilities. It is not expected
that the releases of activity from these discharges will significantly
increase those based on the 3% per day leakage.

The isotopes normally found in reactor coolant and worthy of
consideration as far as off-site exposure is concerned are A41, N16,
S35,
C14 and H3. In addition, with failed fuel in the core, isotopes
of iodine will be present, of which the most significant is 1131.
All sources are considered in turn in the following sub-sections.

3.2.]

Argon 41
There are three potential sources of Argon in coolant, in CAGRs
which are:(1)

The CO

which contains residual air;

(2)

Oxygen and methane feed stock input as part of coolant
control processes;
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(3)

Air entering the reactor from the charge machine and
its interspace.

Considering each of these in turn and relying where possible
on operational measurements, the following conclusions are
drawn.
Gas impurity levels in reactor grade coolant are restricted
by specification to be less than 100 ppm. Operating experience
is that typically, the residual gas concentration is approximately
half of this.
Levels of Argon in Methane which is also restricted by
specification are typically in the range 5-10 ppm. This is
predicted to be the dominant source compared to the input from
oxygen.
The charge machine at Heysham II is to be purged with clean
CO before reactor operations to ensure that the air concentration
in it is less than 4%. The machine interspace, which is the
volume of gas between the standpipe closure and the machine
isolating valve is not purged. For the assessment of the Argon
concentration it is assumed that the air associated with these
volumes exchange with reactor coolant during fuel handling
operations.
As a best estimate the Argon level in coolant from all inputs
is predicted to be 1.9 ppm.

The total activity of A41 in the coolant is obtained by a simple
integration of the volume of CO contained within the high
activation flux regions of the core where it can be assumed
that the transit times are short compared to the isotope half-life.
The calculation gives a total coolant inventory of 4.5TBq giving
rise to an annual release from two reactors at the assumed
leak rate of 75TBq.
The accuracy of this calculational route has been confirmed
by applying the method to an operating station and obtaining
good agreement.
3.2.2

Nitrogen 16
Nitrogen 16 is produced by the reaction on coolant 016(n,p)N16.

The method of calculation for the prediction of specific activity
is similar to that for Argon but account must be taken of the
decay for N16 in the circuit where transit times are long compared
to the isotope half-life. The mean coolant activity of 25TBq
predicted for Heysham II has also been checked by operating
station measurement comparisons and good agreement found. The
associated annual discharge from two reactors is approximately
400TBq.
3.2.3

Sulphur 35

Sulphur 35 is found in CAGE graphite as a consequence of the
activation of the sulphur and chlorine trace impurities present.
Subsequent radiolytic oxidation of the in-pile graphite gives
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rise to the S35 found in coolant. The calculations! model adopted
for the assessment of equilibrium coolant activity is that
the production rate due to the release from the graphite is

balanced by the removal rate due to the deposition on circuit
surfaces and in the coolant processing system, by coolant leakage
and by radioactive decay.
As the significance of S35 was recognised, a number of evaluations
of the above model were made. These involved looking at the
detailed reactor operating histories over a period of approximately
18 months, sub-dividing these into steps in which the parameters
of influence in the model did not change significantly and
comparing the predicted S35 levels in coolant with those measured.
From these evaluations it was concluded that generally the

recommended model for the assessment of S35 was accurate,
discharges being under-estimated on average by a factor of
2 which, on re-assessment, led to a reduction in the recommended
circuit plate-out time constant. It was also found that there
was an additional source of S35 during the first full power
year of operation which requires the incorporation of a bias

to the method for this time.
Using the adjusted model derived from these evaluations and
the S and Cl levels measured in Heysham II graphite after its
purification, the maximum predicted coolant level which occurs
at the start of life (due to the additional source) and also
at the end of life (when the graphite moderator corrosion is
highest) is 2.5GBq. The associated discharge to the environment

is O.GTBq per year where it has been assumed that coolant leakage
also takes place during periods of reactor outage.
3.2.4 Carbon 14

Carbon 14 is produced in CAGRs by activation of the coolant
via the reactions 017(n,ct)C14 and N14(n,p)C14 and of the moderator

from its nitrogen impurity and also the reaction C13(n,g)C14.
Nitrogen is introduced to the coolant with the air from the
charge machine and its interspace during handling operations
at the reactor. The input is limited in the same way as that
for Argon and the associated equilibrium level in coolant is 76 ppm.

On this basis, a C14 reactor inventory of 27GBq is predicted.
The contribution from the moderator is greatest at the end
of station life since both the specific activity and the corrosion

rate of the graphite increase with increasing core irradiation.
The predicted peak level from this source is 55GBq giving a
total in coolant of 82GBq.

Arisings from this source are reduced by graphite purification
to limit the nitrogen impurity content in it and by minimising
as far as practicable moderator corrosion rates.
The associated annual discharge of C14 is l.STBq.
Early in station life, the contribution from moderator activation
is small so that comparisons made at this time are a measure
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of the uncertainty on the coolant activation assessment. Table 2
shows the results of such a comparison based on a series of
measurements taken over a period of 12 months and using the
same detailed breakdown of operating conditions as for the
S35 evaluation. On the basis of this analysis, it is judged
that on average the calculational method is accurate to much
better than a factor of 2.
TABLE 2

Comparison of Measured and Predicted Levels of C14 in Coolant
Date of Measurement

Measured Level

Predicted Level

Ratio P/M

31. 1.79.

0.31

0.49

1.6

1. 2.79.

0.29

0
.
4
9

1.7

20. 3.79.

0.15

0.21

1.4

1. 5.79.

0.21

0.35

1.7

10. 5.79.

0.31

0
.
4
0

1.3

0.73

0.70

0.96

19. 7.79.

0.66

0
.
7
9

1.2

12. 9.79.

0.43

0.27

0.63

22.11.79.

0.81

0.61

0.75

9. 7.79.

3.2.5 Tritium
Tritium is produced from the lithium impurity in the graphite

and removed from the coolant as tritiated water by the driers
in the coolant processing system. Section 3.3.1 considers this
in more detail and concludes that current operating experience
is that H3 levels in coolant are controlled by the moisture
level concentration in the C0„ rather than the rate of production

from the graphite. On this basis and taking account of the
other hydrogen compounds in the coolant, the predicted coolant
level is SlOGBq which gives an annual release of 12TBq.
3.2.6 Iodine 131
Iodine 131 is the most significant radio-nuclide released from

failed fuel as far as off-site exposure is concerned. The
assessment of iodine releases is based on data obtained from
the prototype AGR at Windscale (WAGR). The majority of 58 failures
in hollow pellet fuel in WAGR, which are relevant to CAGR and

for which iodine measurements are available, were caused either
by high internal fission gas pressure, usually resulting in

a small defect, or by single events such as ramp upratings
for which the defect size is variable but could extend to a
crack several centimetres long.
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It is arguable whether the results from these types of failure
should be included in any analysis to obtain data to be applied
to CAGR because the failures are non-representative. On the
other hand, the population of manufacturing defects, which
are the only identifiable failures relevant to CAGR, is extremely
limited and any evaluations based on this would not be particularly
meaningful.
The philosophy which has been adopted is to assess the average
1131 release for the total failure population for which data
are available excluding only those with crack defects greater
than approximately 2.5cm in length which, it is judged, are
so unrepresentative of CAGR normal operating conditions that
they may be omitted from any analysis without concern. On this
basis, an average of 0.4GBq in coolant per failure has been
derived and used for CAGR assessments.

The experience from operating CAGRs of iodine levels in coolant
is limited to the low number of identified failures which have
occurred. Of these, most gave no increase in iodine levels
above the background from pin contamination which is typically
approximately 0.4MBq. In fact only one released significant
quantities of iodine under normal reactor running conditions.
Analysis of this failure showed an average level of 1131 in
coolant in the range from O.lGBq to 0.3GBq with a peak value
up to 1.2GBq.
Thus for the majority of CAGR failures to date, iodine levels
have on average been substantially lower than the WAGR average
value. Only in the case of one failure were significant quantities
of iodine released when the resulting coolant level was comparable.
The associated annual relase assuming that each failure remains
in the core for 5 days before location and removal is 0.4GBq.
3.2.7 The Radiological Impact of Gaseous Effluent

Using the data obtained from the surveys referred to in Section
3, preliminary estimates of exposure to members of the public
from the discharges in gaseous effluent have been made. Table
3 summarises the release and exposure estimates and shows a
total annual exposure to the relevant critical group of
approximately 15MSv/year.
TABLE 3

Gaseous Effluent Discharges and Approximate Off-Site Exposures
Isotope

Annual Discharge
(TBq)

A41

75

S35

C14
H3
1131

Critical Exposure Route
————————————————

Annual Exposure
(juSv/Year)

Direct Radiation from
the Plume

5

0.6

Ingestion

3

1.3

Ingestion

5

12

Ingestion

0.2

4(-4)

Ingestion

0.2
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3.3

Liquid Effluent

Liquid effluent activity arises from discharges from the active effluent
treatment plant (AETP). The majority of liquid effluent activity
occurs from liquors removed from the coolant by the drier towers
in the coolant processing system and which are collected in the tritiated
water storage tanks. Isotopes released by this route are H3 and S35.
The discharges of other activity are from the pond water and supernatant
liquor route and are associated with the isotopes present in fuel
clad and the associated graphite sleeves in particulate or soluble
form.

Other arisings of liquid effluent activity can occur from the
decontamination of plant items, from drainage liquors, from active
samples and from the active laundry.
3.3.1

Tritiated Water Storage Tank Liquors
Tritium is produced from the lithium impurity in the graphite
and as a terniary fission product which is released to the
coolant after diffusion through the fuel clad. Early predictions
were that tritium would be removed from the coolant at the
same rate as it is produced which meant that the peak level
of discharge would occur in the first year of operation. Discharges
would then reduce in time as the moderator lithium, with its
high capture cross-section, burnt out and would level off when
the major contribution was from fission and from the lithium
in the sleeves which are constantly being replaced.
Operating experience for the CAGRs however was that discharges
of H3 in the early years of operation were lower than expected
and subsequent analysis showed that the model, assuming
instantaneous release, was pessimistic. Tritium discharges
were in fact controlled by the rate of moisture removal, the
specific activity of the water being roughly constant at
approximately 4TBq/m .

On this basis, the associated best estimate discharge from
the two reactor station is 314TBq/year.
The S35 present in coolant is also removed by the driers. Current
operating experience is that discharges via the tritiated water
storage tank route are of the order of 2TBq/year and a similar
value is proposed for Heysham-II since coolant levels of S35
are not expected to be significantly different.
3.3.2 Pond Water Arisings

Irradiated fuel, after dismantling, is stored in large ponds
until its decay energy is sufficiently low to allow transport
off-site. During this storage period, gradual dissolution of
the activity in the graphite sleeves and in the stainless steel
fuel element clad occurs.
The significant isotopes detected in CAGR pond water are given
in Table 4. This Table also lists the source of the activity
as either graphite sleeves or clad. The solubility fractions
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TABLE 4

Significant Isotopes found in CAGR Pond Water
Isotope

Pond Water Activity (GBq)

Source

Mn54

6.2

Clad

Co58

5.0

Clad

Co60

15.8

Sleeves

Sbl24

12

Sleeves

Sbl24

12

Sleeves

Csl34

41

Sleeves

Csl37

14

Sleeves

Tal82

1.1

Sleeves

Fe55

8.0

Clad

Sc46

0.25

Sleeves

derived by fitting predictions to typical operating pond water
levels are also given. For the purposes of assessing the
radiological consequences of discharges of pond water activity,
it is assumed that a pond storage bay (approximately 50% of
the total pond volume) is discharged per year through its
filtration and ion-exchange treatment plant.
3.3.3 Supernatant Liquors
Where necessary, the pre-coat material from the filters and
the ion-exchange resins are backwashed to storage tanks in
the AETP.
Arisings of active particulate material which collect in these
tanks go into solution and an estimate of the arisings via
this route is included in the discharge estimates. The most
significant source is predicted to be the oxide from the fuel
clad although currently there is no operational evidence to
support this assumption. Accordingly, theoretical solubility
data are used.
Supernatant liquors are ion exchanged before being discharged
to the final monitoring and delay tanks.
3.3.4 Other Activity Arisings
The prediction of arisings from other sources is based where
possible on Station measurements and making the assumption
that any contamination contribution is split equally between
S35 and Co60 which are expected to be the predominant isotopes.
The major source of activity is predicted to be the laundry
liquors which are expected to increase as irradiation and
consequential contamination increases.
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TABLE 5

Predicted Discharges (GBq) in Liquid Effluent Arisings

Isotope

Liquors

Pond Bay
Discharge

Supernatant
Liquors

Sources

Mn54

0

0.3

7.6

1.3

Co58

0

0.3

3.9

0.8

Co60

0

0.8

5.2

Sbl24

0

6.0

2.4

0.6

Csl34

0

21

8.2

2.1

Csl37

0

7.0

2.8

0.0

Tal82

0

0
.
0
6

5.6

0.7

Se55

0

0.4

Sc46

0

0.13

H3

S35

Drier

22.2
0.05

Other

12.0

2.4
0.01

3.1(5)
1(3)

0.6

78

Table 5 summarises the contributions for the isotopes of
significance from each of these other discharge routes.
3.3.5 The Radiological Impact of Liquid Effluent Releases

The assessment of annual exposure is based on the data obtained
from the habit survey and a study of the local hydrology which
provides data on tidal currents and sediment deposition. The
result for the most highly exposed group of people is a level
of the order of 50MSv/year of which more than 90% is due to
deposition of Co60 on fishing gear and silt.

4.

SUMMARY AND CONCLUSIONS

Table 6 summarises the preliminary estimates of doses for the most
exposed individuals from each of the sources of radiation outlined
in the previous sections. These are not directly additive since different
locations are limiting for different individuals. Combining then
to obtain the highest individual exposure from all sources gives
a value of approximately 50MSv/year which is low compared to the
criteria of the Design Safety Guidelines.
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TABLE 6

Approximate Off-Site Exposure from all Sources to Most Exposed Persons
Source of Exposure
Direct Radiation

6

Gaseous Effluent

13

Liquid Effluent

50

Column 2
limiting
from all
effluent

5.

Annual Exposure
(MSv/Year)

values are not additive since different locations are
for different souces. The highest individual exposure
sources is of the order of 50 /uSv/Year due to liquid
discharges.
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Abstract

The U.S. Nuclear Regulatory Commission's Office of Analysis and
Evaluation of Operational Data has established an extensive program
for screening/ analyzing, and evaluating the operational experience
data from all commercial nuclear power plants in the united States.
This program is designed to provide feedback from field experience
with actual operating events to the NRC's continuing efforts to assure
the public's health and safety. Oak Ridge National Laboatory provides
technical assistance to ABOD to evaluate the operating experience for
Fort St. Vrain.
In November 1981, Fort St. Vrain operated briefly at 100% full
power as part of the successful completion of power and flow oscillation detection testing following the installation of region constraint
devices. In February 1982, the split of the helium purification system was completed to improve the availability and operability of the
Helium Circulator Auxiliary System which had been identified as the
major cause of water ingress due to upsets in buffer helium supply.
Also, in February 1982, a precritical reactor scram resulted in two
control rod pairs failing to insert apparently due to high moisture
conditions prior to restart» however, this event was believed at the
time to be precluded in the future due to the promised lower incidence
of moisture ingress.

Water ingress events continued to be a frequent problem caused
most often by electrical/control system upsets. Hie most recent such
event was in June 1983, when the circulator upset led to a moisture
ingress large enough to cause icing of chillers in the helium purification train but apparently not large enough to be detected as a problem from available analytical monitors. As a result, the reactor was
exposed to several hours of undiagnosed levels of "high" moisture,
*Research sponsored by the Office of Analysis and Evaluation of Operational Data, U.S. Nuclear Regulatory Commission under Interagency
Agreement 40-547-75 with the U.S. Department of Energy under Contract
No. DE-AC05-840R-21400 with Martin Marietta Energy Systems Inc.
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loss of purified helium flow to control rod mechanisms and finally a
reactor scram in which 6 of 37 control rod pairs failed to insert
automatically. Evidence has also been uncovered that high moisture
has caused the transport of volatile chlorides throughout the reactor
resulting in corrosion of stainless steel control rod cables and possibly hold down bolts used on a helium circulator closure. Moisture
has also caused severe leaching of B2Q} contaminant from the reserve
shutdown materials, precluding the complete dumping of material during
a surveillance test.
1.

INTRODUCTION

As described in previous international conferences, 1 » 2 the U.S.
Nuclear Regulatory Commission's ( N R C ' s ) Office for Analysis and Evaluation of Operational Data (AEOD) has established an extensive program for
screening, analyzing, evaluating, and disseminating the safety-related
operating experience data from all commercial nuclear power plants in
the United States. The NRC also participates in the exchange of operational event information with other countries through the Nuclear Energy
Agency and through bilateral agreements. AEOD evaluates operating experience from foreign reactors through its review of incident reports
and provides IAEA member countries with reports of significant U.S.
reactor operating experience including that from Fort St. Vrain. The
goal of this program is to ensure through feedback that lessons are
learned and improvements implemented based upon actual reactor operating
experience. Within this program, particular attention is given to the
analysis of those reportable occurrences (ROs) documented in Licensee
Event Reports (LERs). 3 An 1ER is required by regulation to be submitted
by the licensee for any safety-related or safety-significant event as
defined in the 1ER Rule (Title 10, Code of Federal Regulations, Part
50.73, or 10 CFR 50.73). The Nuclear Operations Analysis Center (NOAC)
at the Oak Ridge National Laboratory (ORNL) provides technical assistance to AEOD in the evaluation and documentation of operating event experience from the Fort St. Vrain High-Temperature Gas-Cooled Reactor
(HTGR), which is the only U.S. nuclear plant of its type.
The Fort St. Vrain operating experience* to be discussed here includes notable safety-related events which have occurred since late 1981
when ORNL was first contracted to provide technical assistance to AEÜD.
Earlier Fort St. Vrain operating experience through the time of successful full-power testing in November 1981 has been summarized by the
licensee and the reactor vendor, GA Technologies, Inc. ( G A ) , in papers
presented at several different forums during 1982 (Refs. 4 - 7 ) . In addition, extensive and very useful detailed evaluations of preoperational
and startup testing and of the rise-to-power operating experience
through completion of the first refueling outage in August 1979 have
been compiled into a series of reports under the sponsorship of the
Electric Power Research Institute (EPRI). 8 " 1 0 Finally, the U.S. Department of Energy's Fort St. Vrain Improvement Plan 11 provides a summary of
the major operational limits which have affected the plant since startup.
Considerable information is provided to the NRC by the licensee concerning the safety related issues discussed in this paper. The reader
is encouraged to contact the authors for a listing of reports relevant
to the discussed events.
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The events discussed here are categorized based on the major systems affected, namely, (1) primary system and reactor vessel, (2) electrical systems, and (3) the reactor building. In all cases to be discussed, the lessons to be learned are vigilance and prevention. These
lessons translate into the need for the recognition and control of unexpected situations and of their potential for branching effects. At
Fort St. Vrain, these lessons are found in the effects of moisture
ingress, in the challenges experienced to the supply of essential electrical power, and in controlling the environment of the reactor building.
2.

DISCUSSION OF REACTOR EVENT EXPERIENCE

Since late 1981, Fort St. Vrain has been shut down about 28 of the
last 41 months. The effects of operating events have contributed to
much of that shutdown time. Although the following discussion addresses
safety-related events, the effect on plant availability is also an
important consideration.
2.1

Primary System and Reactor Vessel

The Fort St. Vrain primary system including the core, control rod
mechanisms, coolant ducts, steam generators, and helium circulators is
enclosed in a Prestressed Concrete Reactor Vessel (PCRV). The steam
generator and helium circulators sit in PCRV penetrations utilizing
double closures. The interspace between the double closures of these
penetrations as well as the control rod penetrations is purged by purified helium at pressures higher than the primary system. The major concern raised by recent operational events is that of keeping coolant
inside the reactor vessel and contaminants out.
In June 1980 and throughout 1981, problems were experienced with
purified purge helium leaking from a steam generator penetration interspace into the reheat steam of the secondary system. This leakage led
to an excess of noncondensable gases in the condenser. Since an apparent crack in an inaccessible seal weld in the steam generator reheater
module was the source of the helium leak, the only practical solution
was to reduce pressure in the penetration to just above reheat steam
pressure and below primary system coolant pressure. Radiation monitors
on the condenser air ejector are used to detect primary coolant leaks.
A concern was raised by AEOD regarding possible corrosion due to steam
leaks into the penetration if purge flow pressure was inadvertently
reduced, but the licensee believed that there were adequate moisture
monitors upstream in the purge line to detect steam ingress under low
helium flow conditions. The problem of moisture in the penetration
interspaces has recently arisen again. In September 1984, the licensee
confirmed a suspected water leak in the "A" helium circulator penetration interspace. The moisture detectors in this interspace had alarmed
repeatedly for several months but were thought to be malfunctioning by
the licensee. The actual presence of substantial moisture was not
recognized until the detectors were removed for repair and water ran
out.

Subsequently, in November 1984, surveillance testing of a reserve
shutdown system (RSS) hopper revealed that half of the boronated graphite balls were stuck together with boric acid crystals. The crystals
had resulted from moisture leaching out the B2Û3 contaminant in the
Bi+C. The moisture apparently entered the hopper through the purified
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helium inlet purge line which was found to have corrosion upstream, possibly due to moisture entering the purified helium stream after exiting
the helium purification train This failure is similar to an event which
occurred several years earlier leading the NRC to require surveillance
testing of the kind which detected the present problem. The licensee is
replacing the boronated balls with new material with "low" 6203 contaminant in all hoppers.
Moisture ingress continues to be the dominant problem at Fort St.
Vrain. There have only been two minor steam generator leaks, one which
occurred in November 1977 with the plant at 50% power and the other in
the fall of 1982 following a circulator trip and moisture ingress. In
the latter case, nearly two months were necessary to confirm and locate
the leak due to the presence of substantial moisture in the shutdown
reactor. The timing of the water injection of bearing water accumulators to ensure lubrication during circulator trips is the primary
cause of moisture ingress. In turn, the loss of bearing water has been
initiated frequently by electrical disturbances affecting bearing water
supply instrumentation. Before the separation of the buffer helium
supply into two trains in February 1982, the loss of buffer helium in a
single train contributed to multiple circulator trips and frequent
moisture ingress events. However, this modification, which was performed as part of the Fort St. Vrain Improvement Plan, has failed to
alleviate the frequency and severity of moisture ingress.
The most recent and notable moisture ingress event occurred in June
1984. An electrical system disturbance caused a circulator trip and
bearing water ingress. The operators were apparently unable to diagnose
the extent of moisture ingress and continued operating in an attempt to
purge the primary coolant of moisture, as allowed by Technical Specifications. Several hours later, helium purge flow was lost when the
chillers iced up in the only available helium purification train. Ultimately, pressure/temperature mismatch was caused during reduction in
power by mismatch as "high pressure" was programming downward. Moisture
was not the cause of high pressure. The reactor scrammed on the high
pressure/temperature mismatch trip, and six control rod pairs failed to
insert automatically. The trip occurred actually when the pressure was
far below normal operating pressure owing to the gas shrinkage during
the cooldown taking place. The failure of the control rods to insert
automatically upon receipt of a valid scram demand is a common mode
failure that constitutes a partial ATWS event (i.e., Anticipated Transient Without Scram) — a significant safety concern. The reactor was
well subcritical even with six rods stuck out. The reactor has since
been shut down.
This event is similar to a February 1982 subcritical startup scram
in which two control rod pairs failed to insert and in which the manual
scram was preceded by high moisture conditions and a loss of control rod
purge flow. Based on investigations to date, the exact cause of failure
has not been determined. Also discovered was the fact that moist primary system coolant would penetrate into the affected area of the
control rod mechanism even if purified helium purge flow were not
lost. The mechanism housing was not sufficiently well sealed at cable
penetrations. The licensee is exploring various design modifications to
restrict further moisture ingress from the bearing water system into the
primary system and to reduce the pathways for moisture entry into the
control rod mechanisms from the primary system.
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A related problem associated with the moisture ingress is the
leaching of volatile chlorides from various sources within the reactor
and their deposition throughout the primary system. In August 1984, a
stainless steel control rod cable broke and was subsequently found to
have chloride-induced stress corrosion cracking. The steel cables are
being replaced with corrosion resistant inconel cable. In January 1985,
the disassembly of a Fort St. Vrai n circulator under repair at GA found
a steel closure bolt apparently affected by chloride-induced stress corrosion cracking. Concern has been raised about the possibility of the
pooling of condensed volatile chlorides on the PCRV liner. The chloride
problem is still under investigation. The problem represents a lack of
making the connection between the level of chloride contaminants in various primary system components, the possibility of moisture-induced
leaching, and the potential susceptibility of other components to
chloride attack. In the past, concern about the effects of moisture
ingress had been concentrated almost exclusively on graphite corrosion.
In March 1984, the tendon wires of the PCRV were subjected to a
five-year surveillance. A number of corroded and broken wires were
found. Subsequent investigation has determined that a microbiological
agent is at work in the presence both of the sulfonate grease used on
the tendon wires and of oxygen from air ingress into the tendon enclosures. The steel wires are being attacked by acetic and formic acids
formed by the bacteria. The integrity of the PCRV does not appear to be
degraded, but the licensee is developing an accelerated surveillance
program and is considering the use of a positive pressure nitrogen
blanket to prevent oxygen from entering the tendon enclosures. However,
recent tests have shown that the tendon enclosures may be too leaky to
hold the nitrogen blanket effectively.
2.2

Electrical Systems

The essential and emergency electrical power sources have been
designed for an adequate level of independence, redundancy, capacity,
and testability to meet the required level of safety. The alternate
sources of essential and emergency power include:
1. The main turbine-generator set via the unit auxiliary transformer (UAT)
2.

Five 230-kv transmission lines via the reserve auxiliary transformer (RAT)

3. Two independent standby diesel generator (DG) sets rated at 1210
kw and each stated to be capable of supplying essential loads
for safe shutdown and cooling

4. DC batteries
5. DC essential instrumentation power from six separate AC busses
At Fort St. Vrain, the unlikely long-term loss of AC electrical power
can result in a loss of forced cooling (LOFC) due to the loss of electrical systems supporting the motive power (steam or water) for the
helium circulators. At least one standby DG set is needed to assure
safe shutdown and core cooling without fuel damage. An extended LÜFC
could lead to substantial fuel damage due to overheating and the release
of fission products into the primary system. A permanent LOFC consti39

tûtes a Fort St. Vrain Design Basis Accident (DBA). Therefore, in response to NRC concerns on the potential for disruptive faults affecting
congested cable areas, the licensee has installed an Alternate Cooling
Mode (ACM) electrical system with independent cabling and a separate
2500 kw DG located away from the main plant structure. The ACM duplicates certain functions of the standby DG sets, but, in the event of the
loss of all other power sources, the ACM meets minimum requirements to
ensure safe shutdown by manual actuation of the reserve shutdown system,
continued cooling of the PCRV liner to contain fission products, depressurization of the PCRV through the purification system to limit heat
loads on the PCRV upper barrier plates and to filter circulating fission
products, and exhausting and monitoring of effluents from the reactor
building. Operation of the ACM alone during a permanent LOFC will not
preclude core damage but should ensure that fission products are contained within the PCRV.

Because of the importance of the AC power sources, any event affecting their availability receives immediate and intensive attention.
Since depressurization must be initiated within two hours of the initiation of an extended LOFC from full-power conditions, troubleshooting and
repairing electrical system failures must be accomplished in less than
two hours during emergencies. Since 1981, the offsite power grid supplying Fort St. Vrain has failed once during high winds accompanying a
snow storm on May 17, 1983. At that time, the reactor had been shut
down for about two months so that there was no immediate emergency.
However, during this event, the "A" standby DG set was unavailable because of repairs on corroded and stuck check valves in a raw water cooling supply line. (The affected valves had apparently not been inspected
since initial installation.) Prior to the event, the "B" standby DG set
was running and closed onto essential busses in parallel to offsite
power. The loss of offsite power caused an overload trip of the "B"
standby DG set. The "B" DG was restarted but could not be closed onto
essential loads because time-delay relays failed to reset automatically
after load shedding. The load shedding relays were reset by pulling
fuses to deenergize the relays, but this effort took 45 12minutes to diagnose and accomplish. An AEOD Engineering Evaluation was performed
that addressed the potential adverse effects of having offsite and onsite essential power sources closed onto the same loads, especially during grid disturbances when such alignments may exist. A similar failure
of the load shedding relays on the same deenergized busses was experienced on December 18, 1984. The reactor was shut down and the plant was
deliberately isolated from the grid in order to perform a standby DG
load sequencing surveillance. Both DGs failed to complete required load
sequencing, and the reconnection to offsite power was delayed because of
the failure of the relays to reset. The licensee has now committed to
installing a manual deenergization of the affected relays to allow more
rapid operator action.
Other operating experiences with the DG sets show that there have
also been occasional problems with engine exhaust temperature sensors.
During the load sequencing surveillance test on December 18, 1984, a
failed cell on one bank of new DG batteries resulted in a low exhaust
temperature signal, forcing shutdown and declutch of both engines on the
"A" DG set. Another independent, random failure of a temperature switch
caused the trip of one engine of the "B" DG set. With only one DG set
at 50% capacity, the automatic load sequencing logic was not met, thereby requiring manual action which was to switch to offsite power. That
attempt was delayed by the load shedding relay problem described previously. However, the situation was compounded but not really affected by
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a timer motor failure on one of two redundant load sequencing delay
timers used to give the DG sets enough time to reach operating status
before being closed onto essential busses. The failure of both timers
could have similarly prevented automatic load sequencing. Troubleshooting these concurrent failures took sufficient time that the surveillance
could not be completed the same day. Although plant personnel would expedite repairs and exhaust all avenues of recovery during an actual loss
of AC power, the potential for common-mode failure of automatic load
sequencing and the time delays experienced have raised questions which
are still under review by the Office of Nuclear Reactor Regulation regarding the reliability of emergency power systems at Fort St. Vrain.
The ACM DG set has also experienced random failures. On October
17, 1981, the ACM DG failed to start during surveillance testing because
of a faulty starter solenoid. The Technical Specifications allow the
ACM to be inoperable up to seven consecutive days for maintenance, and
two days were required to repair the solenoid since at that time a
replacement part was not readily available. On July 25, 1983, the ACM
DG failed to start because too much water had evaporated from the cells
of the starting batteries, which are located in an adjacent building to
which the batteries had been moved to avoid freezing and boil off problems experienced previously when located in the ACM DG shack. Ventilation had been lost in the building, resulting in high ambient temperatures. Recharging the batteries to full charge required about 12
hours. The incidents experienced with the ACM illustrate the kinds of
problems and potential for delay in availability which are part of the
evaluation of operating events involving electrical systems.
During loss of offsite power, the main turbine generator set is expected to remain on line, providing house loads. The large heat capacity of the HTGR core and lack of critical heat flux concerns eliminate
the need for an anticipatory reactor trip on turbine trip in common use
for light water reactor plants with one turbine. Probabilistic analyses
by GA Technologies for similar large HTGRs claim that the main turbine
will trip at a rate of only 10~1/demand during grid failures. In the
past, Fort St. Vrain has experienced difficulty in achieving successful
turbine runback from 70% power. The 100% power test performed in November 1981 culminated in a successful turbine runback following the successive trips of two helium circulators; however, this event did not
involve loss of grid power. The licensee is still committed to performing a B-series startup test of turbine generator load shedding from and
recovery to 100% power. This test will probably be performed near the
end of the current cycle.
Other electrical system upsets have also occurred.
The most
notable was caused by a cooling oil pressure sensor on a newly installed
4160/480 volt load center transformer. The fault occurred twice leading
to transients on instrument busses and caused circulator trips which
resulted in moisture ingress. The first occurred on May 29, 1984, during Cycle 4 rise-to-power, and the second occurred on June 22, 1984,
initiating the sequence of events leading up to the partial ATMS event
on June 23, 1984. The second event occurred because plant personnel
were unable to diagnose the cause of the first event and apparently had
no reason to suspect a faulty sensor.
Since 1981, both the unit auxiliary transformer (UAT) and reserve
auxiliary transformer (RAT) have experienced faults. On March 9, 1983,
with reactor at 30% thermal power while moisture was being removed from
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the primary coolant, a phase-to-ground fault occurred on the UAT due to
an arcing short caused by the moisture leakage into a bus duct from the
duct cooling system (not connected with the primary coolant system).
There were no moisture detectors on the ducts. The damage included
burned cables and melted insulators and required ten days for repairs.
Essential loads were being carried by offsite power from the RAT at the
time of the incident, so no transient resulted. On December 8, 1983,
high winds at the site caused a fire detector to come loose and malfunction, activating the RAT deluge system. Since most of the essential
loads were being carried by the UAT at that time, there was only a minor
transient involving some building cooling systems, and the RAT was
restored within 20 minutes. Both of these incidents illustrate the susceptibility of the plant auxiliary transformers to externally induced
events which could have led to more severe transients or loss of
essential power if a combination of these or other events had occurred.
In summary, during the past three and a half years, the Fort St.
Vrain electrical system has been challenged frequently. Circumstances
at the time of each challenge have been such that except for the June
1984 event, the transients were minor and the safety-related implications appear negligible at first glance. However, a combination or different sequence of events has potential safety implications, and efforts
are under way to improve the reliability of the system.
2.3

Reactor Building (RB)

The reactor building (RB) is a filtered, vented confinement building enclosing the PCRV and essential piping and cabling. Because the
PCRV provides a radiological barrier, personnel access to the RB is
available even with the reactor operating at full power. Also, the
layout of essential equipment within the RB but outside the PCRV is made
in principle to allow safe shutdown and cooling even if environmental
conditions in one part of the building cause failure of part of the
equipment and limit personnel access. Some of the notable reactor
building events are discussed as follows.
On August 26, 1981, with the reactor shut down, hot slag from welding a pipe hanger fell into oil-absorbent material placed beneath a
cable tray to soak up fluid which had leaked from a hydraulic shock
absorber (snubber). A fire started, damaging 31 of 36 cables in the
tray including 16 essential cables. The fire was extinguished by contractor personnel in about five minutes, but was not reported to the
licensee for two hours. On July 26, 1983, a welder was found working
inside the RB without a fire-resistant drop cloth to catch hot slag or a
fire watch. In this case, there was no fire. On January 26, 1985, with
the reactor shut down, a reactor scram input signal was initiated by
high neutron flux rate. The scram was attributed to the effect of electromagnetic fields generated by a welding machine high frequency starter
operating in close proximity to the flux detector cables. Further
investigation has revealed that the welding machine starter was apparently grounded to the cable conduit. There were apparently no "safe
grounds" designated for welding machine use. These events illustrate
the importance of controlling the RB environment to hazardous conditions
which may be generated by workers, tools, or other maintenance equipment, and the events provide lessons for all operating reactors.

During August 6-8, 1983, a reheat steam leak underneath the PCRV
caused impedance variations in cables of the helium circulator speed42

high trip. The impedance variations led to loss of one channel of the
speed-high trip logic (2/3 channels generate a trip); however, loss of
electrical current on a speed-high trip channel did cause the trip of a
speed-low channel.
The licensee diverted the steam leak and later
repaired the steam leak and replaced the cable with one having higher
quality insulation. This event was reviewed 1 3 in some detail because of
the concern that the unlikely occurrence of a postulated PCRV penetration failure (DBA No. 2) could lead to an extended LOFC (DBA No. 1) due
to circulator damage because of overspeed. This situation could only
occur if the speed-high trip functions were all lost due to the effects
of the hot hell un blowdown and if an independent failure occurred on the
speed-low trip logic. Our review found that adequate cable separation
existed to preclude loss of all speed-high cables and that the design
pressure differential could not be experienced simultaneously by all
four helium circulators for any given PCRV penetration failure.

3.

CONCLUSIONS

Fort St. Vrain operating experience since late 1981 has been dominated by long periods of shutdown often due to safety implications of
operating events which required significant maintenance. Many events
which have obviously not caused shutdown have raised safety-related concerns. The sources and the effects of moisture ingress are the most
significant operational problems. Although none of the challenges experienced to the essential electrical supplies have proven to be a serious problem with regard to adequate core cooling, there have been a
number of potentially serious challenges which were minimized by the
operating mode of the reactor.

The evaluation of the operating events at Fort St. Vrain has provided insight into necessary improvements in HTGR design and operation. The lessons learned can only be obtained through experience and
are particularly valuable for the development of advanced designs such
as the HTGR. The analysis of operating data provides insights into
component and system interactions and reemphasizes the importance of
integrating the design, construction, operation, and requirements for
emergency response in commercial power reactors. Such experience illustrates that diligence, attention to the technical details, an intuitively questioning attitude, and the delegation of responsible authority are
necessary to ensure safe operation and availability. In addition to
ORNL's and NRC's independent assessment of operating experience from
Fort St. Vrain, the licensee, the U.S. Department of Energy, and industry groups maintain vigilance of both domestic and foreign reactor experience applicable to the HTGR. The continued evaluation and feedback
of operating experience is essential to ensuring the viability and
success of the HTGR as a safe and economic competitor in the commercial
nuclear power market.
The licensee for Fort St. Vrain remains optimistic about the operational
and safety advantages of Fort St. Vrain and HTGRs. The licensee has
major effort under way to refurbish the control rod drives and to make
modifications which would mitigate or eliminate the moisture ingress
problem. The plant is expected to be ready to return to operation this
summer.
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Abstract
The fundamental principle governing the radiological design of Nuclear
Power Stations in the United Kingdom is that radiation exposures to Station
operators and to members of the public should be as low as reasonably
practicable and consistent with any overriding legislative requirements.
To ensure that any Station can be operated in compliance with this principle,
the UK Generating Boards have specified design target dose limits for
Station staff. This Paper considers the evaluation of operator exposure
and its assessment against these design target dose limits for the latest
Commercial Advanced Gas Cooled Reactor (CAGR) to be built for the Central
Electricity Generating Board (CEGB) on the Heysham Site.
The Paper begins by giving the design target dose limits, outlines the
details of the dose budgeting procedure adopted at an early design stage
by the Station Designers and by the Utilities, and defines the measures
available and incorporated into the design with the aims of reducing exposure.
The Paper includes the estimate of operator exposure for Heysham II, it
considers those aspects of the design giving rise to greatest exposure
and shows that the design target dose limits should be achieved.

The Paper also gives current levels of operator exposure from Hinkley
Point 'B1 Power Station which is the CEGB's first operational CAGR. Where
possible, the Heysham II estimates are evaluated against this operating
experience.

INTRODUCTION

The design of any nuclear power plant is such that the radiation
exposures to Station Staff and to members of the public should be
as low as reasonably practicable and consistent with the dose limits
recommended by the International Commission on Radiological Protection
and incorporated in the Station Site Licence. To ensure that any
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Station can be operated in compliance with these requirements, the
United Kingdom Generating Boards specify design target dose limits
and design criteria for both occupationally exposed workers and members
of the public.

This Paper considers the assessment of operator exposure for which
both individual and collective target dose limits are defined.
To assist in assessing any design as it progresses against these
targets, a dose budgeting procedure is adopted to provide a framework
against which estimates of operator exposure may be evaluated.
A satisfactory design is also ensured by means of dose rate guidelines
which relate predicted radiation levels to estimated access times
in any area for operation, inspection and maintenance.

There are a number of means by which operator exposure can be reduced
such as for example layout, administrative control, and the use of
shielding, remote inspection and handling equipment and easily
decontaminable surfaces. An outline of the application of these methods
is included in this Paper.
The latest power plant to be built for the Central Electricity Generating
Board is the Heysham II Station consisting of two 1500 MW(th) CAGRs.
An estimate of occupational exposure for this latest design has been
made and details are given in the Paper.
Heysham II is the fifth of the programme of CAGR Stations to be built
for the CEGB, the first of which at Hinkley Point has been operational
since the late 1970s. An important aspect of confirming the design
estimates of occupational exposure is to evaluate them against current
operating experience. To this end, details of the current situation
at Hinkley Point have been compiled and, where possible, these have
been compared against the Heysham estimates.
2.

RADIOLOGICAL DESIGN CRITERIA FOR OCCUPATIONAL EXPOSURE

The criteria adopted at the design stage of the Station were that
all radiation exposures, with appropriate Administrative and Health
Physics Control, resulting from normal operation including inspection,
maintenance and anticipated repair work should be as low as reasonably
practicable and also within the design target values as specified
below:(1)

A maximum individual effective dose equivalent of 10 mSv/year;

(2)

A Station collective dose equivalent of 2 man—mSv/year per
MW(e) installed with reasonable year-to-year averaging allowed;

(3)

A maximum dose equivalent to the lens of the eye of 0.15 Sv/year
and to the extremities and skin of 0.5 Sv/year.

An additional requirement is that the Station should be designed
so that it can be operated and maintained within these exposure limits
without artificial dose sharing.
To assist the designer in complying with the occupational design
target dose limits given above, which in all cases are overriding,
guidelines have been adopted for the design dose equivalent rates
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TABLE 1

Guidelines for Dose Equivalent Rates in Controlled
Areas from External Sources
Estimated Access Requirement

Design Dose Equivalent Rate (mSv/h)
Mean

Maximum

K-3)

5(-3)

1-10 man-h/week

K-2)

5(-2)

1 man-h/week

K-l)

1-10 man-h/year

1

1 man-h/year

10

10 man-h/week

10
*

* Dose rates in excess of 10 mSv/h are acceptable provided the access
time is correspondingly short.
Outside the controlled area, radiation levels should not exceed 1 MSv/h.

in controlled areas from external sources to the body. The values
are given in Table 1.
3.

THE DOSE BUDGETING PROCEDURE

3.1

The Procedure
The object of the dose budgeting procedure is to ensure that the
occupational exposure of Station Staff is within the criteria outlined
in Section 2. These criteria are to be achieved without increasing
the normal staffing arrangements either permanently or temporarily
and without artificial dose sharing amongst the staff. Artificial
dose sharing is defined as that which would unreasonably interfere
with the normal staffing of the Station during operation or maintenance
but which does not preclude reasonable sharing of doses within groups
of staff performing similar duties, e.g. plant operators or maintenance
engineers.
The purpose of the procedure is to identify at an early stage those
areas of occupational work which are likely to be significant
contributors to the total Station exposure and which may cause problems
in satisfying the radiological design criteria. It is particularly
important to identify the areas in this category which have manufacturing
constraints applied to them relatively early in the design phase
and so enable any desirable modifications to be made prior to the
appropriate design freeze dates.
The first stage in the dose budgeting procedure is to calculate the
man-Sv budget for the different systems on the Station requiring
work in radiation areas on the basis of the individual exposure criterion
defined above. The Station total budget is then assessed and compared
to the collective dose target. When consistency between the individual
and collective exposure criteria is achieved, the associated system
budgets are 'frozen1 and are used in the design assessment phase.
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As the design develops, estimates of access requirements for operation,
inspection and maintenance to the locations within the radiation
area controlled zone are obtained. On the basis of these estimates
and reference to the Table 1 guidelines, an indication of the acceptable
radiation levels in the areas of interest is obtained. The intent
is that design measures should be implemented to ensure if possible
that levels comply with the Table 1 values.
It is however, of course, not always possible in the first instance
to satisfy the guidelines as for example in the case of essential
work on an active component involving 'hands-on' operations and where
it is impracticable to use remote methods of handling and maintenance.
In either case estimates of operator exposure are made and compared
to the allocations made in the initial stages to ensure that no one
particular task is taking up a disproportionate fraction of the total
system budget.

Any areas of immediate concern are then reviewed in terms of basic
design modifications to the plant, its layout or the methods of
operation, inspection or maintenance (which may directly or indirectly
affect plant covered by design freeze dates). The aim of these
considerations and modifications is to bring the exposure estimates
into line with the budgets.
The final stage of the dose budgeting procedure is to consider the
radiological aspects of each system or area in turn and perform detailed
man-Sv assessments iterating with the design as the details of each
system are finalised. It is therefore necessary to have close liaison
between the designers and those performing the assessments to ensure
that the dose for the final design lies, if at all practicable, within

the apportioned system budget.

3.2

Heysham II Dose Allocation

Considering the individual target dose limit of 10 mSv/year specified
in Section 2, the average annual exposures for the different groups
of workers assumed in the dose budget allocation assessment are shown
in Table 2. It will be noted from this Table that certain of the
groups of workers, for example Fuel Route Craftsmen, have group average
doses close to the individual limit which makes the implicit assumption
that dose sharing within individual disciplines is allowed and work
rotas will be planned accordingly.
Table 3 shows the allocation of the total Station budget to the seven
systems used for the purposes of exposure evaluation. These are fuel
route, maintenance facilities, gas circulator workshop, reactor vessels,
reactor coolant circuit, ventilation and active waste plant, and
auxiliary plant. General Station exposure is also shown. The Table 3
results are based on the group average doses taken from Table 2 and
an approximate assessment of the numbers of. personnel of different
groups of workers employed on each system.
The collective exposure target defined in Section 2 is equivalent
for Heysham II to 2.6 man-Sv/year. The total estimated Station budget
which is the summation of the results given in Table 3 is 2.4 man-Sv/year
which is lower than that allowed under the collective dose target.
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TABLE 2

Average Annual Exposure Assumed for Various Occupational Groups
Group

Annual Average Exposure (mSv)

Shift Charge Engineers

5

Foremen (Operations, Maintenance,
Health Physics)

5

Fuel Route Craftmen

9

Fuel Route Operators

9

Health Physics Physicists/Monitors

5

Maintenance Craftsmen

7

Gas Circulator Craftsmen

9

Mates

5

Riggers, Etc

5

Others

2

TABLE 3

Man-Sv Budget for Individual Systems for Station
Occupational Exposure
Budget Allocation (Man-mSv)
Fuel Route

340

Maintenance Facilities

220

Circulator Workshop

120

Reactor Vessels

100

Reactor Coolant Circuit

300

Ventilation and Active Waste Plant

500

Auxiliary Plant

400

General Station Exposure
Total

460
2440

It is thus concluded that the collective exposure requirement will
be satisfied provided the individual system budget allocations are
achieved, and therefore that no further iteration between collective
exposure and individual system allocation is required.
DESIGN MEASURES TO CONTROL OPERATOR EXPOSURE

There are a number of design measures by which operator radiation
exposure is controlled and reduced during the access required for
operation, inspection and maintenance of the plant. These are outlined
in the following paragraphs.
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4.1

Layout and Access Control
The layout of the Station is designed such that adequate provision
is made for the personnel access required for operation, inspection
and maintenance of the plant. To facilitate radiological control
on site a controlled area is identified outside which there is no
significant radiological hazard arising from normal reactor operation.

Within the radiological controlled area, general layout and access
control design principles have been followed. These include, for
instance, the grouping together of active plant and equipment; the
segregation of active and non-active areas; the use of shielding;
the provision of personnel access routes minimising the time spent
in transit through active areas, and the allowance of appropriate
space around plant and equipment unavoidably located within an active
area and requiring in-situ operation, inspection or maintenance.
Access to the controlled area will normally only be allowed to personnel
issued with approved dose meters which will be used to operate entry
turnstiles at its boundary.

All access routes are shielded from active plant to give general
dose rates of less than 1 MSv/h and are kept in an uncontaminated
condition. Barriers, shielding doors and labyrinth entrances are
utilised where necessary at the boundaries of higher radiation areas.
4.2

Ventilation

All potentially contaminated areas where personnel access is required
are ventilated in accordance with the principles of contamination
control which are that all sources of contamination are contained
as close to the source as practicable or are restricted to within
a defined controlled area.
Ventilation often is used in conjunction with physical containment
systems, e.g. gloveboxes and fume cupboards.
4.3

Decontamination and Surface Finishes
Allowance and provision for decontamination of plant items and areas
is made in the design of the Station. Decontamination is considered
wherever there is potential for reducing the level of occupational
exposure that would otherwise result. To facilitate decontamination,
attention is paid to the design of the plant and particularly to
the final surface finishes to avoid as far as practicable potential
traps for contamination.

A general decontamination centre is provided for small plant items
together with a more sophisticated facility in the gas circulator
workshop for the decontamination of larger items including circulator
components. The decontamination facilities are arranged with appropriate
segregation, shielding, containment, active drainage and ventilation
to minimise exposure of operators and the spread of contamination.

In areas where severe contamination is likely to occur the design
intent is that remote decontamination using installed equipment is
carried out prior to personnel access and that further manual
decontamination is also performed prior to carrying out the maintenance
work.
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4.4

Health Physics Supervision and Monitoring
Comprehensive Health Physics supervision and monitoring is an important
factor in ensuring the efficient operation of all the radiological
control design features for minimising occupational exposure. The
Health Physics Department on the operating Station has the duty of
providing appropriate supervision and monitoring and advising Management
and supporting service/operational staff in accordance with the
requirements of the Site Licence Conditions.

Area monitoring includes regular surveys to confirm that radiation
levels are within those appropriate for each particular zone. Personnel
monitoring is provided for all individuals involved in work with
•ionising radiation. This involves the assessment and recording of
the effective whole body equivalent committed dose.
4.5

Shielding

Shielding is extensively used in conjunction with appropriate layout
throughout the Station to reduce radiation levels in order to meet
the relevant design targets in areas where personnel access is required.
Background radiation levels in unlimited access areas on the Station,
both inside as well as outside, the radiologically controlled area,
are generally designed to be less than 1 MSv/h to ensure that only
a small fraction of radiation workers' annual doses is taken up by
general station exposure. The design target dose rates for other
limited areas are set by due consideration of the extent of access
required as shown in Table 1.

4.6

Plant Design

In addition to reducing radiation levels at positions requiring access,
consideration is also given in the design of the Station to the use
of equipment which can be easily removed, which has high reliability
and low maintenance requirements and which can be remotely handled
and/or maintained.
5.

STATION MAN-Sv ESTIMATES

The assessment of operator occupational exposure for all systems
and areas on the Station is based on work in areas where radiation
levels are greater than 1 /nSv/h. Allowance is made for exposures
received in lower dose rates in the 'general station exposure'
assessment.

The dose rates used in these analyses are based generally on estimates
validated where possible against CAGR operational experience. The
times and frequencies used in the assessment are best estimates made
by the plant designers and are intended to include operation, inspection
and planned maintenance, repair and replacement.

The systems identified in Section 3 are treated separately in the
sections below.
5.1

Fuel Route Exposure

Radiation exposure identified for the fuel route occurs during the
following operations:-
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5.1.1

The Assembly of New Fuel. Unirradiated fuel elements are taken
as required and, after inspection, are built into the new fuel
stack. Production of the fuel assembly which is this fuel stringer
and its plug unit is completed in the new fuel cell. The estimated
operator exposure for all this work is 12 man-mSv/year.

5.1.2

Refuelling Machine and Other Auxiliary Operations. Work associated
with re-fuelling machine movements covers operations at the

standpipe closure in preparation for connection of the machine
to the reactor; irradiated fuel handling operations from the
reactor to the dry store and from the dry store to the fuel
dismantling cell; and similar control rod handling from the
reactor to the dry store or to the control assembly maintenance
facility. The exposure estimated for this work is 11 man-mSv/year.

5.2

5.1.3

Irradiated Fuel Flask Handling. The operations involved in
preparation of the flask which is used to ship spent CAGR fuel
off-site cover inspections of the lid seals, leak tests, lid
bolt tightening, decontamination, attachment of the shock absorber
and radiation level surveys. Predicted radiation levels from
the flask include a significant neutron contribution and the
associated estimated annual exposure is 12 man-mSv.

5.1.4

Inspection, decontamination and maintenance of the Fuel Route
covers work in the New Fuel Facilities, the Irradiated Fuel
Dismantling Cell and the Fuel Storage Ponds. The largest
contribution to estimated Station exposure of 250 man-Sv/year
is from decontamination and maintenance of the Fuel Dismantling
Cell due to the presence of contamination which occurs as a
consequence of the handling operations.

5.1.5

The Pond Water Treatment Plant consists of coolers, filters,
ion-exchange units and the associated pipework and pumps. All
require inspection with some maintenance. The total estimated
exposure is 60 man-mSv with an approximately uniform distribution
of the total between all work items.

Maintenance Facilities
Routine maintenance is required on a number of active items as detailed
below:-
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5.2.1

Fuel Plug Units. After removal of the irradiated fuel, the
plug unit is taken to the Maintenance Cell. There the standpipe
closure gag actuator is removed and transported to the active
workshop for maintenance. The upper and lower halves of the
remainder of the plug unit are refurbished, in the latter case
through a shielded glovebox, then re-assembled and load tested.
The estimated annual exposure for all operations is 16 man-mSv.

5.2.2

The Control Assemblies. Work on the control rods requires testing
their straightness and their articulation which in fact is
done through shielding so that the resulting personal exposure
is small. As in the case of fuel plug units, control rod actuators
are also removed to the appropriate workshop for maintenance.
After replacement, additional tests on the assembly are completed
and the overall estimated exposure is 12 man-mSv/year.

5.2.3 The Refuelling Machine. Cables and seals on the refuelling
machine require regular replacement and the pressure tubes
of the machine are in-service inspected. The annual exposure
has been assessed to be 6 man-mSv.

5.2.4 Decontamination of plant equipment in the Decontamination Centre
occurs randomly throughout the year. In addition, there is
a contribution from Active Workshop operations giving a total
for this system of 6 man-mSv/year.
5.2.5 It is anticipated that some maintenance will be required to
the Maintenance Facilities themselves as outlined above. On
the basis of annual decontamination, inspection and maintenance
an estimate of 25 man-mSv/year is obtained.
5.3

Gas Circulator Workshop
It is assumed for the purposes of assessing operator exposure that
each gas coolant circulator is removed every 4 years for inspection
and maintenance. After removal from the reactor, the gas circulators
are transported to the workshop and a comprehensive programme of
maintenance and inspection undertaken including some decontamination
if necessary. Although some dose is incurred in the circulator removal
and replacement, the majority of the predicted annual exposure of
20 man-mSv is received as a consequence of maintenance.

5.4

Reactor Pressure Vessel Internals

Access to the reactor internals inside the concrete pressure vessel
is not normally required on a routine basis. Provision however has
been made in the design to allow this should unforeseen circumstances
occur. In addition, the operator may choose to make entries into
the vessel for some limited inspection work. Entry times of up to
800 man-hours/year based on CAGR operating experience have been assumed
and the associated dose is approximately 100 man-mSv/year which was
the value deliberately chosen for the budget.
5.5

Reactor Coolant Circuit
The three systems containing reactor coolant of greatest importance
as far as operator exposure is concerned are considered below:5.5.1 The Reactor Coolant Processing System. Items of plant in this
system which require maintenance on them are the recombination
unit, which controls the level of CO in coolant, the heat
exchangers and the driers which are used for removal of moisture
from the coolant. Among the operations identified are replacement
of the catalyst in the recombination unit, and of the desiccant
in the drier towers. Other plant requires routine maintenance
and the associated exposure has been calculated to be 1.6
man-mSv/year.

5.5.2 Reactor coolant blowdown is routed through iodine absorbers
of charcoal and particulate filters. Operations identified
for the maintenance of the equipment in the blowdown route
are predicted to give rise to 10 man-mSv/year exposure.
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5.5.3 The Burst Cartridge Detection System. Samples of reactor coolant
are regularly taken and analysed in order to detect and locate
the presence of failed fuel in the reactor. The equipment
associated with these analyses is routinely inspected and
maintained and there is also some exposure associated with
the operation of the system. The total is estimated to be 12
man-mSv per year.
5.6

Ventilation and Active Waste Plant

5.6.1 All ventilation extracts from the potentially active areas
of the Station are passed through particulate filters before
being discharged to the environment. These filters are changed
when necessary resulting in an estimated exposure of 5.3
man-mSv/year.

5.6.2 All liquid effluent arisings on the Station are treated in
the Active Effluent Treatment Plant (AETP) before discharge
from Site. The AETP contains sand, sludge and ion exchange
resin storage facilities and their associated pumps, valves
and pipework all of which require inspection and maintenance.
It is assumed that each pump is replaced at least once in the
life of the Station. The exposure for the entire system is
calculated to be 23 man-mSv/year.
5.6.3 Inspection and maintenance of the plant in the Solid Active
Waste Facility gives rise to an estimated exposure of 45
man-mSv/year. Other operations in the store cover waste handling
and processing and plant inspection which adds approximately
25 man-mSv per year to the exposure estimate.
5.7

Auxiliary Plant

The taking of samples and the maintenance of the reactor instrumentation
system gives rise to a predicted exposure of 28 man-mSv/year.
5.8

General Exposure

As mentioned previously, no estimate has been included in the above
system exposures for occupation of areas in which the predicted radiation
levels are less than 1 MSv/h. In practice, it is found that there
are many areas included within the controlled zone where average
dose rates are in this category.
Assuming then that all the time not specifically allocated to 'active
work' on the systems identified above is spent in an average radiation
field of 0.5 jxSv/h, the exposure associated with the occupation of
these areas is 570 man-mSv/year.

5.9

Total Station Estimate
The results of the previous sub-sections are summarised in Table
4 where the system allocations are also given for comparison. It
is concluded from this Table that in general, the estimates are generally
lower than the budgets which confirms that the Station collective
dose criterion is satisfied and also that, given the margins between

the budgets and the estimates, the 10 mSv individual maximum target
dose limit should be met.
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TABLE 4

Total CAGE System Estimates and Budget Allocations
System

Estimate (Man-mSv)

Budget (Man-mSv)

345

340

Maintenace Facilities

65

220

Gas Cire. Workshop

20

120

100

100

Fuel Route

Reactor Vessels
Reactor Coolant Circuit

24

300

Ventilation/Active Waste Plant

98

500

Auxiliary Plant

28

400

General Exposure

573

460

Total

1253

2400

The budget for the general station exposure is less than that estimated
but this is of no concern since it reflects a greater proportion
of time spent in low dose regions where radiation levels are less
than 1 MSv/h (which is equivalent to 2 mSv/year at 100% occupancy)
than was originally assumed.

Only in the fuel route and for reactor vessel work (which is deliberate)
are the budget and estimates comparable.
6.

CAGR OPERATING EXPERIENCE

6.1

Total Station Exposure
The first operating station in the programme of CAGRs to be built
for the CEGB is at Hinkley Point in Somerset and is alongside a Magnox
Station. Up to the end of 1984, the cumulative output from each of
the Advanced Gas Cooled Reactors was approximately 5 full-power years.
Staff employed on the Hinkley Site can be conveniently divided in
three categories:-

(1)

Those who work mostly on the Magnox Station;

(2)

Those who work mostly on the CAGR Station;

(3)

Those who work on both Stations.

In these three categories, the total dose accrued by Station Staff
during a typical year of operation is as shown in Table 5. The division
of operating personnel into three categories is not exact and in
a number of cases judgement has had to be exercised. This distribution
however is believed to be realistic. If then it is assumed that the
third category dose is equally divided between the two Stations,
the CAGR Station occupational exposure for Hinkley for the year in
question is 0.59 man-Sv. If on the other hand the average Category 2
(i.e.
CAGR orientated) worker dose was applied to Category 3 personnel
the estimated total exposure would be 0.50 man-Sv.
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TABLE 5

Distribution of Hinkley Site Exposure

Category

6.2

Total Dose (Sv)

No. of Staff

Average Dose/Person (mSv)

1

1.08

420

2.6

2

0.32

388

0.8

3

0.54

433

1.2

Individual System Exposures
Several detailed measurements of the contributions to this total
exposure have been made at Hinkley and these are given in the following
sub-sections. These do not cover all areas in which exposure is received,
but reflect the areas in which it is possible to identify groups
of workers in such a way that they can be monitored.
6.2.1 New Fuel Stringer Assembly. As typical radiation levels measured
around the boxes containing new fuel elements are 20/xSv/h
on contact, 12 MSv/h at 30 cm, and 5 /utSv/h at 1.2 m from the
box surface. Levels associated with individual elements will
be lower by a factor of 2 or 3.
With the times which operators spend at the varying locations
around the new fuel elements, the resulting exposures are:(1)

in moving boxes - 0.46 man-mSv;

(2)

unpacking boxes - 4.2 man-mSv;

(3)

inspection and building - 6.3 man-mSv;

giving a total of 11 man-mSv. The average individual exposure
is 0.6 mSv.

6.2.2 Other Fuel Route Operations. None of the tasks identified for
refuelling machine and other associated auxiliary operations
in Section 5.1.2 are found to give rise to significant operator
exposure. A level of <15 man-mSv per year has been measured.
6.2.3 Fuel Transport Flask Handling. The times associated with the
handling of the transport flask are for decontamination, lid
bolting, washing, transport and appropriate Health Physics
checks (Section 5.1.3). On the basis of measured times at various
locations and predicted radiation levels, the estimated operator
exposure is 10-20 man-mSv/year. The average individual dose
is substantially less than this.
6.2.4 IFD Cell Maintenance. Over a period of nine months in 1984,
total maintenance in the Irradiated Fuel Dismantling cell was
of the order of 110 man-hours accompanied with approximately
50 man-hours of entry for cleaning.
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Work in the IFD cell is done on shift which makes it very difficult
in practice generally to trace the dose associated with any
one particular job. It is possible however to identify certain
groups of people who were involved in significant IFD cell
work and these were studied over this period. The following
conclusions were drawn.
Of the 110 man-hours of maintenance work, approximately 92
hours were taken up by Maintenance personnel. The remaining
time was allocated to Health Physics supervision. Total maintenance
exposure was approximately 18 man-mSv at an average of 1 mSv
per man.
Cleaning of the cell before maintenance is completed by Operations
Department for which the measured dose commitment was 8 man-mSv.

Specific measurements made for Health Physics operations covering
both the maintenance and cleaning requirements (12 hours exposure)
in the cell gave a total of 18 man-mSv.
6.2.5

Maintenance Facilities. The exposure associated with maintenance
work, principally fuel plug unit refurbishing, has been measured
to be 38 man-mSv.

TABLE 6
Comparison of CAGR System Exposures and Estimates
System

Sub-System

Measured
Exposure

(mSv/y)
Fuel Assembly

11

Estimated
Exposure
TmSv/yiT

10-20
44
Low

12
11
12
250
60

Maintenance Facilities

38

65

Gas Circ, Workshop

14

20

Reactor Entry

120

100

Reactor Coolant Circuit

Low

24

Ventilation/Active Waste

Low

98

Auxiliary Plant

Low

28

General Exposure

600*

573

Fuel Route

Refuelling Operations
Fuel Flask
IFD Cell Maintenance
Pond Water Treatment
Plant

Plant

*Estimated
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6.2.6 Circulator Maintenance. Measurements of the exposure associated
with circulator maintenance are available for the 3 years from
1982. The respective totals are 11, 16 and 15 man-mSv. These
exposures are usually distributed amongst a team of at least
10 men, the peak in any one year to any one individual being
3.3 man-mSv. This was associated with maintenance of the
impeller/inlet guide vane which is the most active section
of the circulators.
6.2.7 Vessel Entry. Vessel entries have been made at Hinkley Point 'B1
on each reactor every other year. Radiation levels at accessible
positions within the vessel did not vary significantly in the
first few years of operation. In 1983 however, it was concluded
that a small trend upwards was discernible and in the 1984
entry the increase was more noticeable. The total dose received
in the 1984 entry was 120 man-Sv which clearly represents a
significant contribution to total Station exposure.
Table 6 summarises these results of operating experience and
compares them where possible with the Heysham II estimates.
The Hinkley general station exposure level has been estimated
from the total number of occupationally exposed personnel in
the same way as the Heysham value.
7.

SUMMARY AND CONCLUSIONS

Estimates of the occupational exposure associated with the operation,
inspection and maintenance and identified repair/replacement work
for a Commercial Advanced Gas Cooled Reactor show, in most instances,
a large margin to the budget allocation based on the radiological
criteria for occupational exposure.

The identified systems where margins are least are the Fuel Route
and the Reactor Vessels where the estimates and budgets are comparable..

Current experience from operating CAGRs shows levels of total Station
exposure to be significantly lower than that allowed under the collective
dose criterion. In addition, detailed comparisons for the different
systems show that in general, the system estimates are seen to be
larger than the measured values. In particular, measured fuel route
exposures are lower than those predicted by a factor of approximately
5 thus confirming that the current design value is pessimistic, and
again showing a significant margin to the budget. Reactor vessel
entry work shows measurements and budgets to be comparable. This
is not considered significant however since there is no identified
requirement for vessel entry and if exposures were to become excessive,
restrictions on entry could be claimed.

It is concluded therefore that, on the basis of these estimates and
evaluations, the individual and collective occupational exposure
target dose limits should be achieved.
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SAFETY-RELATED EXPERIENCES WITH THE AYR REACTOR
K.J. KRÜGER, G.P. IVENS
Arbeitsgemeinschaft Versuchs-Reaktor G.m.b.H.,
Duesseldorf, Federal Republic of Germany
Abstract

The 15 MW nuclear power station of the AVR is in operation since
1967. The operational results have clearly demonstrated its high
safety potential.
The fuel elements have shown good retention properties for fission
products which lead to a low activity in the coolant gas, on the
primary circuit surfaces and the deposited graphite dust.
As a result the a c t i v i t y release into the atmosphere is low. The
calculated m a x i m u m dose in the surrounding of the plant is less
than 1 mrem/year.
In case of a loss of coolant accident the activity inventory of
the coolant would flow into the containment but would not reach
the environment. But even if the activity would be released the
maximum radiation dose in the environment would be negligable.
Accident s i m u l a t i n g experiments with the reactor:

In case of a loss of coolant accident the AVR-reactor could remain without forced cooling for an unlimited period of time due
to the large heat capacity of the core and the graphite structurs, the low power density of the core and the large margin
between normal fuel temperatures and temperatures which would
damage the coated particles.
E x p e r i m e n t s have been made in which the coolant flow was interrupted at full power operation by stopping the circulators. C l o sing the flapper v a l v e s between the circulators and the core at
the same t i m e l i m i t e d the heat transport to the steam generator
by natural convection. The maximum measured temperature rise
in the core area was 220 °C. From calculations we know that the
fuel temperatures did not increase beyond the initial values.

These experiments have been performed at a pressure of about
10 bar. Therefore the heat transport to the steam generator was
higher than under real accident conditions.
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A new series of tests is proposed which will be performed at
1 bar pressure thus simulating accident conditions even more
realistic. Since the coolant removal from the p r i m a r y system
takes about 3 days, the decay heat production will have to be
s i m u l a t e d by fission power in these tests.

The AVR 15 MW power station had been planned in the 1950s
and was connected to the electric grid in 1967. Together with the DRAGON
project in England and the Peach Bottom 1 power plant in the USA, the AVR
was to demonstrate the feasibility of a power plant using a high-temperature
reactor. The AVR reactor was especially characterized by its spherical
fuel elements.

The operation of this plant proved out quite satisfying. This along
with the possibility to extract heat on a high-temperature level led to
the decision to investigate the possibility of process-heat production
with an HTR. However, the transportation of process heat over long distances
is impossible without losing heat. Therefore it is necessary to furnish
proof of the compatibility of the HTR system with the end-user of the
process heat, e.g. a chemical factory. This entails special requirements
for the safety behaviour of an HTR with process-heat application.
We have selected a few subjects of AVR safety experience to report
in the following.
SHORT DESCRIPTION OF THE SYSTEM

The reactor is built in an integrated design, i.e. reactor core,
steam generator and the total coolant gas circuit including the blowers
are situated in two concentric steeT vessels. The annular space in between
is filled with seal gas, consisting of pure helium under slight overpressure. The cylindrical part contains the first biologic shield (Fig. 1).
The reactor core consists of about 100,000 spherical fuel elements
which contain the heavy metal in the form of coated particles. Graphite
serves as the neutron reflector and is entirely surrounded by carbon bricks
for thermal insulation. The steam generator is placed above the reactor
core.
Helium, the coolant, has a pressure of 10.8 bar and is transported
by means of two blowers from bottom to top through the fuel bed and steam
generator. The average gas temperature had first been designed to be 850 °C,
however in 1974 it was elevated to 950 °C.
The graphite reflector with 4 columnar noses extends into the fuelelement bed, each nose containing one shut-down rod in perpendicular
borings. During reactor operation, the fuel elements are cycled continuously,
i.e. they are extracted from the core bottom and fed back on top of the core.
During this process, the burn-up of each fuel element is determined. Those
with highest burn-up are separated and replaced by fresh ones, those
with average burn-up are returned into the centre of the reactor core,
and those with lowest burn-up are returned into the outer core region.
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AVR Primary System

By using this method one achieves a two-zone core which flattens the radial
temperature profile. During one year under full operation, the fuel-element
charge of the core is circulated twice.
The steam generator has four parallel "benson" systems. The steamgenerator tubes are of ferritic steel as used in conventional steam generator
construction. They penetrate the covers of the two pressure vessels with
120 holes.
The two coolant-gas blowers are electrically driven, they have
oil-lubricated bearings. Rotation is controlled via frequency transformer
and asynchronous motors. Helium-gland seals hinder both the oil from
penetrating the coolant gas, and coolant gas penetrating the motor housing.
The fuel consists of oxide particles, coated by various layers. These
are pyrocarbon layers of various properties. Some fuel elements in addition
have silicon-carbide layers» The layers are characterized by both high
temperature and radiation resistance, and - above all - by an excellent
gas density during their lifetime. They maintain their retention capability
for many years in spite of high inner pressures and temperatures up to
more than 1200 °C, despite of being stressed by high doses of fast neutrons
and inside recoil bombardment.
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The above mentioned burn-up measurement of fuel elements has further
been developed during the course of operation. Today we measure the gammaradiation of Cs-137, which has proved to be very reliable and precise.
Of the reactor auxiliary systems, we only mention here the gas-purification
system which separates in a by-pass all-gaseous impurifications from the
coolant gas. The pressure-vessel system and all coolant-gas transporting
auxiliary systems are arranged in a containment vessel which is surrounded
by a concrete shielding.

Table I gives the most essential design-data of the reactor.
TABLE I
AVR Design Data
Thermal capacity
Average power density in reactor core
Electric gross capacity

46 MW
2.6 MW
15 MW

Coolant-gas pressure
Hot-gas temperature (average)
Cold-gas temperature
Helium mass flow
Number of blowers

10.8 bar
950 °C
275 °C
13 kg/s
2

Steam pressure
Steam temperature
Steam mass flow

72
505
56

bar
°C
t/h

ACTIVITY RELEASE

The behaviour of fuel elements, especially their retention capability
of fission products, is of special importance for the rate of release
under both normal operations and in the case of an incident. 14 different
kinds of fuel elements have been used in AVR up to now, and the operation
performed up to date has demonstrated the good retent^n capability of these
fuel elements /!/. The essential results of fuel-element testing can be
summarized as follows:
- Fuel elements with highly enriched carbide fuel (UTh)C2 with pyrocarbon
coating (without silicon carbide) showed for all fission products a good
retention capability at gas temperatures up to 900 °C. No damages of the
layer occurred up to highest burn-ups. Strontium was released by the elements
at operation temperatures of 950 °C. Because of this, the maintenance
work on the primary loops was more difficult, and the oxidation rate of
the fuel element graphite was increased.
- Fuel elements with highly enriched oxide fuel (UTh)U2 with pyrocarbon
coating (without silicon carbide) show an excellent behaviour even with
gas temperatures up to 950 °c. In some rare cases we observed damages of
the coating with burn-ups higher than 15% fima which, however, did not
lead to measurable releases of fission products. Especially the elements
produced for THTR-300, which have been used in AVR since 1974, showed a
behaviour as theoretically expected.
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Special attention is being paid to fuel elements with lowly enriched
oxide fuel (without thorium) with coating of pyrocarbon and silicon carbide,
whose tests started in 1982. Their excellent retention capability
hot-gas
temoeratures up to 950 oc is confirmed by the presently very low coolantgas activity. However, it is yet too early for final statements because
of the still relatively low burn-up of these elements.
Activity in Coolant Gas and Activity Releases under Incident Conditions
The measurement of noble-gas activity in the primary system represents
an integral quality-control test for the retention capability of fuel
elements. Since older types of fuel elements had been removed, the activity
inventory during steady-state operation went down to approximately 20 Ci.
This low value is due to the low uranium contamination during fuel-element
production. There is no noteworthy damage to the particle coatings.

The condensable fission products released from fuel elements are
vaporous to some extent, to the larger extent they are deposited on surfaces
of the primary circuit and on graphite dust.
The coolant gas, on the average, has the following activity inventory:
TABLE II
Average activity inventory of the coolant gas
(with 950 °C operation)

Noble gas
Tritium
C-14 (as Co and CO?)
Sr-90
Cs-134
Cs-137
Ag-110m
J-131

20 Ci
1.6
8 mCi
2
2 M Ci
4
2
2 uCi

The worst that could happen in case of depressurization is that
these activities fill the containment vessel. Even if they were to be
released into the environment, unfiltered and undelayed, the load for the
environment would be unimportant. An unfiltered release, however, would
not be expected in any case.
A c t i v i t y Release under Reactor Operation
The good retention capability of fuel elements and thus the low
activity inventory of coolant gas leads to very low activity releases into
the environment. These releases stem from regeneration of the gas purification
system. The regeneration gas is released only after decay of short-living
noble-gas isotopes. There are also releases occurring during repairing and
maintenance work on the primary circuit. Table III gives the activities
released into the atmosphere. The last line in the Table III shows the
values of licensed limits for activity releases per year. The release of
activities mentioned in this line would mean that the maximum value of the
dose-load point is 1.3 mrem/a all-body dose. C-14 dominates in the environmental
load. The actual activity release, however, turned out dose levels clearly
below 1 mrem/a.
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Also the release of activity with waste water is extraordinarily
low. We cannot present numbers of the values, since AVR waste water is
processed by the KFA Nuclear Research Centre and released along with KFA
waste water.
TABLE III

Annual activity release into the environment
Year

Noble gas

Ci
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984

15. 7
17. 7
3O. 3
26.8
29.6
24. 3
10.0
20.O
25. 8
30.0
2O. 4
16. 7
12. 6
41 .6
18. 6
14. 5
25. 3

Value of
annual 1OO
limit

Tritium

Ci

Carbon-14

Long-living

Ci

aerosols
6
10~ Ci
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33.1
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100

1O
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•a

25
21

Iodine-131

2 .0
2 .3
2 .0
1 .4
2. 1
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<20
20
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<2O
<2O
<20
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g
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6.4
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RADIATION DOSES TO OPERATING PERSONNEL

High-temperature reactors are said to be best suited for particularly
low radiation dose to personnel. The main reason for this is the very
low activity content of the coolant. Reactor systems with pre-stressed
concrete pressure vessels moreover permit an almost complete shielding
of direct radiation from the reactor core. Pebble-bed reactors are also
most favourably suited for the handlinq of radiated fuel elements.
With regard to layout, the AVR system mirrors the development of
the 1960s, thus making only partial use of the potential capabilities.
The first biologic shield in the annular space between the two pressure
vessels, as can be seen in Figure 1, results in an only incomplete shielding
for direct radiation. The allowance of personnel in the containment during
reactor operation is limited. However, since many auxiliaries and components
arranged there need occasionally manipulations by personnel, it is easy to
understand that a large part of the personnel-radiation dose stems from
this direct radiation.
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During the first years of operation it was possible for maintenance
and repair to manipulate components, situated outside the neutron field
in the coolant-gas circuit, without shielding or other precautions since
their contamination was extraordinarily low. After elevating the gas
temperature to 950 °C, the fuel elements released cesium and strontium,
because of the more dominating carbide fuel. These radioactive fission
products are situated on the surfaces of e.g. graphite dust, and are
distributed uy the coolant gas on al. surfaces of the primary circuit.
Since that time, maintenance and repair work on components in the primary
circuit require respirators to be worn. Although the work is in fact more
difficult and takes a longer time, the personnel radiation load did not go up.
Some time ago, the fuel elements with carbide fuel reached their
full burn-up. They were discharged from the reactor core and replaced by
those with oxide fuel. Thereafter we observed strontium contamination
clearly going down.

Figure 2 shows the integral annual exposure of operation personnel
since the time of reactor start-up. At first one notices increased loads
during the first three years of operation. This can be explained in that
the various components located in the radiation field within the containment
required special maintenance. After some of these components had been replaced
by better ones or relocated in places with lower direct radiation, the
annual exposure was about 50 rem. However, the values went up again in
1978, 1979 and 1980 because of repair as a consequence of water ingress
into the primary circuit.
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Fig.2 Annual Personnel Exposure
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INCIDENTS WITH LEAKAGE OF WATER INTO THE REACTOR CORE

Any water leaking into the coolant-gas circuit during the operation
of an HTR reactor will react with fuel element graphite and hot-reflector
parts. This leads to a mixture of helium, water steam, CO and H2 in the
circuit at increased pressure. Such an incident can be controlled by the
following measures:
- Fast recognition and shutdown of reactor.
- Limitation of amount of water which, in the worst case, is available for
penetration; also immediate partition of steam generators by means of
valves.
- Avoiding combustible gas mixtures with the air of the containment,
e.g. by early pressure venting before noteworthy accumulation of hydrogen
concentrations.
- If this is not possible or too complicated, the safety relief valves
should direct the gas mixture into partly water-filled pressure-suppressing tanks
- The design of the core must preclude any unpermissible reactivity
increase following water injection.

All HTR power plants, constructed or under design, safely fulfill
these requirements. In spite of the most careful inspection and surveillance
during construction one has always to take into account a steam-generator
leakage during the lifetime of a power plant. In practice, one would
generally expect a leakage starting in form of a very small leak which
would be rapidly detected. However, one has also to be prepared to control a
sudden water ingress.
A leak arose at AVR in May 1978 at a superheater tube of the steam
generator. It was at first so small that full power operation was not
hindered. The origin was suspected at another place instead of the steam
generator. After the reactor had been shut down for other reasons, but
with the steam generator still under full water pressure, the leak became
larger, ingressing 27.5 tons of water into the primary circuit.
After the ingressed water had been removed, the corresponding tube
of the steam generator was plugged, and the plant put back into operation.
The localization of the leak, the removal of water, and the drying of the
primary circuit cost considerable time. Special installations were
constructed to remove and handle safely the contaminated water. Finally,
the residual water was removed by evacuating the primary circuit for a
couple of weeks.
The start-up after water removal occurred in three phases:
- Drying with nuclear heatinq-up until maximum temperature of 650 °C and
two thirds of full thermal power (starting in the beginning of 1979).
- Full-load operation at maximum temperature of 850 °C (after July, 1980).
- Full-load operation until maximum temperature of 950 °C (since March,
1983).

A few thousand fuel elements had been under water for some weeks.
Some of them were removed and examined. These displayed no damage, and
therefore the other elements were left in the reactor.
The AVR steam generator damage is an example of the fact that the
ingress of water into the HTR core cannot be ruled out completely, but
it nevertheless can be controlled, and is without influence to the environment.
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Also important experience was gained which would permit a much faster damage
clearance in the case of a similar failure with both AVR or following
projects.
EXPERIMENTS FOR THE SIMULATION OF A LQSS-OF-COOLANT ACCIDENT

A series of experiments were performed with AVR to demonstrate the
favourable safety behaviour of a high-temperature reactor. Starting from
full-load operation, a loss of core cooling was simulated by shutting
down the coolant-gas blowers and closing the flapper valves in the blowerpressure pioes. The negative temperature co-efficient of the reactivity
automatically stops the power production without operator intervention.

Figure 3 shows the changes in«temperature measured in an experiment
in 1975. As described above, the reactor was shut down during stationary
full-power operation at a coolant outlet-temperature of 765 °C. The
maximum temperature increase was approximately 200 K. This increase was
measured in the graphite noses which are close to the maximum power density
during operation.
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Calculations have been performed for the maximum fuel temperature
which is not accessible for direct measurement. They showed that there
is no or only a minor increase above operating temperature /2/. This
essentially can be explained by the temperature profile in the fuel element
flattening as a result of the diminishing power production. This effect
somewhat compensates for the increase of the moderator temperature in
the further course of the experiment. After a few hours the central maximum
fuel temperature reaches again the same value as that of the preceding
69

full-power operation. The calculations could be verified by comparing the
calculated and the measured reflector temperatures.

The shut-down rods were not inserted during this experiment to
demonstrate that their functioning is not needed. However, because of
Xe-decay the system became critical again after 15.3 h, stabilizing itself
at a low power level after several hours.
The experiment described here is different from a loss-of-coolant
accident in that it was made under full operation pressure. By closing the
flapper valves in the blower-pressure pipes the convective heat transport
from reactor core to steam generator" is strongly reduced. However, there
is still an "internal" convective heat exchange which cools the core
stronger than originally intended for the experiment. To avoid temperature
excess of the steam generator pipes it was necessary to keep operate the
steam generator with a minimum throughput of feed water.
AVR is planning further experiments with better simulation of
loss-of-coolant accidents, especially at a pressure of 1 bar. They should
demonstrate the controllability of such an accident at an existing power plant.

There is one problem in performing such an experiment: it is not
possible to reduce the coolant-gas pressure fast enough. The procedure
of pumping takes about three days. Therefore we have in mind the following
strategy: with the reactor in shut-down state, the pressure is reduced
to 1 bar and the flapper valves of the blower-pressure pipes are closed.
The reactor is then brought to criticality and operatied at low power
until the temperatures in fuel bed and reflector reach values corresponding
to those under full-power operation. Thereby one achieves the initial thermal
state to start simulation of the loss-of-coolant accident. In the further
course of the experiment, the after-heat is simulated by fission power
production by following the curve of after-heat as would occur after
full-power operation.

In this experiment it is again necessary to operate the steam Generator
with minimum through-put. Because of the lower pressure level, however,
the convective heat transport from reactor core to steam generator is so
small that it corresponds to "real" accident conditions.
Prior to enacting these experiments, a few questions need to be
answered. Two major problems refer to exact power measurement and to
determination of fuel element temperatures during accfdent simulation.

In the case that HTR systems will be used for process, heat or
long-distance heat, the safety properties of HTR should be well used.
The manufacturers in the USA as well as in Germany are pursuing
concepts fulfilling this requirement. We think it reasonable and important
in the future to make use of the AVR power plant by further experiments
such as those described above to demonstrate HTR safety characteristics.
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ORNL ANALYSES OF AYR PERFORMANCE AND SAFETY*
J.C. CLEVELAND
Engineering Technology Division,
Oak Ridge National Laboratory,
Oak Ridge, Tennessee,
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Abstract
Because of the high interest in modular High Temperature Reactor performance and safety, a cooperative project has been established involving the Oak
Ridge National Laboratory (ORNL), Arbeitsgemeinschaft Versuchs Reaktor GmbH
(AVE), and Kernforschungsanlage Jullch GMbU in reactor physics, performance and
and safety. This project has been established within the frame of the HTR
Implementing Agreement between the U.S. Department of Energy and the Ministry of
Research and Technology of the Federal Republic of Germany. The effort focuses
on examination of AVR neutronic and thermal hydraulic behavior with objectives
of further insights into pebble bed reactor behavior.
An independent analysis by ORNL of the thermal response of the AVR to a
hypothetical depressurized core heatup accident has confirmed analyses performed
by AVR and KFA staff in consideration of potential testing of the AVR under
depressurized heatup conditions. ORNL results show that the cooler regions of
the core and reflector provides an "early" heat sink limiting the maximum fuel
temperature to below 1350°C. The fuel remains above normal temperature for four
to five days and during this period, the maximum fuel temperature is not determined by the rate of heat dissipation through the outer vessel. The effect on
inner vessel temperature of uncertainties in the thermal properties of the first
biological shield are also Investigated.

ORNL is also analyzing the response of the AVR to tests involving coolant
flow reductions without control rod motion. Initial results show that fairly
simple computational models can predict reactor response to "at power" transients involving slow reactivity changes. Results show that the strongly negative temperature coefficient causes reactor power to closely follow heat removal
levels. Maximum and average fuel temperature changes are limited by the large
core heat capacity and, with circulator shutdown, by natural convection.
The results reported here Illustrate the Importance of safety features,
such as the ability to remove afterheat through the vessel wall, the ability to
limit temperature changes due to the large core heat capacity, and the close
coupling of core power generation and heat removal capability.

Introduction
Because of the high interest in modular High Temperature Reactor performance and
safety, a cooperative project has been established involving the Oak Ridge National
Laboratory
(ORNL), Arbeitsgemeinschaft Versuchs Reaktor QnbH
(AVR), and
Kernforschungsanlage Julien GmbH (KFA) in reactor physics, performance and safety.
This project has been established within the frame of the HTR Implementing Agreement
between the U.S. Department of Energy and the Ministry of Research and Technology of
the Federal Republic of Germany. The effort focuses on examination of AVR neutronics
and thermofluid dynamics with objectives of further insights into pebble bed reactor
behavior.
*Research sponsored by the Division of HTR Development, Office of Converter
Reactor Deployment, U.S. Department of Energy under contract No. DE-AC05-840R21 iJOO
with Martin Marietta Energy Systems Incorporated.
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Benefits to AVR and KFA from the cooperative effort include an independent
computation by ORNL of core physics parameters with an examination of the effect of
new nuclear data libraries on computed results, and independent thermofluid dynamic
investigations of selected performance tests and of a hypothetical depressurized core
heatup accident, including consideration of how the AVR staff might conduct a
depressurized core heatup test. Benefits to ORNL and to the DOE Program from the
cooperative effort include improving pebble bed reactor analysis capabilities in the
U.S., access to data from certain AVR performance and safety tests, and the
opportunity for code validation through comparison with test results.
Many AVR design parameters and safety features are similar to those of current
modular HTR concepts. Specifically, the AVR core diameter (3 meters) and power
density (2.5 W/cc) combine with the large heat capacity of the pebble bed core and the
very good retention of fission products by the fuel to high temperatures such that the
AVR has the capability for safe removal of afterheat through the vessel wall. Also,
for transients involving changes in core flow rate, the negative temperature
coefficient causes the power generation to closely follow the rate of heat removal
from the core. With flow reductions or complete loss of forced convection, high heat
capacity and natural convection combine to limit increases in fuel temperatures to
safe levels.
Finally, the large negative temperature coefficient leads to
compensation of reactivity insertions with only small to modest changes in fuel
temperature.
This paper presents initial results of ORNL's examination of a hypothetical
depressurized core heatup accident and consideration of how a depressurized core
heatup test might be conducted by AVR staff. Also presented are initial analyses of a
test involving a reduction in core flow and of a test involving reactivity insertion
via control rod withdrawal.

Brief Description of the AVR Reactor
The AVR is a 15~MW(e) HTR steam cycle demonstration plant in Jülich, West
Germany. The AVR began generating electricity in December 1967. Its purpose is to
demonstrate the feasibility of an HTR with pebble fuel elements and high operating
temperatures. The operating utility group is Arbeitsgemeinschaft Versuchs-Reaktor
(AVR) GmbH of Düsseldorf. The constructor was Brown-Boveri-Krupp Reaktorbau GmbH.

The AVR is shown in Fig. 1 and technical information is summarized in Table 1.
The core is fueled with "100,000 graphite pebbles containing coated fuel particles.
The pebbles are 6-cm diameter. During operation, pebbles are continuously withdrawn
from the bottom of the reactor core and pebbles are added at the top of the core so
that a circulation takes place. After several passes through the core, the spent
pebbles, which are removed from the cycle when their target burnup is achieved, are
replaced by new pebbles.
Helium flows upward through the pebble bed and then across the steam generator
tubes to produce steam. The reactor can operate at full power with a gas outlet
temperature ranging from 770°C to 950°C. The steam generator is located above the
core in the steel reactor vessel. It is shielded from core radiation by a 50-cm-thick
graphite top reflector and two additional 50-cm-thick carbon brick layers. The helium
is circulated by two blowers located in the lower part of the vessel. The power of
the reactor is controlled by varying the coolant flow.
The AVR has four control rods in reflector "noses" which protrude into the core
region. The rods are driven from the bottom by a counter weight device and are used
to achieve cold shutdown. During normal operation, the control rod position is
adjusted to control the core temperature and the coolant outlet temperature.
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The inner vessel is enclosed concentrically in a second reactor vessel. A
biological shield is located between the vessels. The space between the vessels is
cooled by natural convection of helium at a slightly higher pressure than the primary
coolant. About 2.M/6 of nominal thermal power is removed by the interspace coolers.

The reactor is surrounded by a steel containment vessel and by a 1.5-m-thick
concrete building. A water sprinkle system is available to cool the outer surface of
the steel containment shell in an extreme accident using water stored above the steel
containment. This system can provide containment cooling for several hours until
further measures can be taken.
Table 1. Technical data for AVR
Thermal power rating, MW
Core power density, MW/nP
Core inlet temperature, °C
Core outlet temperature, °C
Primary system pressure, bar
Core diameter, m
Steam pressure, bar
Steam temperature, °C
Absorber rods

46.0
2.5
275
950
10.8
3.0
73
505

The AVR achieves a high degree of safety through the following features:

o
o
o
o
o
o

low excess reactivity (due to its on-line refueling)
low power density
high heat capacity
high retention of fission products in the fuel to high temperatures
large negative temperature coefficient
capability to transfer heat from the core to the steam generator by natural
convection
o ability for afterheat removal through the vessel wall
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Analyses of a Hypothetical Depressurized Core Heatup Accident

ORNL has analyzed a hypothetical depressurized core heatup accident to provide
the AVR staff with an independent analysis of the AYR response and with observations
which the AVR staff may wish to consider as they plan a depressurized core heatup
test.
As discussed in another paper (Ref. 1) presented at this conference by G. Ivens
and K. Krüger of the AVR staff, the AVR is planning experiments simulating a
depressurized core heatup accident to demonstrate important features which provide
modular HTR concepts as well as the AVR with a high degree of safety.
Such
experiments would also provide data on fission product performance under actual
conditions and data for verification of reactor analysis tools with irradiated
materials under actual conditions.
The analyses reported here assume an instantaneous depressurization and loss of
forced convection at the AVR with the reactor initially operating at full power
[M6 MW(t)] with a gas outlet temperature of 950°C. A scram is assumed to occur at
accident initiation.
The most appropriate tool for analyzing the reactor thermal response to a
hypothetical depressurized core heatup is the THERMIX-KONVEK code which has been
developed by KFA. Analyses performed by KFA with THERMIX for a hypothetical
depressurized core heatup accident at the AVR are presented in Ref. 2.* To provide
AVR and KFA with an independent analysis, ORNL's initial computations have been
performed with the HEATING-6 general purpose heat transport code. HEATING-6 treats
heat conduction and radiation, but does not consider heat transport by natural
convection as does THERMIX-KONVEK. Certainly under depressurized conditions, heat
transport by natural convection is small, and neglecting it is conservative from the
viewpoint of fuel temperatures; however, vessel temperature is also of concern and
neglecting natural convection is not conservative for predictions of vessel
temperature (Ref. 3).
The HEATING-6 analyses were performed in two dimensions to account for heat
transport to the cooler (lower) regions of the core and the side and bottom
reflectors. Various material properties were input as temperature dependent; the
fluence effects on reflector graphite conductivity were treated by defining regions of
different material properties. An implicit differential equation solution technique,
which can range from a Crank-Nicholson to a classical implicit procedure, was
employed. The system of equations is solved by point successive overrelaxâtion
iteration and includes procedures to estimate the optimum acceleration parameters.
Of key interest in this analysis was the maximum fuel temperature and the time
the fuel experiences above normal temperatures. The effect of certain parameters on
computed fuel and vessel temperatures was also investigated.

In the radial direction, the analytical model included the core, reflector, core
barrel, thermal shield, inner pressure vessel, biological shield, and outer pressure
vessel. In the axial direction, the model represented the region from the upper
reflector thorough the core and bottom reflector.

*ORNL has obtained THERMIX-KONVEK from KFA and has installed it on the ORNL
computer. Work is underway to set up a model of the AVR for use in further analyses
of core heatup transients.
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The core heat removal processes considered were:

o conduction and radiation through the core and conduction through the side
reflector
o radiation from the core barrel to the thermal shield, from the thermal shield
to the inner pressure vessel, from the inner pressure vessel to the first
biological shield, and from this biological shield to the outer pressure vessel
o conduction through the core barrel, the thermal shield, the inner and outer
vessels, and the biological shield
o radiation from the upper surface of the core to the top reflector.
Adiabatic boundary conditions were applied to the top surface of the top
reflector and to the lower surface of the bottom reflector. Neglecting axial heat
loss is conservative from the standpoint of maximum fuel and vessel temperatures.

A boundary condition of a constant temperature of 100°C was applied to the outer
surface of the outer pressure vessel to approximate the effect of the containment
cooling. Supplementary calculations were performed to explore the effect of this
assumption.
The low levels of heat which would be removed by natural circulation in the
interspace cooler under depressurized conditions were neglected. This is conservative
relative to both the fuel and the vessel temperatures.
Results are shown in Figs. 2, 3, and H. In Fig. 2, the radial profiles are
plotted for the axial plane in which the highest core temperature occurs at that point
in time. Initially, the highest temperature is near the top of the pebble bed and
moves downward toward the core midplane as the transient progresses.

100

1.5

2
2.5
RADIUS (m)

Fig. 2. Temperature distribution during
depressurized core heatup in AVR.
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The response of the core temperatures is very slow with the maximum fuel
temperature increasing only 25°C in the first half hour following accident initiation
and only 100°C in the first two hours. The highest temperature reached in the fuel is
1320°C and occurs 17 hrs after accident initiation.
Significant quantities of heat can be removed through the outer vessel only after
the temperature of the thermal shield, the inner vessel, and the biological shield
have increased sufficiently to establish temperature differences supporting heat
transport. During the first several hours, the primary effect is a temperature
redistribution within the reactor with those regions which are initially relatively
cool (the lower core region, the side and lower reflectors, the biological shield and
pressure vessels) undergoing a slow temperature increase. Figure 3 shows that only
after 200 hrs does the rate of heat loss through the inner vessel exceed the decay
heat generation rate.
1000
—————— RATE Of HEAT DISSIPATION
THROUGH INNER VESSEL
— '———DECAY HEAT GENERATION HATE
• RATE OF HEAT DISSIPATION
THROUGH OUTER VESSEL

100
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TIME th)

Fig. 3. Heat generation and dissipation
rates during depressurized core heatup in AVR.

The effect on maximum fuel temperatures of the assumption that the outer vessel
wall can be kept at 100°C was investigated by performing an adiabatic heatup analysis
assuming no heat loss through the outer vessel. Figure 4 shows that for about the
first 200 hrs (about 8.3 days), the rate of heat loss through the outer vessel has no
effect on the maximum fuel temperature. However, it clearly will effect the time fuel
experiences above normal temperatures as well as the inner vessel temperature. With
an adiabatic heatup, the inner vessel reaches 650°C at 330 hrs (compared to 530°C for
the case shown in Fig. 2) and continues to increase.
The results in Fig. 2 show that the inner vessel would reach its highest
temperature at a time when the fuel temperature has long been decreasing. (In fact, a
depressurized core heatup test would necessarily be terminated prior to this time to
prevent vessel damage.) The biological shield conductivity is an important parameter
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in determining the vessel temperature since heat removed through the outer vessel must
first pass through this 75 cm thick shield. Decreasing the conductivity of the
biological shield from 2.0 W/mK to 1.0 W/mK increased the maximum temperature of the
inner vessel by 100°C. This change in biological shield conductivity had essentially
no effect (less than 5°C) on maximum fuel temperature.
In Ref. 1, the AVR staff describes how they might perform an actual depressurized
core heatup test. Their procedure would be to conduct a normal shutdown and then
intentionally depressurize - a procedure which requires three days. The reactor would
then be taken critical and fuel temperature would be increased to normal levels. A
small flow of feedwater would be supplied to the steam generator to prevent
overheating of the steam generator tubes. The decay heat would then be simulated by
varying the nuclear heat with time with the reactor critical. ORNL's analyses of the
hypothetical depressurized core heatup accident led to the following items which may
warrant evaluation as the AVR staff develops detailed plans for the test:
o
o

o

Power densities higher than the AVR reference power density could be simulated
by scaling the nuclear power which simulates the decay heat generation rate.
The core heatup tests could possibly be conducted in a staged approach with
initial tests at lower temperature and/or only partially depressurized and with
some heat removal by the interspace cooler. Good agreement between prediction
and experiment would provide confidence in predictions for tests involving more
extreme conditions.
Temperature measurements are made in the middle and upper regions of the
reflector noses, at several locations through the side reflector, at the inner
and outer vessel, and the biological shield. Fuel temperatures are not
measured. In order to increase the usefulness of the tests for code validation
purposes, methods for indirect measurement of fuel temperatures may warrant
evaluations. An indirect measurement of the change in nuclear average fuel
79

temperature could be obtained by equating the change in reactivity due to
control rod motion to maintain criticality with the product of the temperature
coefficient and the change in nuclear average fuel temperature.
A second indirect temperature measurement technique would involve the use of
monitor pebbles similar in concept to those currently employed in the AVR.
Special graphite pebbles would be loaded into the reactor prior to the test.
These pebbles would enclose capsules containing flakes (or wires) of metal or
eutectic alloys. A few different materials with melting temperature spanning
the appropriate temperature range would be enclosed in different capsules in
each pebble. The pebbles would be examined by X-ray techniques after discharge
to determine which metals exceeded their melting point, thereby giving an
indication of the highest temperature reached.
Further examination of the capability to remove heat through the outer vessel
may be warranted. This depends on containment cooling capability as well as on
the conductivity of the biological shield.
If it would be necessary to
determine the thermal properties of this shield more accurately than they are
currently known, consideration could be given to performing dynamics tests with
the interspace cooling system.

Analyses of Flow Reduction and Reactivity Insertion Tests

Other features important to safety are illustrated by the reactor response to
large flow reductions and to reactivity insertions.

To examine reactor response to

such conditions, ORNL is analyzing selected experiments from a series of tests
performed at the AVR during 1982-1983. The AVR staff performed these tests to examine
the change in reactor performance as the core composition was changed from an all
HEU/Th core to a mixed HEU/Th and LEU core.
Analyses of these experiments provides the opportunity to:
o
investigate the important core characteristics which influence the reactor
response
o
examine the modeling complexity necessary to predict the reactor response to
"at power" transients involving flow changes and/or small, slow reactivity
insertions
To predict the reactor behavior, ORNL has prepared a dynamic model of the AVR
core. The approach is to use fairly simple models to examine various effects and to
obtain early results. The modeling detail will be improved as necessary. Model
features are summarized below:
o
o
o
o

o
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point (space independent) neutron kinetics with six groups of delayed neutron
precursors,
a coarse-structure thermal model with heat conduction dynamics and heat
convection in each axial section approximated by a model of the "average
pebble" in that section,
nuclear importance (flux squared) weighting of solid temperatures in the axial
direction to determine the effective temperature-to-reactivity feedback to the
neutron kinetics model,
computation of reactivity effects due to changing -"Xe concentration using
coupled, first order, time dependent equations for the core average ^1
and 3 Xe concentrations based on the core average thermal flux level,
a quasi-static, one-dimensional representation of the helium temperature and
flow.

o

for forced convection conditions, helium flow is computed from measured
circulator speed, core inlet temperature and pressure assuming volumetric flow
is proportional to speed. For natural convection conditions, helium flow is
computed by balancing unrecoverable losses through the primary loop against the
density difference driving head.

o

computation of the decay power contribution to total power as the output of a
series of lead-lag filters with prompt power (as determined by the point
kinetics equation) as an input and with filter coefficients and time constants
selected to match afterheat generation following a step decrease in flux.

Figures 5 and 6 show initial results and the measured power for a flow reduction
test performed on April 16, 1982. The reactor was initially at full power with a core
inlet gas temperature of 271 °C and a gas outlet temperature of 807°C. The test was
initiated by reducing the speed of each circulator from 4000 rpm to 2000 rpm over
68 seconds.
The speed was held constant at 2000 rpm until shutdown of both
circulators was initiated at 1085 sec.
During the test there was no control rod
motion. Wien the circulator speed was reduced, the negative temperature coefficient
(-5.9 X 10~5/°C) and the increasing fuel temperature caused the power to closely
follow the flow reduction as shown in Fig. 5. The large heat capacity prevented
excessive increases in fuel temperature. With the decrease in flux, the ^Xe burnout
rate decreased resulting in a transient increase in *Xe concentration and a
resulting negative reactivity contribution as shown in Fig. 6). About 150 sec after
initiation of the reduction in speed of the circulators the core reactivity returned
to zero with the negative contribution due to the increasing 135Xe concentration being
balanced by a positive fuel temperature contribution resulting from operation at the
reduced power and flow.
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5. AVR response to flow reduction of 4.16.82.

With shutdown of the circulators (initiated at 1085 sec) the fuel goes through a
slight heatup (note in Fig. 6 the dip in the reactivity contribution due to the fuel
temperature increase) driving the reactor subcritical. The rate of increase in 35Xe
concentration increases when the reactor goes subcritical (due to the decrease
in 135Xe burnout rate) and the resultant additional contribution of negative
reactivity is sufficient to hold the reactor subcritical to about 1600 sec even with
cooling of the fuel by natural convection (which the model estimates to be about 8.5?
81

60
-TOTAL REACTIVITY

50

'S

40

REACTIVITY DUE TO CHANGE IN TEMP

30

REACTIVITY DUE TO CHANGE IN XENON

20

l 10-

I•
S -10

S-»-30
-40
-50 '

-60

200

400

600

BOO

1000
TIME (<)

1200

1400 1600

1800 2000

Fig. 6. Reactivity during AVR flow reduction test of 4.16.82.

of full flow). (Note: this recriticality could be delayed by several hours by closing
the main circuit valves, as has been done in AVR tests described in Ref. l, thereby
blocking natural convection gas flow through the main loop). The prediction of
nuclear power during the transient compares well with the measured flux.
Summarizing the flow reduction test, the influence of core characteristics on
reactor response is:
o
o
o

o

the negative temperature coefficient causes the power to closely follow the
rate of heat removal from the core,
as the reactor power (neutron flux) changes, the resulting change in
reactivity is an important component in the overall reactivity balance,
with a large reduction in core flow (e.g. by 5050 and with no control rod
motion, the high heat capacity of the fuel and the negative temperature
coefficient combine to produce only moderate changes (on the order of 30°C) in
maximum fuel temperature,
the reactor can be driven subcritical by stopping the circulators. The natural
convection through the main gas flow loop limits the increase in fuel
temperature.

ORNL has also performed an initial analysis of a control rod withdrawal
experiment (performed on May 8, 1982) which involved introduction of "10.6 cents
reactivity in 25.6 sec with the reactor initially at ~82$ power. The reactor was then
allowed to stabilize at a new power level. Figure 7 compares the predicted core power
transient with the measured power. Again, due to the high heat capacity and large
negative temperature coefficient, only small fuel temperature changes result. Figure
8 shows the reactivity versus time.
These two experiments illustrate reactor performance characteristics which are
important to the safety of the AVR reactor. Results of these analyses suggest that
such transients can be modeled with the fairly simple analysis method described above.
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Conclusion
In conclusion, the predicted response of the AVR to a core heatup accident and to
the performance tests analyzed here illustrate important features which contribute to
its safety. In the event of a depressurized core heatup accident, fuel temperatures
should remain below 1350°C.
Access to data from AVR performance and safety tests provides the opportunity to
benchmark pebble bed reactor analysis techniques and tools against actual
conditions. Results reported here illustrate that simple modeling techniques can
provide accurate predictions of the reactor power response for "at power" transients
involving changes in core flow and/or slow reactivity changes.
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Abstract

An emergency shut down system for high temperature gas-cooled
pebble-bed reactors is proposed. By failure of the usual absorber
rod system small boronated graphite spheres (called KLAK) trickle
from the top reflector into the core by gravity and shut down
the reactor by means of the strong absorbing effect of the KLAK.
In order to examine an especially developed calculational procedure
for binary mixtures of large fuel spheres and small absorbing
spheres experimental investigations were made on a pebble-bed
cell with installed well defined KLAK nests inside the assambly.The
experiment was performed by using the Siemens-Argonaut-Reaktor Graz
as a driver.

1. Introduction
High temperature gas-cooled pebble-bed reactors will be shut down
by inserting absorbing rods in the pebble-bed. A second independent shut down system would be to apply small neutron absorbing
spheres (called KLAK) /!/. In case of emergency these KLAK trickle
from the top reflector into the reactor-core by gravity. Then
the KLAK settle in the pebble-bed in statistical distribution
building nests in the gaps between the fuel elements. These nests
have a different number of KLAK, up to 5o absorbing spheres. The
above mentioned accumulation of KLAK per nest will reduce the
absorption effect to the single KLAK due to self shielding. Therefore the shut down efficiency becomes smaller.
To estimate the effectiveness of the emergency shut down system
a calculation procedure was developed on the base of the modular
reactor program RSYST /2/. By the use of one-dimensional transportand two-dimensional diffusion-codes it was possible to describe
the neutronics behaviour of binary mixtures consisting of large
fuel spheres and small absorbing spheres.
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For testing this calculation procedure criticality investigations
were performed at the Siemens-Argonaut Reactor of the Reaktorinstitut Graz (SAR-Graz). The annular core of the SAR was taken
as a driving zone for a pebble-bed consisting of large fuel
spheres (type AVR-Jülich) and small absorbing spheres. By installing
well distributed KLAK nests in the pebble-bed it was possible to
investigate the shut-down effect and to examine the applicability
of the developed calculational procedure.

2. Experimental Set-up

For the experimental procedure of criticality and reaction rate
investigations the inner graphite reflector of the SAR was substituted by a test zone of 1o76 AVR spherical fuel elements (Fig.1).
In the center of this arrangement a KLAK zone consisting of 336
AVR spheres was installed.

Fig.1; Experimental set up in the SiemensArgonaut-Reactor
1 KLAK zone
4 control rod
2 AVR test zone
5 graphite reflector
3 SAR ring core

In order to get reproduceable results and positions of the spheres ,
a regular assembly in the structure of a hexagonale heap had to
be built up, whereas the core of a pebble-bed reactor usually
shows a statistical heap.
For the different critical experiments the number of KLAK per nest
were varied for cases with a constant number of KLAK per AVR sphere,
An increasing number of KLAK per nest led to a rise of self
shielding inside the nest and therefore for an increasing reactivity value of the test facility.
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3. Theoretical Model

For the calculation of the reactivity and of the neutron flux
distribution with neutron diffusion codes,we idealized the arrangement with a cylindrical model (fig.2). The complicated set-up of the
reactor has to be taken into account by splitting the configuration
into 31 different spectral zones. The ring core of the SAR
(zone 1-4) as well as the pufferzone built up from AVR fuel elements
(zone 22-26,28) are described by adjusted Wigner-Seitz-cells. We
developed a special cell model for the KLAK zone (zone 19-21,27)
and paid high attention to the determination of the self shielding
of the absorbing spheres in the KLAK nests /3,4/. All other
spectral zones of the reactor were treated as homogeneous regions.
Height [cm]
n< I

132
122

h

29

e

10

p 7
7

11

15

H>

24

9«

2:1

21
10

ü
20 26

t-

i

6 12

13

9

U

Fig.2;
in the
1-5
7-8
10-11

Arrangement of the spectral zones
SAR
SAR ring core
6 graphite block
moderator water
9 concrete shield
control rod
12-18,30 graphite
19-21,27 KLAK zone
reflector

3

2

27
4

2t
IS

0

é

.
3

V.

31
i9

7 17

iI
i

3l

30

t6 S 5.5

11)

e6

Radius CerrO

12

31 water and aluminum 22-26,28 AVR-

buffer zone

The binary KLAK zone consisting of small absorbing spheres and
large fuel spheres is described as a spherical basic cell of two
zones (Fig.3). To take into account as accurately as possible
the strong flux depression inside the KLAK nest,we put the absorbing
spheres into the central zone of this cell, whereas the outer zone
contains the homogenized mixture of fuel elements and air. We prepare the cross sections for this outer zone with a foregoing cell
calculating. An AVR-fuel element,surrounded by its proportionate
air volume,forms the geometrical model for this calculation step.
The homogenization of the (U-Th)C-fuel kernels with the coating
and matrix graphite in the pellet of the AVR-fuel element requires
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Fig.4: Data flow for calculation model

to take into account the self shielding in the kernels of the
coated particles. This is done by a third cell calculation in
spherical geometry. The central zone of this CP-basic cell is filled
with fuel and the outer zone contains the coating- and matrixgraphite.

Fig.4 shows the flux diagram to lay out the critical assembly
using RSYST moduls. The basic data libraries are the two problem
independent libraries THERM-126 and GGC-IV,derived from ENDF/B-IV
data. Taking into account the different nuclide concentrations
in the SAR and AVR fuel region, two 60 group problem dependent
libraries were generated. Applying these group cross sections,
the different cell calculations were performed with the RSYST
module SN-1D /5/, based on the Sn~theory. To determinate
the neutron flux distribution and the reactivity of the assembly,
we make use of the two dimensional diffusion code CITATION /6/.
It is, therefore, necessary to condense the homogenized cross
section sets for the different spectral zones to 6 energy groups.
In order to take into account the interdependence of the spectral
zones in the group collapsing procedure, the multigroup neutron
spectrum was gained by one dimensional transport calculations in
radial and axial directions through the entire assembly.
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4. Discussion of Results

Multiplication factors, self shielding factors, neutron spectra

and neutron flux distributions were calculated to describe the
neutron-physical behaviour of a binary mixture consisting of large

AVR spheres and small boronated spheres. To prove the theoretical
parameter study experimental investigations in a AVR cell with

KLAK nests were made.
Fig. 5 shows the multiplication factor for an infinite geometry

as a function of the average number of KLAK spheres per fuel element. For a pebble-bed assembly without KLAK the multiplication
factor is 1^=1,65, whereas

with an increasing number of KLAK

per fuel element the kœ value decreases, due to the strong absorption
effect of boron. Further we used the number of KLAK per nest as
parameter of the graphs,which means,that the dotted area in
Fig.5 represents the self shielding effect of the KLAK.

Fig.5: Calculated multiplication factor k a
10 •

of binary mixtures of spheres as function
of KLAK numbers per fuel element. The curves difine the range of selfshielding for

08

nests containing 1,2 ...
15

21 KLAK.

ZO
KLAK/FE

Additional cell calculations concern the d i f f e r e n t influence
on the infinite multiplication factor of a regular assembly having
the filling factor f„
=o,74 and of a statistical mixed f u e l
t £j

spheres configuration with f„
=0.6. Fig. 6 shows,that the influence
X £j
1

of the filling factor of the AVR pebble bed on the multiplication factor can be neglected, while the variation of the filling

factor for the KLAK nests leads to a stronger change of k .
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The measured reactivity values are plotted in Fig.7 in comparison
to the calculated results in Fig.5. Beginning with an arbitrary
reactivity value of 2oo 0 for an assembly without KLAK, the reactivity decreases with an increasing KLAK number. The area between
the two graphs shows again the self shielding effect of the KLAK
ranging from 1 to 21 KLAK per nest.
A compilation of the calculated and measured reactivity changes
is shown in Fig. 8. Starting point is a critical assembly, which
in course of condensation of KLAK in nests gains reactivity by the
self shielding of KLAK. However, if no self shielding effects
show up,all measured results have to be on the abscissa. The agreement of the theoreticaly and experimentatydetermined reactivity
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Fig.6; Comparison of calculated and measured reactivity differences as function of
KLAK number per nest. As parameter the
varying KLAK number per fuel element is
indicated.
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differences are satisfying and show that the developed method
of computation is applicable for safety calculations regarding
pebble-bed reactors.
Fig.9 demonstrates the neutron spectra in the SAR for heaps with
and without KLAK. It is obvious that the shut-down effect of
the KLAK is very powerful in the thermal energy region.
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We only want to pick out one example of the great number of
calculated and measured reaction rate distributions. The calculated
6 groups reaction rates for gold foils without self shielding
in axial direction through the pebble-bed is tobe seen in Fig. 10
The configuration was set up by 1 KLAK per fuel element and nest.
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Fig.12; Calculated 6 group reactionrates for a gold foil in radial direction through the testzone and the SAR
core. Configuration in the KLAK zone:
1 KLAK per fuel element and nest.

Fig.11 describes the related measurements for the above mentioned
calculations. The following Fig.12 illustrates a radial profile
under the above stated conditions and Fig.13 demonstrates the
measured results concerning Fig.12. The last Fig.14 shows the
graph and the measurement points for the special arrangement 1 KLAK
per fuel but 21 KLAK per nest for the radial direction.
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Abstract
A reliability analysis of the reserve shutdown system of the VHTR
( V e r y High Temperature Reactor) has been carried out by means of the
f a u l t tree method. The reserve shutdown system investigated in this
paper is a rupture disc type .
In t h i s a n a l y s i s , logic f a i l u r e ( t h e i n i t i a t i o n s i g n a l s y s t e m
f a i l u r e for the reserve shutdown system) and hardware f a i l u r e are
considered.
Through this reliability analysis, the high reliability of the
reserve shutdown system of the VHTR was verified. Furthermore We have
obtained v a l u a b l e imformation concerning how to improve the
reliability of the reserve shutdown system of the VHTR.

1.

INTRODUCTION

The reserve shutdown system of the experimental VHTR, now being
developed by Japan Atomic Energy Research Institute(JAERI), is
designed to compensate for the reactivity of the VHTR with the normal
control rod system . Moreover, it is designed to be able to shutdown
the reactor in the unlikely event that the normal control rods fail to
insert.
The reserve shutdown system is independent of the normal
control rod system in design. Furthermore, the insertion mechanism of
neutron- absorbing material of the reserve shutdown system is
different from that of the normal control rod system. In the reserve
shutdown system, neutron-absorbing material contained in the hopper is
released by the rupture discs actuated by gas pressure.
Thus the
functioning of the reactor shutdown system plays a very important role
in safe operation of the VHTR.
We carried out reliability and sensitivity analyses of the
reserve shutdown system of the VHTR using Toshiba's original computer
code "FTGRAF" to evaluate the reliability of the system and to obtain
some valuable information concerning how to improve the reliability of
the system.

2.

METHODOLOGY

2.1 FTGRAF Computer Code
The computer code FTGRAF is a very powerful fault tree analysis
package, which combines the functions of fault tree evaluation,
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quantification, sensitivity and uncertainty analysis, and d r a f t i n g
trees, the FTGRAF code consists of the f o l l o w i n g four sub-programs :
(1) Preprocessor for f a u l t tree evaluations
This s u b - p r o g r a m reads, checks, and m o d i f i e s i n p u t d a t a for
the FTGRAF code. The i n p u t data i n c l u d e f a u l t t r e e l o g i c d a t a ,

q u a n t i t a t i v e data such as basic event f a i l u r e rates and test
intervals, and definitions of gates and basic events for plotting.
(2) Minimal cut sets generator
This subprogram generates m i n i m a l cut sets ( M C S s ) for a top
event. It generates the s t r u c t u r a l f u n c t i o n of the top event using
MCSs for sensitivity and uncertainty analysis.

This

the same algorithm as PREP code* ' to generate

MCSs.

sub-program uses

(3) Sensitivity and uncertainty analizer
This s u b - p r o g r a m c a l c u l a t e s t h e importance f u n c t i o n s

basic

for

events, and evaluates the cumulative distribution f u n c t i o n and

the probability density function of the top event occurrence
probability (the system unavailability) using Monte Carlo simulation.
(4) Automatic f a u l t trees plotter

This sub-program a u t o m a t i c a l l y d r a f t s f a u l t trees w i t h
o r d i n a r y gates and event symbols. The basic e v e n t s , w h i c h
are assessed to have high importance based on the r e s u l t s of
s e n s i t i v i t y a n a l y s i s , are drawn w i t h double c i r c l e s instead of
ordinary single circles so as to distinguish them f r o m other less
important events.

2.2 Importance measures
The importance f u n c t i o n s of basic e v e n t s are d e f i n e d as the
sensitivity coefficients of the occurrence frequencies of basic events
(the basic event unavailability) to the occurrence frequency of a top
event (the system unavailability), that is,
d(F(Rj))

Kj)

Rj

=
d(Rj)

F ( R j )

where Kj) : Importance function of basic event j
F(Rj)): Occurrence frequency of top event when basic
event j has an occurrence frequency Rj
Rj : Occurrence frequency of basic event j
In rare event approximation, which is used in the FTGRAF code,
the importance function Kj) is equal to the relative contribution of
MCSs which include the basic event j. The engineering meaning of the
importance function is that if the occurrence frequency of the basic
event j is reduced by a%, the occurrence frequency of the top event
will then be reduced by axl(j)%. Therefore, if the basic event j
would be removed completely, the system unavailability would be
reduced to (1-I(j)) times the original value.
Removing any basic event completely, however, is difficult and
usually impractical. Replacing components by redundant units is the
more practical way to reduce the contributions of components. Thus,
the FTGRAF code calculates another measure of importance, called as
the improvement factor, of the basic event.
F(Rj)
F(RjxRj)

These importance measures, Kj) and Im(j), are expected to give
designers and decision makers sufficient imformation to improve the
system reliability.
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3.

ANALYSIS OF THE RESERVE SHUTDOWN SYSTEM

3.1

System Description
The reserve shutdown system considered in this paper is a rupture
disc type which inserts pellets of neutron-absorbing material stored
in the hopper into the core by b u r s t i n g the r u p t u r e discs located at
the lower end of the hopper, and is independent of the normal control
rod system in design w i t h c a p a b i l i t y of shutting down the r e a c t o r
without insertion of control rods.
The reserve shutdown system consists of the hardware part and the
e l e c t r i c a l p a r t ( t h e i n i t i a t i o n logic s y s t e m ) . The h a r d w a r e p a r t ,
constituted by the valves, piping and accumulators to insert neutronabsorbing material into the core, consists of nineteen(19) identical
s u b - s y s t e m s . Any s u c c e s s f u l c o m b i n a t i o n of e i g h t e e n ( 1 8 ) s u b - s y s t e m s
out of nineteen(19) can meet the requirement of the reserve shutdown
system. The c o n f i g u r a t i o n of this sub-system is shown in f i g . 1 .
The i n i t i a t i o n logic system c o n s t i t u t e d by the r e l a y s and l o g i c a l
hardware to make the system i n i t i a t i o n signal for the hardware p a r t
consists of the two independent and identical trains.
Once the i n i t i a t i o n signal is t r a n s f e r r e d to the hardware p a r t ,
the, solenoid-operated valves(SOVa and SOVb) are first opened to pass
the air in the accumulator for opening the initiation v a l v e s ( M O V a and
MOVb). Then, the high-pressure gas in the helium gas accumulator is
a b l e to f l o w into the h o p p e r , and the r u p t u r e disc located at the
lower end of the hopper is b u r s t by h e l i u m gas pressure in order to
insert neutron-absorbing material.
If the p r e s s u r e of the h e l i u m gas a c c u m u l a t o r f a l l s b e l o w the
specified value,the accumulator is supplied" with high-pressure helium
gas from
H e l i u m Gas S u p p l y System located at the o u t s i d e of the
reactor containment through the m a n u a l l y operated MOV(Motor Operated
Valve).
To accomplish the high r e l i a b i l i t y of the reserve shutdown
system, the sub-systems of the reserve shutdown system are tested
sequentially so that at least all but one of the high-pressure helium
gas accumulators are always available during the testing operation.
3.2

Assumptions

As mentioned above, any s u c c e s s f u l combination of e i g h t e e n ! 1 8 )
RSS sub-systems out of nineteen(19) of the VHTR has the capability to
shutdown the reactor in the u n l i k e l y e v e n t that the n o r m a l c o n t r o l
rods f a i l to insert. Thus the f u n c t i o n loss of the r e s e r v e s h u t d o w n
system of the VHTR is defined as follows: any f a i l u r e combination of
t w o ( 2 ) sub-systems out of nineteen(19) w i l l result in the f a i l u r e to
insert neutron-absorbing material into the core.

The following assumptions are made:
(1) The mis-insertion of neutron-absorbing m a t e r i a l due to the m i s operation of this system d u r i n g the t e s t i n g operation or the
incidental destruction of rupture discs during normal operation is
not considered as a system failure.
(2) Human actions with respect to the manual initiation signal are
not taken into account. Because, in a reactor a c c i d e n t it is v e r y
d i f f i c u l t to take into account human actions.

(3) There are two logic trains that make the system initiation signal
and t r a n s l a t e it to the reserve shutdown system. These two logic
trains are mechanically and electrically independent each other in
design. Thus the f a i l u r e p r o b a b i l i t y of both the logic t r a i n s
is
g i v e n by the m u l t i p l i c a t i o n of each f a i l u r e p r o b a b i l i t y of t h e s e
trains.

(4) The n i n e t e e n ( 1 9 ) sub-systems of the r e s e r v e shutdown s y s t e m are
mechanically independent from each other, except for the header line
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1

System Configuration of Reserve Shutdown System

located at the outside the reactor containment. The header line is
isolated from each sub-system by the normally closed motor-operated
valve. Therefore it is reasonable to assume that the nineteen!19)
sub-systems are independent one another.

(5) The effect of repair on the reliability of the reserve shutdown
system is not taken into account in this paper.
3.3 Results and Discussion
The fault tree of the reserve shutdown system was constructed
and is shown in figure 2. Then, the unavailability of the system was
calculated by using the computer code FTGRAF. The results are
summarized as follows :

(1) The system unavailability
The u n a v a i l a b i l i t y of the s y s t e m is a f u n c t i p n of the
surveillance test interval. The proposed reserve shutdown system is
e x p e c t e d to have two s u r v e i l l a n c e t e s t s ;
l o g i c t e s t of the
i n i t i a t i o n logic system and manual start-up test for the h a r d w a r e
part.

RSS FAILURE
TO SHUTDOWN

IHIT. LOGIC
FAILURE

2-HARDUARC PART
FAILURE

1HARDWARE

PART
FAILURE
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COMBINATIONS
EXIST

1HARDWARE
PART
AILURE

INIT.
LOGIC A
FAILURE

INIT. VALVE

OF LINE b

2-AOVb

1-AOVb

Fig.

FAILURE OF LOGIC A
UID INIT. VALVE
3F LINE b

FAILURE OF
INIT.
LOGIC A
FAILURE

rAILURE OF LOGIC B
MID INIT. VALVE
3F LINE a

FAILURE OF
INIT. VALVE
OF LINE a

INIT.
LOGIC B
FAILURE

2-AOV»
FAILURE TO OPEN

FAILURE TO OPEN

FAILURE TO
OPEN

INIT.
LOGIC B
FAILURE

INIT. LOGIC AND
HARDWARE FAILURE

1-AOVb
FAILURE TO
OPEN

1-AOVa
FAILURE TO
OPEN

1-AOVa
FAILURE TO
OPEN

2 Fault Tree of Reserve Shutdown System
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-
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FAILURE OF
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FAILURE OF HE
GAS ACCUMULATOR

Fig. 2 Fault Tree of Reserve Shutdown System (continued)
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FAILURE OF
UPSTREAM

The unavailability of the initiation logic system was not
analyzed in detail in this work, so, the result of another study* '
was used. In this work, the test interval of the logic system was
fixed to one month . Therefore, the unavailability of the reserve
shutdown system was calculated by changing only the test interval of
manual start-up for the hardware part. The results are as below:

unavailability of
one subsystem

test interval of
hardware part

unavailability of
the system

1 month

1.7x10~4/demand

5.0x10~^/demand

6 months

5.2x10~4/demand

1.4x10~4/demand

9.9x10~4/demand

4.0x10~4/demand

12 months(1 year)

Figure 3 shows the unavailability vs. the test interval of the
hardware part of the reserve shutdown system. The unavailability of
the system is divided into three types of the failures; hardware
failures , failures in logic, and combination of hardware failure
101-3.

System (RSS)

10-

Initiation logic

10--

Combination of hardware and
initiation logic
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I

7

I

8

I

9

1 0

11

12

Test Interval of RSS Hardware (month)

Fig.

3

Results of reliability analysis of Reserve Shutdown System(RSS)
Unavailability of the system consists of failure of hardware,
initiation logic and combinations of hardware and
initiation logic
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and logic failure.
As mentioned above, the test interval of the
logic system is fixed at one month. The unavailability of the system
is dominated by the failures of the logic system, if the test interval
of the hardware part is shorter than about three months. However, if
the test interval of the hardware part becomes longer than about three
months, the importance of the other two failure factors increase
rapidly, and they have more than eighty percent of the unavailability
of the system at one year hardware test interval.
Table 1

Results of sensitivity analysis of one sub-system of the hardware part

Test interval of hardware

Component

Three-way valve

Failure mode

Importance function

operator forget to open

5.75 x 10"'

one month

Three-way valve
Rupture disc

Three-way valve

2.90 x icr1

plug

5.75 x 10~2

failure to burst

5.89 x 10"1

plug

a half year
Three-way valve

operator forget to open

1.92 x icr1

Helium gas supply valve

leak

4.20 x 10~2

Three-way valve

pl"9

6.23 x io-1

one year

Three-way valve
Solenoid operated valve

operator forget to open
failure to open

1.02 x 10"1
6.46 x 10~2

(2) Importance function
The importance function of each component to the unavailability
of the system was calculated using FTGRAF code.
Table 1 shows the importance functions of major failure causes
to the unavailability of one sub-system of the hardware part as a
function of hardware test interval. The dominant factors and their
importance slightly change with the increase of the test interval of
the hardware part. The failures of the three-way valve, however, are
the most important and have more than seventy percent of the
unavailability of the hardware part of one sub-system.
(3) Discussion
From the above results, the following are

extracted:

(a) The unavailability of the proposed reserve shutdown system is
the value of 4.x10~4 per demand, if the test intervals of the
initiation logic system and the hardware part of the system are one
month and one year, respectively. By combining this result with the
unavailability of the normal control rod system of the VHTR, about
3.x10~.r/demand which was independently evaluated in another
study1-*', the overall unavailability of the scram systems is estimated
to be cosiderably less than the value of 1.0x10"' per demand.
Therefore, even if the initiation events requiring scram function
occur ten times per year, the ATWS (4
frequency of the VHTR would be
significantly less than those of LWRs '~*6'.
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(b) The u n a v a i l a b i l i t y of the system is dominated by hardware
failures and combination of hardware failure and logic f a i l u r e if
the test interval of the hardware part is one year. In this case the
improvement of the hardware part rather than the logic system would
be more efficient. From the results of the sensitivity analysis, the
three-way v a l v e is
the most dominant factor c o n t r i b u t i n g to the
f a i l u r e of the hardware part. Therefore/ careful tests and preventive
maintenance of the three-way valves would be expected to improve the
reliability of the system. One possible modification to reduce the
effects of their factors is to install the position indicator of the
three-way valves in the central control room.
4.

CONCLUSIONS

Through this reliability analysis, the high reliability of the
reserve shutdown system of the VHTR was verified.
We have also
obtained v a l u a b l e imformation concerning how to improve the
r e l i a b i l i t y of the r e s e r v e s h u t d o w n system of the VHTR.
In
particular, the use of an importance function method gives us valuable
sugestions to change the c o n f i g u r a t i o n or operational procedures of
the system.
For more detailed analyses, we w i l l have to establish a data
basefalmost all of data used in this analysis were derived from WASH1400* ') and to consider the repair effect of components.
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THE STRUCTURE OF RISK CAUSED BY
ACCIDENTS IN SMALL AND MEDIUM HTRs*

W. KROGER, J. MERTENS, J. WOLTERS
Institut für Nukleare Sicherheitsforschung,
Kernforschungsanlage Jülich G.m.b.H.,
Juelich, Federal Republic of Germany
Abstract

Modern small and medium HTR concepts differ in their design features

and safety concepts from each other (Table 1), but expecially from
a large LWR, to such an extent that essential differences in accident topology and in the damage structure of risk are to be expected. This is confirmed by small-effort probabilistic analyses
for the HTR-50O (thermal power 1250 MW, power density 6 MW/m )
and HTR-MODUL (2OO MW, 3 MW/m3).

The dominant design-relevant accident phenomenon for the risk of a
medium HTR is core heat-up since loss of core cooling involves
temperatures in the fuel elements (maximum 2250 C) which significantly impair their retention properties. The greatest contributions to risk and at the same time also the greatest consequences
result: from event sequences initiated by loss of preferred power
and comprising failure of the afterheat and liner cooling systems
(expected frequency of occurrence -10~ /a).
In the case of small HTR's, failure of core cooling system is not

radiologically significant due to lower maximum temperatures of
the fuel elements ( <1600 °C). In this case the most important accident phenomenon is remobilization of activity deposited on metallic
surfaces. This can be associated with an ingress of water into the
primary circuit. The dominant case for risk and consequences is
initiated by a leak in the steam generator and involves failure
of the depressurization line to close after opening ( ^ 6 • 1O °/a) .

If one compares the reference values for the risk on the basis of
equal power then no to decisive differences result, taking into
consideration existing uncertainties; it is, however, more essential

that the numerical values are composed differently (release
quantity vs. release frequency).

At time of publication of proceedings only Abstract available.
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Table 1 ; Status of GCR/HTGR Development and Design Characteristics

Gas- cooled Advanced
Reactor
Gas- cooled

Plant type

High Temperature Gas-cooled Reactor

Reactor

Hagnox

AGR

HTGR
Experimental

Country

GB

GB

GB

USA

Prototype
FRG

Concepts
USA
(FRG)

FRG

USA

Power installed

*

MWe

Experience

8000

6600

a/ ft

100

K >0
(37)

- operational
Power

MW th

-density

MV/th/m3

Fuel
•enrichment

-

r-y

Plant (No )

%

•element type

Coolant

F -\

64j

—— ——— 2,7 ——————

4^

———————————— 40 ————————————

(111

Dragon Peach
Bottom

AVR

THTR

HTGR- 1160 HTR-

Modul/

500 HTR-100
—
—

MRS- 350 VHTR

VGR-50 VGR-400

1958-»-

1963-*-

1985

—

—

—

—

130-2000

110-1500

20

115

46

840

750

3000

1390

200/250

350

50

136

1000

<U

S 2.7

14

8.3

2.6

6.3

6

8,4

6.6

3/4.2

S 4,2

5.5

6. S

U

U

5.9
U.Th

2-3
pin in block
ff\

1966-75 1967-74

1976-*- 1976-*-

—————————————— U,Th ——————————————
—————————————— 93 ———————————————

pin in block

spherical

bar

8-43

20-43

20

24

11

•temperature

°C

<400

2675
PCRV

750

730

950

Steel

Steel

Steel

Steel
(PCRV)

block | spherical |

block

U

U

8-10

<20

(low)

spherical

block

pin in

block

21
6.5
spherical

—————————————————————————— He ——————————————————————————

- pressure

till end of 1964

FSV

(HTR-1160)
—

C02

Pressure vessel

SU

J

cancelled

F.I.
Spj

Electricity produced GWh

USA

FRG

49
840
PCRV

39

50

55

60/70

64

40

40

50

750

740

725

700

690

1000

810

950

PCRV

PCRV

PCRV

Steel

Steel

Steel

Steel

PCRV

Table 2;

Risk Characteristics of Medium and Small HTR

Consequence calculations with UFOMOD-Code, average figures
for average German site conditions, counter-neasures modelled

as usual (see Appendix 8 of German Risk Study Phase A for
detailed explanation)
Medium
[HTR-500)

Small
[HTR-MODULI

(frequency)

few % of
core inventory
(s10~ 7 /a)

^ 0.1 %o of
core inventory
(<6-10" 6 /a)

Calculated consequences
- early fatalities
- late fatalities

about 1000

less than 5

Characteristic quantities
Maximum release
of cesium

Protective actions dime ronge)

-evacuation
(2-14h)
- early relocation (>14h)
- late relocation (>30d)

Calculated risk for
- early fatalities
- late fatalities absolute
pro MWt

not necessary
not necessary
small area
not necessary
(1km2)

:£3-10'7/a

s2-10' 7 /a

In any case, the release values are so slight that early fatalities can be ruled out for small and medium HTR (Table 2). There
is no need for either evacuation or early relocation to avoid them.
The average number of late fatalities (cancer deaths) calculated
for medium HTR1s is about 1OOO; under the assumption that decontamination of ground and even resettlement of persons will be
accomplished if the whole body dose would exceed 25 and 25O rem
after an exposition time of 3O years. The extent to which these
measures are needed is very limited.
In the case of small HTR's the release figures and the accumulated
doses are very small. Nevertheless, a few late fatalities have been
calculated due to a linear dose - risk - relationship without
cut-off value. Counter-measures to reduce them significantly are
not necessary at all.
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The behaviour of medium and small HTR's reduces or eliminates the
need for modelling protective actions as one of the major sources
of uncertainties in risk assessment. Moreover, the results display
advantages for emergency control planning and for using urban
sites.
The investment risk can only be assessed at present in a first
approximation. The frequency for loss of a facility will probably
be determined by irreparable damage to metallic components for
which a frequency of about 10 /a or less seems to be achievable
with the current concepts.
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SAFETY ANALYSIS OF SMALL AND MEDIUM HTRs
UNDER CORE-COOLING ACCIDENT CONDITIONS

W. REHM, J. ALTES, G. BREITBACH, R. NABBI,
K. VERFONDERN
Institut für Nukleare Sicherheitsforschung,
Kernforschungsanlage Jülich G.m.b.H.,
Juelich, Federal Republic of Germany
Abstract
For the safety analysis of HTR's the core-cooling accidents are of great
importance because of their influence on the retention behaviour of the
different fission product barriers. The consequences on the surroundings

depend on reactor design and accident sequences.
In the modular HTR with 200 MW(th), a core heatup leads to maximum temperatures of 1100 C in the reactor under pressure and of 1500 C in the
depressurized reactor.

Inadmissable temperatures of the components only

result from the loss of the surface cooling system and from a failure of
blower shutdown for ATWS.
In the HTR-500 with 1250 MW(th), the maximum core temperatures will rise
in a core heatup to 1650 °C in the reactor under pressure and up to
2550 C in the depressurized case. With an intact liner cooling system
the reactor can be cooled over a long term. The top reflector and thermal
shield will fail because of the high temperatures. In spite of the
increase of reactivity by subsidence of the top reflector and reactor
scram by reflector control rods only, the reactor remains subcritical up
to 210 h. Afterwards the thermal power is stabilized at a low level.
Without liner cooling the liner insulation fails after 210 h and a limited
thermal decomposition of the concrete of the PCRV occurs.
The release of fission products from the primary circuit into the containment appears as result from opening the safety valve. Because of the relatively low accident temperatures in small HTR's no significant
additional fission product release from the core occurs, so that the
activity which is deposited in the primary circuit under normal operating
conditions will become more important. But this inventory is too small to
cause severe consequences. In medium HTR's temperatures are reached with
an increasing failure of particles and a higher diffusive release of
metallic fission products. The analysis, however, shows that the transport of activity out of the containment is strongly controlled by the high
retention properties and the advanced safety features of HTR's.
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Introduction
The conference on the "Safety of High-Temperature Reactors" held at the
KFA Jülich in March 1985 clearly showed that the gas-cooled high-temperature
reactor is being further developed on a worldwide basis for application
in the electricity and heat market. Advanced small and medium pebble-bed
HTR's are being designed in Germany based on experience from the AVR and
THTR-300. The follow-on projects are economically attractive and display
an especially high degree of safety. It is expected that a more easily
calculable licensing procedure will be performed for introduction into
the market, also with respect to possible sites in industrial areas.

In order to evaluate the safety behaviour, the ISF (Institute of Nuclear
Safety Research) has carried out an initial comprehensive safety analysis
for the two follow-on units, the HTR-Modul and the HTR-500, /1,2/. Corecooling accidents play a central role in this connection since during
a core heat-up the retention function of the fission product barriers
can be endangered. The temperatures to be expected largely depend on the
core power, pressure in the primary circuit and cooling of the pressure
vessel. Figure 1 shows the computed fuel element hot spots which can be
reached in the various KTR concepts in case of a core heat-up. In the
following, the characteristic phenomena and mechanisms of activity release
during core-cooling accidents will be treated in detail with the example
of the HTR-Modul and the HTR-500. In the safety analyses mainly conservative
model assumptions were made and established simulation codes used, such
as the THERMIX and FRESCO codes, whose input data are determined in safety
experiments.
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1 : Maximum Core Temperatures During Core Heat-Up for HTR Concepts

Core-Cooling Accidents in the HTR-Modul
The HTR-Modul generates 200 MW(th), the mean power density of the slender
core operated in a continuous fuel cycle amounting to 3 MW/m . The low-enriched fuel is enclosed gas-tight in TR1SO particles in spherical fuel elements. The coolant gas, helium, is heated from 250°C to 700°C at 60 bar and
extracted via the steam generator for electricity generation. The pressurized enclosure of the primary circuit consists of two steel pressure vessels
with a connecting piece in a concrete cell and situated in the ventilated
containment. A "side-by-side" construction is thus used for the primary
circuit.

The reactor has two shut-down systems consisting of the reflector control
rods and the small-sphere absorbers (KLAK) in the side reflector. The afterheat is usually removed via the main cooling system. If this is not available
then afterheat is only removed by passive heat transport processes via the
surface of the reactor pressure vessel to the vessel-cooling system. The temperatures established in the reactor components during passive afterheat removal depend above all on the primary circuit pressure (Fig. 2).

Time [h]
Temperature Transients in Core Heatup ( HTR • Modul )

Fig. 2:

Temperature Transients During Failure of the Forced Cooling and
Various Primary Circuit Pressures (HTR-Modul)

At full primary circuit pressure the maximum fuel element temperature already
passes through a maximum of 1,010°C after 5 h as a consequence of natural convection in the core. The mean fuel-element temperature only rises to 750°C.
In the top reflector temperatures of 1,000°C are briefly reached and in the
pressure vessel 320°C for a longer period. The pressure relief and safety
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valves were adjusted in such a way that, they did not respond to the temperature-induced pressure rise in the primary circuit. A natural convection flow
counter to the direction of flow during normal operation in the primary circuit would be
mass flow has
hours already
sible heat-up

expected with an open blower shut-off device. Initially the
k % of the value during normal operation and in the first few
decreases to an insignificant residual mass flow. An inadmisof the pressurized enclosure can be ruled out.

Higher core, temperatures result with a depressurized primary circuit as a
consequence of heat conduction and radiation. The maximum fuel element temperature reaches a maximum of 1,510°C after 40 h, less than 30 % of the fuel
elements being above 1,200°C. The mean fuel element temperature rises to 1,050°C,
Due to less effective heat removal temperatures in the upper and lower components remain below 600°C and in the depressurized reactor pressure vessel
are limited to 350°C.
Radial heat transport to the vessel cooler is dominant at all pressure
levels so that all temperatures remain below those values specified for
the design. An additional failure of the vessel cooler leads to a depressurized reactor and mainly results in locally heating the pressure vessel

and the concrete of the primary cell to 600°C. Their stability is not endangered by this since the released water vapour can escape from the primary cell.
The danger of an inadmissible heating of the primary circuit only exists

if the coolant gas flow is not interrupted during a failure of the feed
water supply of the steam generator. This requires further operation of
the blower and the blower shut-off flap remaining open. The temperature
transients were calculated both for the shut-down reactor as well as for
the reactor continuing to operate at full power (ATWS). The results are
shown in Figure 3.
If the reactor is shut down the core cools very rapidly. The heat is stored
in the steam generator and blower whose heat capacity is sufficient to damp
the temperature transient. The temperature of the pressurized enclosure
thus remains limited to 400°C after 600 sec. A failure can thus be ruled
out. However, the rising gas temperatures lead to a response of the safety
valve.

If the reactor is not shut down then the gas temperatures rise monotonously
and lead to early failure of the blower and the safety valve in an open
position. Both of these prevent an unlimited temperature rise so that
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Temperature Transients in the Primary Circuit for ATWS (HTR-Modul)

Fig. 3 ; Temperature Transients in the Primary Circuit with Failure of
the Steam Generator Feed Water Supply and Continued Operation
of the Blower; Reactor Scram 20 s After Start of the Accident
(HTR-Modul)
even in this case a failure of the pressurized enclosure of the primary
circuit is not to be expected.
On the whole it can be established that extreme core-cooling accidents
do not lead one to expect any serious damage in the primary system.
Core-Cooling Accidents in the HTR-500
The HTR-500 generates 1,250 MW(th) at a mean power density in the core
of 6 MW/m . It is operated on the once-through-then-out procedure (OTTO
core). Helium is heated from 280°C to 725°C at a pressure of 50 bar and
is extracted via eight steam generators during electricity generation.
The whole primary circuit is integrated in the central core cavern cf
the prestressed concrete reactor pressure vessel (PCRV). The liner of
the PCRV forms the gas-tight primary circuit enclosure of the "pool
construction".
Reactor scram can be carried out with the reflector control rods or the
core rods. As a rule, the afterheat is removed via the main cooling system.
If this is not available then the doubly redundant afterheat removal system
(AHR) is put into action. If this also fails or cannot be put into operation
later then a core heat-up results. The core temperatures thus arising depend
on the various thermodynamic conditions in the primary circuit.
In the case of a reactor under pressure the afterheat can be removed by
means of natural convection in the normal direction of flow via the cooled
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AHR heat exchanger. This is performed by the constructive design of the
AHR loop. The core temperatures can then be limited to 1,000°C. Otherwise,
with closed blower shut-off devices after the reversal of flow, the afterheat ia removed by natural convection in the core and via the liner cooling
system. After 5 h the rise in temperature leads to opening of the safety
valves at 55 bar. The pressure is maintained by closing the safety valves
at 50 bar or at 25 bar. If they are not closed this leads to a slow depressurization of the reactor to 1 bar in 35 h„
For these pressure levels Figure 4 shows the maximum and mean fuel element
temperatures, the temperatures in the top insulation and'in the cover liner.
In a few percent of the fuel elements maximum temperatures of 1,750°C to
2,350°C are reached after two days, however the mean fuel-element temperatures are already stabilize below 1,600°C. The top reflector and top
shield fail between 4 h and 40 h. It is essential that the temperatures
in the liner insulation remain below 1,050°C so that a dependent failure of
the liner insulation can be accordingly ruled out. The essential results of
the analysis are that the reactor is once again gradually cooled down in a
controlled manner by the liner cooling, substantial damage does not occur
and the PCRV is kept at normal operating temperatures.
This is no longer the case if the liner cooling independently fails. The
core temperatures are little affected by this. Especially in the cover
liner and the PCRV, high temperatures occur (Figure 4). The failure criteria
of the components are compiled in Table 1. A failure of the liner insulation
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Temperature Transients During Failure of the AHR System and
Various Pressure Levels (HTR-500)

Tab. 1 : Failure Time and Failure Temperatures of the Components in
the,Top Region (HTR-500).
Case: 1A (50 bar), 1B (25 bar) with liner cooling
2 ( 1 bar) no liner cooling.
case

upper thermal

top reflector

shield
1st pos-tion
cenlre

edge

Insulation RPV

cover

2nd & 3rd position •
centre I edge
failure tern je rotures

960 °C

800 °C

1A .
18
2

10h

hh"

15 h
20 h

7.5 h
8h
8h

20h
40 h
100 h

950 °C
25h
37 h
135h

1000 °C -

-max. 1050 °C
-<1COO°C
210h

is to be expected after 210 h. The consequences are a local thermal decomposition of the concrete, release of water vapour and chemical reactions with
hot graphite surfaces. However, the analyses have shown that the integrity
of the PCRV and the confinement is not endangered by this. No ignitible
mixtures can be formed in the confinement atmosphere due to the selfinertizing effect of helium.
Reactivity effects only influence the course of core heat-up if reactor

scram is only carried out via the reflector control rods and the core
rods are not subsequently inserted. A period of at least one hour after

cooling failure is available for inserting the core rods. After this the
rod tips of the metallic fuel cladding tubes are gradually overheated
by insertion into the pebble bed. Although this is also true of core rods
inserted initially this does not result in any reactivity change since
the heat-resistant absorber material, boron carbide, remains in the positions of the pebble bed.
If the core rods are not inserted then operation of the reflector control
rods is sufficient to keep the reactor subcritical for a week, as can
be seen from the course of the total reactivity in Figure 5. In spite
of the 6 % increase in reactivity through the subsidence of the top reflector, a high subcriticality results initially due to the negative reactivity
contributions from the rise in temperature and the xenon composition. The
reactor still remains subcritical after the decay of xenon and the release
of other neutron-absorbing fission products. Only the slow cooling of the
core via the liner cooling system leads to recriticality after about 210
115

Total Reactivity after Scram with Reflector Rods only (HTR-500)

Fig. 5: Total Reactivity for the HTR-500 After Scram Only with Reflector
Control Rods (no core rods, failure of the AHR system, 25 bar,

with liner cooling)

hours. In the further course, the reactor power is stabilized at a low

level; the reactor power just corresponding to heat dissipation from the
core. In principle the picture is nearly the same for a core heat-up without liner cooling. Moreover, self-stabilization has been successfully
demonstrated at the AVR reactor (simulation of 4 shut-down rods stick).
Release and Transport of Fission Products in Small and Medium HTR's
Fission product release during a core heat-up was determined under very
pessimistic assumptions for the HTR-Modul for the radiologically significant fission products of iodine, cesium and strontium. Figure 6 shows the

calculated release fractions of the fuel elements for a depressurized reactor. They are very slight and after more than a week are only 0.03 % for
I 131 and Cs 137, as well as 0.002 % for Sr 90. The released metallic fission products are largely deposited in the graphite of the top reflector.
On the whole it can be seen that contamination of the primary circuit additionally released during core heat-up is much smaller than the primary
circuit contamination during normal operation, which is decisive for the
safety of small HTR's. A fairly small fraction of activity, with 38 Ci
Cs 137, is bound to the graphite dust of which less than 1 % of the
cesium can be released unfiltered in the case of a depressurization.
The greater activity fraction, with 550 Ci Cs 137, is sorbed onto the
surfaces of the steam generator of which no more than 13 % of the cesium
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Fission Product Release from the Fuel (HTR-Modul)

Fig. 6: Time-Dependent Course of Integral Release from the Fuel Elements
with a Depressurized Primary Circuit (HTR-Modul)

can be released unfiltered in the case of an ingress of water. The low
hypothetical accident doses should tend to fall in the range of the design
basis accident limits.
With medium HTR's fuel element temperatures can be reached during a core
heat-up which lead to intensified particle failure and increased rise
of diffusion-induced fission product release. Calculations for core heat-up
with depressurization and failure of the liner cooling resulted in release
fractions from the pebble bed into the coolant gas of about 21 % Cs 137,
20 % Sr 90 and 5 % I 131 for the HTR-500 after more than a week. A large
fraction of the metallic fission products are, however, adsorbed onto
graphite when flowing through the top reflector. The rest, corresponding
to 3 % of the cesium inventory and 12 % of the strontium, is transported
into the primary circuit with the coolant gas.
Pressure equalization results 35 h after the start of the accident when
the safety valve responds after 5 h with failure in the open position.
During the depressurization phase the highest release rates of fission
products from the primary circuit into the confinement are reached as
a consequence of the helium escaping under pressure. After this only the
thermal expansion of the coolant gas is effective as a transport mechanism,
namely as long as the mean gas temperature rises in the primary circuit.
The cumulative release fractions from the primary circuit and the ventilated
containment calculated with pessimistic assumptions are shown in Figure 7.
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Due to the activity retention, release from the primary circuit only begins
after one day. Dilution and deposition effects ensure that even in the
case of an unfiltered release more than 80 % of the radiologically significant fission products are retained in the ventilated containment. In the
case of an unfiltered release, the release fractions into the environment
remain below 0.4 % after a week. There are no hypothetical accident doses
with acute fatalities requiring rapid evacuation.

Conclusion
The safety concept of advanced HTR's is designed to control the core heat-up
in an efficient manner. This is the new aspect in the safety concept, to
integrate the safety potential extensively. This is mainly performed:
in the small HTR with 200 to 250 MW(th) - HTP-Modul and HTR-100 by the inherent limitation of the core temperature below 1,600UC,
in the medium HTR up to 1250 MW(th) - HTR-50C - by the inherent
safety features limiting core temperatures between 1,600°C and
2,500°C in connection with the safety-valve system and the linercooling system cf the PCRV.
Even a loss of the liner-cooling system of the medium HTR does net endan.cer1
tl.e integrity cf tr.t PCHV and the ventilated containment. The activity r<>-
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lease into the surroundings causes relatively low hypothetical accident
doses and does not require any fast counter-measures. Therefore catastrophic accident effects can be eliminated.
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Abstract

Quantitative safety and forced outage goals have been adopted for the
High Temperature Gas-Cooled Reactor (HT6R). These goals are comprised of
both top-level regulatory criteria and user requirements. The development
of these goals and their implementation within the Integrated Approach to
guide the design of the HTGR is discussed.
The forced outage goal addresses user requisites regarding both the
average plant availability, as impacted by forced outages, as well as an
aversion to single, rare, but relatively severe events that result in
lengthy outages. In particular, the forced outage goal specifies a limit
of an average annual equivalent unscheduled unavailability of less than
10%. Limiting the risk of longer outages to a level comparable with fossil
fired plants, the goal further stipulates that only a small fraction of
this average outage rate should be due to outages of six months or greater.
Finally the frequency of events that could result in irreparable damage and
plant loss is limited to less than 10"^ per plant year.
The HTGR safety goal addresses top-level regulatory criteria assuring
the licensability of the plant. The criteria represent direct statements
of acceptable consequences or risks to the public or the environment; they
are quantifiable and the criteria do not discriminate between current
generation reactors and the HTGR. In addition, the goal includes a user
requirement that releases be limited, even for very unlikely events, to
support eliminating the need for offsi te evacuation planning.

These goals, along with other goals addressing the planned aspects of
power production, are used to guide plant design using the Integrated
Approach. The Integrated Approach is a project management tool in which
plant level goals, such as those described above, are used to generate the
numfrous specific requirements for the design and operation of a nuclear
power plant. Thus, the development of goals is a key aspect in this
"top-down" approach which provides a framework for establishing and
defending a well-developed nuclear plant design.
* DOE Contract No. DE-ATO3-84SF 11963-GA Project 7800.

This report was prepared as an account of work sponsored by the United States Government.
Neither the United States nor the United States Department of Energy, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights Reference herein
to any specific commercial product, process, or service by trade name, mark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or
any agency thereof.
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l.

INTRODUCTION

In any large and complex project, a clear understanding of the
project's objective and an assurance that the project's numerous activities remain focused on that objective are crucial to cost effectiveness.
In fact, the degree of this understanding and this assurance can determine the success or failure of the project.

Because of this and in an

attempt to learn from industry experience, the "objective oriented" Integrated Approach is being utilized to guide the high-temperature gascooled reactor (HTGR) design effort.

The integrated approach is a proj-

ect management tool developed under the sponsorship of the United States
Department of Energy (DOE).

In this approach, the myriad of design-

specific requirements for a nuclear power plant are generated from overall,

plant-level goals.

This is accomplished by developing a systematic

ordering of the many functions that must be achieved if a plant is to
satisfy the goals of being economical, reliable, and safe.

The degree of

functional accomplishment required to meet the goals (and only that
required) is then specified.

These functions and lower-level require-

ments can then be translated into the various systems, subsystems, and
components selected to meet the goals set for the plant.

This "top-down"

approach provides a logical framework for establishing and defending a
well developed nuclear plant design.
A key step in the successful implementation of the integrated
approach is the definition of the overall plant-level goals.

To be

effective, the goals should provide clear statements of what is to be
achieved by the plant.

This can be contrasted to the current practice of

providing design-prescriptive criteria which implicitly address some
higher-level objective but restrict the designer's flexibility.

Further-

more, the goals should be quantifiable in such a way that satisfaction of
the goal can be measured.

In the discussion presented below, two such

plant-level goals adopted for the HTGR and addressing the impact of
unscheduled occurrences are described.

2.

HTGR FORCED OUTAGE GOAL

For many years, certainly until the end of the last decade, it had
been implicitly assumed that the high degree of safety built into nuclear
power plants would somehow also provide the user with adequate protection
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against events which might result in severe financial hardship.

Experi-

ence gained over the years, including but not limited to the accident at
Three Mile Island, has made it abundantly clear that this is not necessarily true.

While preventing the gross release of fission products may

be adequate to protect the public, it is only a part of the picture in

protecting the financial position of the plant user.
Since 1980 GA Technologies has worked to develop an understanding of
what might constitute acceptable financial risk to potential HTGR users.
This effort led to several trial proposals for investment protection targets against which the HTGR could be compared.

Simultaneously, probalis-

tic risk assessment (PRA) techniques were utilized to assess the financial risk of evolving HTGR design concepts.

More recently, incorporation

of the integrated approach as a central part of the HTGR design process
increased the urgency of definiting quantitative, overall, plant-level
goals, including some measure,of plant protection and the related concern

of average availability.

The task of developing such a goal was broad-

ened to include the other participants in the HTGR program, with particular attention being given to Gas-Cooled Reactor Associates, an

industry/utility group representing the interests of potential HTGR

users.
In this effort to understand and quantify what constitutes acceptable risk, two areas of investment protection consequence were identified
and addressed by the goal.
1.

These are the following:

The costs due to lost revenue and replacement power during

plant outages.
2.

The costs of any repairs, replacement, or decontamination
required to return the plant to service (or the cost of decom-

missioning if repair should prove to be impractical).
An additional insight gained in the course of this development is
the existence of three distinct but related regimes of financial or
forced outage risk. These regimes, corresponding to different ranges of
event frequency and consequence, are characterized by the utilities'
varying degree of risk aversion.
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The first of these regimes deals with the many frequent, lowconsequence events anticipated to occur one or more times within the life
of the plant.

In this regime, the user's primary concern is to maintain

a high average plant availability to avoid the costs due to lost revenue
and replacement power during the plant outages associated with these
events. To a first approximation, a three-day outage once every three
weeks and a one-day outage every week are equally acceptable (or unacceptable).

Both events reduce plant availability equally and cost the

utility equally, and the utility seeks an equal degree of protection
against them.
Quantifying what is an acceptable average annual forced outage rate
for this first regime in the forced outage goal was not especially diffi-

cult.

Utilities have considerable experience in dealing with this aspect

of investment risk and have for several years expressed, in the HTGR
user's requirements document, a desire for an 80% equipment availability

factor over the plant lifetime. Additionally, this document specified
that planned downtime is to be limited to less than 10%. These requirements leave a residual of 10% for forced outages.
The second regime deals with rarer but more serious outages in which
the plant downtime may be considerable.

For relatively short outages, if

the average plant availability can be maintained, the exact downtime of

any given outage is not of particular concern. However, for longer
outages, because the way a utility must deal with these costs differs, a
different attitude regarding risk is evidenced.
For instance, there have been recent public utility commission rulings which generally penalize a utility's investors if its nuclear plant
availability drops below 50% on an annual basis.

Thus, a single event

that resulted in this availability level not being met could be expected
to lead to a cost more than proportionately higher than one of lesser
duration.

Further, consider a hypothetical accident with a frequency of

1 x 10~4 per year and an outage time of five years, comparble to the sort
suffered by General Public Utilities at Three Mile Island.

In terms of

its impact on average plant availability, the less than 0.2 days per year
of downtime that this represents is negligible.

However, because an

accident of this sort presents an immediate cash flow crisis which cannot
readily be amortized over the 10,000 years between events, the chief
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executive of a utility experiencing such an accident is not likely to
find much consolation in being reminded of the small risk (0.2 days per

year). Therefore, the forced outage goal should exhibit a greater aversion to risk due to high-consequence events.
At first examination, it would appear that quantifying this second
regime should include both areas of investment protection consequence.

For the type of events considered, it is true that the costs of both the
replacement power and repair may be considerable. In the course of
developing goals and performing financial risk assessments, GA has at
various times calculated consequence in terms of either total dollar cost
to the user considering both areas above, or just outage time. In fact,
it has been found that for HTGR accidents, which might occur at any
meaningful, frequency, the total cost is generally dominated by the costs
of lost revenue and replacement power as a result of the outage.

This

can be understood by considering the cost of a forced outage to be about
$1000 per MW(e) day and the relatively small replacement power insurance
coverage currently available.

In contrast, the costs of repair and

replacement of damaged equipment and decontamination, if required, is for
most accidents within the limits of currently or soon-to-be-available
nuclear property damage insurance.

For those very unlikely accidents

where this limit is insufficient to completely cover recovery costs, the
associated extended outage time still dominates the loss suffered by the

utility.

For this reason, forced outage time is proportional to, and can

be considered to be essentially equivalent to, the total loss.

There-

fore, as in the first regime, it is also used as the measure of
consequence.

The aversion to long outages characteristic of the second regime has
been quantified by assuming that coal-fired plant operating experience
represents an implicit acceptable level for the risk of long outages to
power plant users. A review of the experience with coal-fired plants
makes it apparent that they seldom have outages of more than a few
months.

In fact, the probability per year of any event causing an outage

of six months or greater is about 0.02. As this outage also corresponds
with the point at which punitive public utility commission actions might
be expected, it is chosen as the upper limit for the consequence-aversion
region.

Considering again the experience with coal-fired plants, in some

10,000 unit years of experience no plant has ever been damaged beyond
repair and the worst repair outage has only been somewhat over one year.

125

Thus, accepting irreparable damage at 1 x 10 ^ per year would be too frequent compared to coal-fired plants, with which utilities are familiar
and which they accept. A goal an order of magnitude lower, once in
100,000 plant years, has therefore been selected.
The third regime deals exclusively with the second area of investment protection consequence, the direct costs of decontamination and
decommissioning following an accident.
likely but most severe accident.

It is associated with the least

While certain levels of risk may be

acceptable, as discussed with regard to the first two regimes, and are in
a sense the very nature of doing business, the user and investor need
some assurance that they are not in jeopardy of suffering indeterminate
losses beyond that due to the total loss of the plant.

The costs of

decontamination and decommissioning of a plant after a severe accident in
which the plant is left irreparable is a risk unique to nuclear plants
and is generally not important to fossil-fired plants.
Setting a bound or cap to the potential losses following a severe
accident that leaves the plant irreparable has been accomplished by considering the nuclear property damage insurance available.

Five hundred

million dollars in primary nuclear property damage insurance coverage is
currently available to the owner of a nuclear power plant.

Excess cover-

age of an additional $500 million is planned, which would provide a total
of $1 billion in coverage.

Therefore, the goal specified that the cost

of decontamination and of the decommissioning that follows shall not
exceed $1 billion.
Figure 1 shows a graphical interpretation of the various limits contained within the forced outage goal.

Note that to relate the constant

risk limit of the first regime with the consequence aversion limits of
the second regime, a somewhat unusual set of axes is utilitized.

Rather

than the more conventional plot of frequency and consequence, Fig. 1
plots risk versus consequence.

To assist in relating this plot to more

conventional plots, diagonal lines of constant frequency are also shown.
Running horizontally across the top of the figure is the average
forced outage limit of 10% or 36.5 days per year.

Running nearly verti-

cally on the right side of the figure are the long outage aversion limits
of the second regime.

At the upper portion of this line, outages of six

months or greater are limited to a small fraction of the total forced
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outage rate and are in effect limited to a frequency of less than 0.02
per year.

At the lower end of the consequence aversion line, irreparable

plant damage, which has been equated with a five-year outage, is limited

to a frequency of less than 1 x 10"^ per plant year. While not explicit
in the goal, the figure assumes that events of intermediate consequence
are limited proportionately.

3.

HTGR SAFETY GOAL

Having defined quantitatively the basis on which HTGR investment

protection will be judged and the level of protection to which the design
will be directed, the safety goal for the HTGR is described.
Whereas investment protection, as dealt with in the forced outage
goal, represents a relatively new field of study, the importance of
safety in the design of nuclear power plants has been recognized for many
years.

What has been lacking in the area of safety has not been aware-

ness but has been, rather, a measure with which to judge when a plant is
sufficiently safe.

Without such a measure, an acceptable design is a

moving target and credible cost estimating is impossible.

Instead,

changing design specifications and continual backfitting become the rule.
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The HTGR safety goal is based upon a qualitative statement of what
is believed to constitute an acceptable level of risk to the public
health and safety. That is, the operation of the plant, including mishaps, should not restrict the normal day-to-day activities of the public,
and the consequences of these mishaps should be less than those from mishaps occurring at commonly accepted industrial activities.
There are two aspects to this goal.

The first is similar to the

NRC's interim safety goal that limits the average risk to the public from
accidents at nuclear power plants to a small fraction of the risk from
other hazards to which it is already exposed.

But beyond this, the HTGR

safety goal, in a manner similar to the forced outage goal, recognizes

the public's aversion to large consequence, without regard to risk, and
specifies that even for unlikely accidents the consequences will be
limited so that they will not disturb the surrounding public's activities.

This qualitative statement has provided the bases for the definition
of a quantitative safety goal to which the HTGR will be designed.

Both

top-level regulatory criteria and user requirements are included within
the quantification of the goal.

First it is believed that from an average risk perspective, the current generation of light water reactors operating in the U.S.

today are

quite safe and impose only negligible incremental risk to the public over
other hazards to which it is already exposed.

These reactors meet the

first criterion of the goal in that their operation does not,

in an aver-

age sense, significantly affect the normal day-to-day activities of the

public.

Recognizing this, the quantitative risk criteria that have been

applied to the current generation of water reactors have been incorporated within the HTGR safety.

In particular, these risk criteria are the

numerical annual average release and dose limits contained within Appendix I, Title 10, Part 50 of the code of Federal regulations (10CFR50).

The HTGR goal also includes the interim risk goals limiting the average
annual individual incremental risk of latent and prompt death from operation of nuclear power plants as published in NUREG 0880.
Beyond the consideration of risk as a measure of safety, the HTGR

goal (in keeping with the qualitative statement) limits the consequence
for a wide spectrum of accidents.
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Two measures of acceptable consequence

are included in the goal.

To assure that the plant is licensable and is

at least as consequence-averse as current reactors, the goal states that
the HTGR shall be capable of meeting the dose limits specified in
10CFR100 for all design basis accidents.

It has been proposed that this

might include any accident with a predicted frequency of occurrence
greater than some frequency cutoff, perhaps 1 x 10~^ per plant year.

A

second more limiting measure of acceptable consequence chosen for the
HTGR safty goal is the doses given in the protective action guidelines

(PAGs) that necessitate public evacuation.

By eliminating the need for

offsite evacuation, requiring that the doses from potential accidents

fall within those specified in the PAGs assures that even for very
unlikely mishaps the public's day-to-day activities are not adversely

affected.

Furthermore, such potential accidents represent a consequence

substantially less than that associated with other commonly accepted
industrial activities.

From the user's standpoint it is hoped that a

plant built to this requirement can be exempted from the need for evacuation planning and drills.

The HTGR safety goal specified that the PAG

consequence limit will be applied to all events with a mean frequency of
greater than 5 x 10"? per plant year.

Compliance with this limit for

accidents with a mean frequency greater than 10"^ per plant year will be
assessed using conservative calculations, while for lower-frequency accidents a realistic assessment would be used.
4.

CONCLUSION

It is believed that the implementation of the goals described in
this paper, through the use of the integrated approach, can assist in the

development of a well balanced design directly responsive to the needs of
the various institutions affected by the design of a nuclear power plant.
Furthermore, the use of clear, quantitative statements of what is to be
achieved provides a framework in which designers are free to use their
imagination and ingenuity in seeking optimized, cost effective solutions
to these various requirements.
5.
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Abstract
The AGRs currently under construction at Heysham II and Torness in
the United Kingdom are the first to be designed «nd assessed against
the specific probabilistic safety criteria adopted in Britain. The
paper discusses the impact of these design criteria on the development
of the AGR system and examines the design approach taken to satisfy
probabilistic and other safety requirements. The paper concentrates
on the influence of the criteria on the definition, specification and
assessment of the protective features and systems in so far as these
are fundamental to achieving an adequate level of safety.

The paper discusses the systematic approach that has been adopted by
which all potential initiating faults and hazards which could affect

the safe operation of the plant are recognised and classified.

It goes

on to describe hov the provision and arrangement of the main protection
systems has been devised to ensure that in the event of any of these

faults or hazards occurring there is sufficient redundancy and'diversity
to ensure that the potential risk of a significant radiological release
is sufficiently small.
The methods of fault detection, reactor shutdown and post shutdown heat

removal are described showing the principal features of the relevant
systems, in which conservative and proven component design and segregation

against hazards are used to achieve an adequate standard.
Finally the methods and results of the assessment of the design against

the probabilistic criteria are discussed showing how the complementary
aspects of the probability analysis, the design specification and the
assessment of the performance of the plant in fault conditions combine
towards ensuring that the overall safety requirements are met.

Introduction
The Advanced Gas-Cooled Reactor Power Stations now being constructed
at Heysham in Lancashire, England and Torness in East Lothian, Scotland
represent the current stage of development of the commercial AGR and
were the first in the United Kingdom for which probabilistic safety

criteria were introduced in the early design stage. Each power station
has two reactor turbo-generator units designed for a total station
output of 2 x 660 MW(e) net although it is currently intended to uprate

this by a further 5% - 10Z after commercial operation commences.
The design of both stations has been based on the successful operating
AGRs at Hinkley Point and Hunterston which have now been in-service for
almost 10 years. Although the basic design of the latest reactors
has been changed as little as possible in order to benefit from the
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successful operating histories of the previous generation, the use of
a probabilistic approach to safety has lead to changes to the
main protective features and systems and a design which satisfies
current UK licensing requirements.
The objective of this paper is to discuss the safety principles and
guidelines and to show how these have influenced the protection system
design which effectively and comprehensively meets these requirements.
The basic design of the reactor is described followed by a discussion
of the main protection systems. This is followed by a description of
the approach to protecting against internal and external hazards.
Finally, the basis of the safety analysis of the power station is
described showing how potential initiating faults which could lead to
a public hazard are identified and the possible fault sequences which
could occur are developed and examined both by probability analysis
and transient analysis.

Safety principles and guidelines
The overall probabilistic design safety guidelines applying in the UK
require that the total frequency of all accidents that could lead to an
uncontrolled release of radioactivity should be no greater than about
10~6/reactor-year.
The guidelines limit the frequency of an uncontrolled release from
any single accident to 10 /year in order to avoid individual faults
causing an excessive contribution to the overall risk. Higher
frequency faults are acceptable at commensurately lower releases.
The practical interpretation of these guidelines in terms of the design
development has been to provide effective protective features and
systems to ensure that the reactor pressure vessel, internal structures,
and fuel are maintained within safe limits for all fault sequences more
frequent than 10~^/year. Thus, a design basis is determined within
which the total envelope of initiating faults and fault sequences is
considered. The aim is to show that even for the most limiting sequences,
the possibility of any accidental release of a significant quantity of
radioactivity can be discounted. The frequency of those sequences
falling outside the design basis is calculated and shown to be acceptably
low.

Good design, with the objective of reducing the probability of faults
occurring, and the provision of reliable protection systems form the
basis of the design approach. Reliability, is achieved through the
adoption of appropriate design standards and the use of redundancy.
Following the more frequent faults for which very high reliabilities of
protection are needed, it is not considered that redundancy alone
within a single system is sufficient. The safety guidelines require
that diverse means of protection are provided as a defence against

common mode failure.
The guidelines require specific attention to be given to the potential

consequences of internal hazards, i.e. those arising from failures
within the power station, and external hazards, i.e. those which are
a feature of the site in terms of both natural and man-made phenomena.
These guidelines are responsible, in particular,for the layout,
segregation and qualification of plant and systems as necessary for
each of the possible hazards, which can themselves be considered as
potential common cause failures.
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TABLE 1
PRINCIPAL DIMENSIONS AND PARAMETERS

Pressure vessel
Internal height
Internal diameter
Wall thickness
,
Top slab centre thickness
Bottom slab centre thickness

21.9m
20.3m
5.8m
5.4m
7.5m

Reactor primary circuit

Gas baffle internal diameter
Gas baffle dome height above liner floor
Core restraint tank outside diameter
Type of main boiler

Number of main boilers
Number of boiler units per main boiler
Type of decay heat boiler

Number of gas circulators
Type of gas circulators

13.9m
19.9m
13.6m
2 start, once through serpentine

platen rectangular unit
4
3
1 start, once through serpentine

platen
8 (2/quadrant)
Centrifugal, single stage
encapsulated, variable inlet
guide vanes

Reactor core

Number of fuel assemblies

332

Number of control assemblies
Height of core (including neutron shields)

89 (44 bulk rods,
45 regulating rods)
163
12.8m

Overall width of core across flats

12.4m (regular 16 sided polygon

Number of secondary shutdown system channels

Full load performance parameters
Reactor

Reactor heat
Bulk circulator outlet gas temperature
Bulk fuel channel outlet gas temperature
Net circulator flow
Gas pressure at circulator outlet
Pressure difference across gas baffle dome
Total primary circuit pressure drop
Peak channel power

1556 MW
298°C
640"C at top of fuel stack
4269 kg/s

43.3 bar a
2.14 bar

2.53 bar
6.0 MW

Boilers
Feedwater flow
Feedwater temperature
HP steam temperature
HP steam pressure
Reheater steam temperature

500 kg/s
157"C
541°C
166 bar a
538°C

Reheater steam pressure

40.4 bar

Turbine - generator

Turbine heat rate
Nominal gross electrical output/reactor

8400 kJ/kwh
660 IÎW .
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FIG.l. Elevation of reactor pressure vessel.

Finally, an important principle having an influence on the design is
the requirement that in the event of an initiating fault occurring,

the benefit of operator actions to improve or ensure safety should
not be claimed within at least 30 minutes post-fault. This has lead
to the provision of automatically initiated and controlled systems and
the avoidance of dependence on operators to identify and control fault
conditions in the short term with the risk of taking precipitate actions.
Reactor design

Each power station has two identical reactors of about 1550MW thermal
output driving individual turbo-generators giving a station gross
electrical output of 2 x 660 MW(e). Principal dimensions and design
parameters are given in Table 1.

The reactor is contained in a single cavity pre-stressed concrete pressure
vessel, a section through the vessel being shown in Fig 1. The reactor
core is supported on a diagrid and enveloped by the gas baffle which is
welded to the pressure vessel liner floor to prevent movement in the
event of an earthquake. The gas baffle enables the graphite moderator
and other core structural components to be adequately cooled during
normal operation. The external surface of the baffle is thermally
insulated from the coolant leaving the fuel channels and there is a saall
pressure difference across of about 2.1 bar.
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Eight gas circulators deliver carbon dioxide gas at about 43.3 bar a
and 298°C into the plenum below the diagrid. Heat is transferred to

the gas from the fuel raising its temperature to about 640°C. Main
boiler units are arranged circumferentially in the annulus formed by
the gas baffle and the reactor pressure vessel liner. Each boiler has
high pressure and reheat sections with separate feed and steam
penetrations through the outer cylindrical surface of the pressure
vessel. The main boilers and gas circulators are physically divided
into four separate quadrants by division plates at the circulator
inlet plenum below the boiler seal.
During normal operation, feed water is supplied to the boilers at
about 157°C and 170 bar a giving steam temperatures of about 541°C
The gas circulators are driven directly from grid supplies at 11kV
and 50Hz. Gas flow control is achieved by adjusting the angle of
guide vanes at the inlets of each circulator.
4

Protection systems

The protective actions required in the event of most fault conditions
occurring are:

(i)

Fault detection and reactor trip initiation

(ii)

Reactor shutdown by insertion of neutron absorber

(iii)

Decay heat removal

The protection systems which provide these functions are described in
turn.
4.1

Fault detection and reactor trip systems
Automatic fault detection is provided by sensing a number of physical
parameters and plant conditions which are carefully chosen as prime
indicators of fault conditions. The parameters measured include:

fuel channel gas outlet temperatures
circulator gas outlet temperatures
neutron flux level
neutron flux period
gas circulator supply voltages
gas circulator speeds
gas circulator inlet guide vane positions
For each parameter at least four (and usually more) separate measurements
are made and majority voting used to initiate a trip if any 2 or more
out of 4 channels exceed specified limits.
At least two such independent parameters are provided to initiate a
trip for each initiating fault although for most faults additional
parameters may be effective. All parameters are connected into a
LADDIC or magnetic lopic guardline system which directly initiates reactor
shutdown.

The main guardline (MGL) system is designed as far as possible to be
fail-safe and can readily and regularly be tested. Theoretically, its
reliability is sufficient alone to satisfy the frequency requirements
discussed in Section 2. However, as a further defence against CCF'CMF
an entirely separate and diverse guardline system using relays is also
provided.

The diverse guardline (DGL) system uses outputs from certain of the trip
parameters to independently initiate reactor shutdown. The
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parameters chosen are those which are effective for higher frequency
initiating faults and therefore those for which the assumption of
a limit to the probability of failure for the main guardline system
because of CCF/CMF would lead to higher than acceptable fault
sequence frequencies.
4.2

Reactor shutdown systems
Trip signals from either the main or diverse guardlines interrupt
supplies to the contacts of redundant sets of relays in four separate
groups. Each group of relays controls an electrical supply to the
electromagnetic clutches of about twenty control rods of the primary
shutdown system (PSD). Interruption of the clutch supply to any group
causes each rod to fall under gravity into the reactor core. The
redundancy and diversity of design of relays and the number of control
rods provided is such that the theoretical reliability is extremely
high.
However, in order to provide the necessary diversity as a defence
against CMF an independent secondary shutdown system (SSO) is also
provided which uses nitrogen gas at a high pressure injected directly
into the reactor via pipework which penetrates the bottom of the

reactor pressure vessel. The operation of this system is completely
diverse from the primary shutdown system and it is initiated

automatically should the primary system fail.
4.3

Decay heat removal systems

The decay heat removal or post-trip cooling systems are shown
schematically in Fig 2. Their operation is initiated directly from
a reactor trip signal generated by either set of guardlines. Primary

cmcuiitn)
«XXMG SISUH

FIG.2. Schematic arrangement of post-trip cooling systems.
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coolant gas flow is reduced to about 15% of operating level by tripping
all eight gas circulators from their 11kV grid supply and driving
them at 7.5Hz through individual frequency converters. Secondary
coolant flow is adjusted by isolating the main feed system and supplying
all main boiler units through 10% feed lines from the electrically driven
main feed pumps. However, principal reliance for post-trip feed to the
main boilers for safety purposes is placed on the emergency feed system
which takes water directly from the station reserve feed water tanks.
In addition, a completely separate set of decay heat boilers, one per
quadrant, is provided between the main boiler units and the gas
circulator inlets (see Fig 1). A dedicated decay heat boiler feed
system provides feedwater to these boilers and heat rejection is via a
condenser cooled by a dedicated air cooling system using forced draught
cooling towers.

All systems are automatically initiated following any reactor trip
with a simple sequence starting of the relevant components which is
virtually independent of the cause of the initiating fault.
Normally, heat removal is via the gas circulators with the main and
decay heat boilers and associated feed systems providing diverse means
of heat removal from the reactor, each entirely capable in the event of
failure of the alternative system. In the extremely unlikely event of
all gas circulators failing to operate, natural circulation is an
effective means of heat removal provided the main boilers are fed.

In addition to these aspects of diversity, redundancy is a feature of
the systems. Thus, although all four quadrants normally operate posttrip with feed to both sets of boilers, the minimum which provides safe
cooling is a single quadrant in which both gas circulators operate with
either the main or decay heat boiler being fed. For effective natural
circulation a minimum of at least two quadrants must receive main boiler
feed.
Only in the event of depressurisation faults are these basic characteristics
of redundancy and diversity eroded. The design of the pressure vessel
and its penetrations is such that failures leading to significant rates
of depressurisation are very unlikely. In addition, restrictive features
are designed into each penetration as necessary to limit the maximum
discharge rate should failure occur.

As gas pressure reduces, natural circulation becomes ineffective and
reliance is placed on the gas circulators operating. To compensate for
falling density the circulator speeds are automatically increased through
the frequency converters as pressure falls until full speed (50Hz) is
reached at about 3 bar a. This is the only significant difference
between pressurised and depressurising trip sequences.
For the highest rates of depressurisation, the decay heat boiler
effectiveness reduces, at least in the short term,and the principal
means of heat removal are the main boilers. However, even for the most
severe faults, the decay heat boilers could be adequate within a matter
of hours after depressurisation is complete. Thus, the immediately
effective means of post-trip cooling in a depressurisation fault are the
gas circulators and main boilers. The redundancy inherent in the design
is such that only two quadrants operating out of four is adequate while
this can be improved for all but the most severe (and less likely) faults
to one quadrant operating out of four by injecting carbon dioxide gas
into the pressure vessel for about 20 hours post-fault to keep the circuit
pressure above about 2 bar a.
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The redundancy and diversity characteristics of the reactor itself, i.e.
quadrants, main and decay heat boilers, forced and natural circulation;
are carried through to the feed systems and ultimately to the essential
electrical system shown schematically in Fig 3.

In normal operation the electrical system for each reactor operates
as four separate 11kV systems. Two unit boards are supplied via the
generator transformer and post-trip via the 400kV grid when the generator
switch opens to isolate the turbo-generator. Two station boards are
supplied via the station transformer from a separate 132kV supply. Thus
a highly reliable grid is provided post-trip, with electrical supplies
to all systems being maintained.
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FIG.3. Essential electrical system.
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Loss of grid either as an initiating fault or following a reactor trip
results in reliance on the stations own diesel-generators. The four
3.3kV boards for each reactor are divided into X and Y sections which
are operated independently if grid is lost. Electrical power is
provided by four X and four Y diesel-generators with the electrical
and mechanical cooling systems divided into eight separate trains.
The diesel-generators are station based and therefore each one serves
two equivalent trains, one on each reactor. Although the same major
components are used for all eight diesel-generators, careful consideration
has been given to the possibility of CCF/CMF and this has resulted in
the provision of diversity within certain of the peripheral systems, e.g.
starting systems.

The gas circulators and decay heat boiler systems are supplied from the
X essential electrical systems with the emergency feed system supplied
by the Y essential electrical system to satisfy the requirements for
diversity.
5

Design approach to hazards
Protection against hazards is a requirement of the safety guidelines and
their possibility and consequences are specifically taken into account
in the design approach. Internal hazards are those whose source is
attributable to failures within the power station while external hazards
are those whose source is outside of the station and include both
natural and man-made phenomena. These are discussed in turn.

5.1

Internal hazards

The design approach followed is to recognise hazards by their consequence
and systematically examine the plant and systems within the power station
to identify potential causes. Internal hazards considered include fire,
flooding, dropped loads, hot gas or steam release, pipe whip, missiles,
failure of rotating machinery, release of toxic substances, and failure
of pressurised systems (e.g. gas storage tanks).
Defences adopted in the protection against internal hazards depend on
the nature and potential consequences but may include
(i)

Avoidance or minimisation of hazard potential, e.g. use of noncombustible materials

(ii)

Layout, e.g. remote location and careful orientation of high

high pressure storage tanks in respect of vital plant or
systems
(iii)

(iv)

Separation, e.g. provision of sufficient space between diverse
systems or redundant parts of one system such that the consequences
of a hazard are limited

Segregation, e.g. provision of rated fire barriers between groups
of components to limit the extent of a hazard

The recognition and treatment of hazards has a fundamental effect on the
overall arrangement of systems, as shown in Fig 4 which indicates the
principal separation and segregation provisions. This is carried through
to the detailed segregation of electrical power and control cables which
is arranged to satisfy principles which limit the impairment of
redundancy within systems in the event of a hazard at any location on
the station.

Examples of the application of these principles can be seen in Fig 4.
A depressurisation fault arising from failure of a sidewall penetration
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leads to a hot gas release hazard which because of- barriers within the
reactor building can affect the operability of plant serving only one
of the four quadrants. A fire in one essential services building can
only result in loss of supplies to the plant associated with one of
the four quadrants. A major failure of the main feed and condensate
system, e.g catastrophic deaerator failure, can only affect the
operation of the emergency feed system (which is in the same area)
leaving the decay heat boiler feed system on the opposite side of the
reactor building unaffected.
5.2

External hazards

The design approach is initially a site survey to quantify the frequency
and severity of potential external hazards. Clearly, the subsequent
treatment of external hazards is site-specific. A comprehensive range
of possible hazards is studied and the possibility of adverse effects
on the power station is examined. In addition to site location and
defences, those requiring specific design solutions for plant and
systems to satisfy the safety guidelines are considered further. For
Heysham II and Torness these are earthquake and high wind for which
suitable qualification of plant and systems to withstand the consequences
of these hazards is necessary.
Although layout and separation or segregation of plant and systems may
be important in terms of limiting the consequences of failures induced by
the specific hazards, these are not the prime defence adopted. The
approach followed is to specify for the site an appropriate intensity

for each hazard and then to qualify sufficient plant to withstand the
effects of the hazard, including possible consequential effects of the
failure of non-qualified plant, to ensure safe reactor shutdown and decay
heat removal with adequate reliability.
For the earthquake, an SSE (safe shutdown earthquake) of 0.25g is specified
for a return frequency of 1 in 10,000 years. The pressure vessel and
associated systems, primary shutdown system, gas circulators (and
auxiliaries), decay heat boiler feed system, and essential on-site
electrical supplies are seismically qualified against this standard. The
intention is to ensure that the probability of failure to shutdown or
remove decay heat should not exceed about 10~3.

A similar approach is adopted for a high wind although the qualified
decay heat removal system in this case is the emergency boilsr feed
system.
6

Safety analysis

6.1

Basis of safety analysis
The approach to assessing the design against the safety guidelines
described in Section 2 uses both probability and transient analysis.

Probability analysis involves:
(i)

Systematic identification of initiating faults which, if they
occurred, could give rise to a risk of radioactive release

(ii)

Development of the possible fault sequences which could arise
in the event of each initiating fault in terms of the operation
and success or failure of the protection systems.
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Transient analysis involves examining the physical response of the reactor
in the event of an initiating fault to determine the consequences of any
of the possible fault sequences.

In order to focus on the design aspects of safety and to constrain the
analysis to a manageable and meaningful level a design basis is defined
as discussed in Section 2, which is examined in terms of the most
limiting or bounding sequences. The design basis includes all those
initiating faults and fault sequences for which the design intent is
that protective action must be adequate in avoiding a significant
radioactive release. Significant in this context may be interpreted from
the guidelines in Section 2 as "uncontrolled" but a more practical design
approach is taken by judging the adequacy of protective action in terms
of the ability to avoid exceeding any physical limits beyond which the
integrity of the fuel and reactor core would be at risk. Thus, the
analysis is aimed at demonstrating the adequacy of the protection systems
in terms of avoiding a degraded core and simply accumulates the frequency
of sequences outside this defined design basis as a (conservative) estimate
of the frequency of an uncontrolled release.
To constrain the totality of transient analysis used to confirm the

adequacy of protection system operation for fault sequences within the
design basis, only those sequences which bound the design basis in terms
of their frequency and consequence are examined in detail, and by
inference more likely or less onerous sequences are judged to be
acceptable. The transient analysis incorporates pessimistic margins
in design and physical parameters to ensure that conservative estimates
of the reactor and protection system performance are calculated for each
fault.

6.2

Fault schedule
The compilation of the fault schedule is fundamental to ensuring the
completeness of the safety analysis. The schedule attempts to identify
the totality of initiating faults and for each to provide a brief
statement of protection requirements.
A systematic approach is adopted by defining a number of groups or
categories each of which comprises faults associated with a different
characteristic response of the reactor system and which together fully
describe the origins of initiating faults. These groups are listed in
Table 2.
The first group comprises all those events which although of no serious
consequence in themselves lead to a reactor trip and thereby a demand
on the protection systems to operate. They are considered as a separate
group because of their high frequency in relation to other initiating
faults. Groups 2, 3 and 4 are concerned with secondary circuit systems
i.e. faults affecting the supply of feedwater to the boilers, the
integrity of boiler tubing within the reactor and the supply of steam
from the boilers. Group 5 considers primary circuit faults with the
reactor pressurised, in effect loss of heat removal either from the
whole core or from a single channel, while group 6 considers excess heat
production faults caused by unsafe increases in reactor power.

Groups 7 and 8 may also be considered as pressurised primary circuit
heat removal faults although of a specialised nature, while Group 9
includes faults in which the adequacy of heat removal is impaired by
an uncontrolled depressurisation of the primary circuit and reduction
in the heat transfer capability of the coolant.

Group 10 considers faults which could occur in any of the protection
systems themselves leading to the need for a reactor trip. Group 11
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TABLE 2
LIST OF FAULT GROUPS INCLUDED IN SCHEDULE

1.

Spurious reactor trip

2.

Feed system faults

3.

Steam system faults

A.

Water ingress and other overpressure faults

5.

Primary coolant flow faults

6.

Reactivity faults

7.

Single quadrant faults

8.

Loss of grid connection

9.

Depressurisation faults

10.

Faults arising in essential systems

11.

Fuel route faults

12.

Internal hazards

13.

External hazards

considers all faults associated with handling fuel at the reactor and
at other fuel route facilities.

Groups 12 and 13 are concerned specifically with internal and external
hazards although they may be related to faults in other groups. For
example, depressurisation faults (Group 9) can give rise to a hot gas
release internal hazard.
An extract from the fault schedule for part of Group 2, Feed System Faults,
is shown in Fig 5.
Information given for each initiating fault comprises

(i)

Unique number and description

(ii)

Whether the fault is considered Frequent or Infrequent

(iii)

Annual frequency

(iv)

Two separate main guardline parameters (or equivalent)

(v)

Diverse guardline parameter (Frequent faults)

(vi)

Decay heat removal requirements
_o

The division into Frequent and Infrequent at about 10 /year is used to
indicate those more frequent initiating faults for which diverse guideline,
secondary shutdown system, or natural circulation cooling protection is
considered necessary in terms of the CIÎF limit assumed for the reliability
of the main guardlines, primary shutdown system or gas circulators.
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FIG.5. Extract from the fault schedule.

6.3

Probability analysis

The probability analysis comprises three inter-related tasks as follows:
(i)

Development of event trees depicting the fault sequences which
could occur following each initiating fault in terms of the
operation of the fault detection, trip initiation, shutdown
and decay heat removal systems.

(ii)

Systems analysis and the development of fault trees for
individual decay heat removal and auxiliary systems to determine
their reliability characteristics.

(iii)

Development of decay heat removal fault trees from appropriate
combinations of individual system fault trees for each
initiating fault.

The event trees described in (i) above provide both a qualitative and
quantitative understanding of the operation of the protection systems.
A typical example for the initiating fault "Loss of electrical supplies
to either unit or station 11kV board supplies" is shown in Fig 6.

Quantification stops at the level of decay heat removal because of the
dependencies between the various systems involved at this stage. For
example, gas circulators and main boilers may only need to operate
in one quadrant but they must be in the same quadrant for the gas to be
drawn through the boiler which receives feed. Ultimately, the electrical
system introduces dependencies between components and because of the high
degree of separation into trains simple event trees correctly allowing
for these dependencies are not feasible.
The approach followed in (ii) is to examine the individual decay heat

removal systems, their auxiliaries and electrical supplies in detail
and thereby construct fault trees which uniquely characterise system, and
sub-system, failure modes. Typical system fault trees are shown in Fig 7

for the decay heat boiler feed system.
These system fault trees are used in (iii)'above to develop a decay heat
removal fault tree for the sequences in which the reactor is successfully
tripped and shutdown following each initiating fault. In general, the

performance of the main and diverse guardlines are identical as they
share a common trip parameter for each fault. However, the SSD system is
less effective than the PSD system and its operation is slightly delayed.
Thus, primary circuit temperatures are initially higher immediately
following shutdown for sequences in which the SSD operates and more plant

and quadrants are required to operate to successfully constrain
temperatures within safe limits. However, this effective reduction in
redundancy is more than compensated by the very low frequency of these
sequences and the available reliability of decay heat removal remains
adequate.
A typical decay heat removal fault tree is shown in Fig 8 for a loss of
feedwater flow initiating fault with shutdown by the PSD system.

Such fault trees are constructed and evaluated for each initiating fault
and shutdown sequence.

The important factors which determine the

acceptability of the sequences are:
(i)

The frequency of the initiating fault (and shutdown sequence)

(ii)

The consequences of the initiating fault in respect of the
possibility of loss of availability or damage to parts of the

decay heat removal systems.
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TABLE 3

REDUNDANCY AND DIVERSITY CHARACTERISTICS OF DECAY HEAT REMOVAL SYSTEMS

(leans by which reactor is shutdown
PSD

Typical
Initiating
Fault

Forced Circulation

SSD

Forced
Circulation Circulation only
Natural

Ham Boileit Decay Heat Ham
Boilers
* Gas Circs Boilers +

Main + Decay
Heat Boilers +

Gas Circs
1oo4

1oo4

Comment

Gas Circs

loo*

2oo4

Highest frequency initiating fault leading to a reactor trip
Maximum redundancy and diversity of decay heat removal
systems required

trip

NOTES

2 Pressurised faults
i)

No consequential
damage caused to

1oo4

1oo4

2oo4

2oo4

decay heat

1

Frequent causes of reactor trip but no consequential damage
to essential plant thus full redundancy and diversity

frequency i n i t i a t i n g f a u l t s for

available

which CHF of PSD system must
be a sumed
Delay in shutdown
incr ases performance required
of d cay heat removal systems
but requency of these

removal systems

ll) Consequential
damage to one

-

1oo4

-

-

Very low frequency initiating fault, in this example HP steam
pipework failure in control or mechanical annex causing loss
of emergency feed system as a consequence of resulting hazard

-

Very low frequency initiating fault, in this example feed
pipework failure in reactor building whici causes loss of
emergency feed, decay heat feed and gas circulator operation

complete system
ill) Consequential

1oo2

too2

2oo2

damage to parts

of several
systems
3 Loss of grid
connection

sequ nces is very tow

2

1oo4

2oo4

2oo4

Frequent initiating fault with maximum redundancy and
diversity of decay heat removal systems required Reliance
on on-site electrical supplies

n - minimum number of
quadrants which must
operate to successfully
avoid safety limits
being exceeded

faults

i)

Small leak

Ioo3

2 oo 3

2oo3+PS

2oo3

Sufficiently frequent for diversity of decay heat removal
to be required
Parts of systems associated with one
quadrant assumed damaged as a consequence of hot gas
release Pressure support (PS) required to sustain natural

-

Very low frequency initiating fault Hot gas release assumed
to damage plant in one quadrant Pressure support (PS)

2oo3 or
1oo3»PS

-

wall penetration)

ill) Ex-quadrant
breach

improves redundancy

Damage to decay heat removal plant limited by segregation
and separation
Precise consequences arc specific for each
hazard and location but objective is to ensure adequate
redundancy and diversity of plant unaffected by tn=ir<t

l)

ll ) High winds

Main boilers are fed post-trip
by the main feed system but
r e l i a n c e is placed principally

un ehe emergency boiler feed
system

i*

Ih cay heat boilers are fed
post-trip by the decay heat

boiler feed system with heat
11 |t » l i n v i i in TUN i l i iry

n r t M 11 <t svst < m

External hazards
SSE

3

Very low frequency initiating fault
Hot gas release routes
avoid damage to any decay he it removal plant Pressure
support (PS) not effective for largest bleaches

2oo4 or
loo4+PS

5 Internal hazards

6

n - maximum number of
quadrants which can be
assumed to be available
following the fault
(taking account of
consequential failures)

circulation

(

ll) ln-quadrant
breach (side*

Redundancy of decay heat
removal system is expressed
as n oo m where

in up to two quadrants

1oo4

Shutdown by the SSD system is
only relevant for high

-

1oo4

1oo4

~

_

-

2oo4

~

For each hazard, sufficient plant is qua ified to wtthsumd
the consequences arising from the hazard (includin)
possible failure of non-qtiali f led plant)

(ill)

The required minimum performance of the decay heat removal
systems as demonstrated by the transient analysis.

The objective in each case is to ensure that the initiating fault
frequency times the probability of subsequent events leading to sequences
outside the design basis satisfies the guidelines of Section 2. This is
illustrated for a broad range of initiating faults in Table 3.
The development of the fault trees is based on the assumption that
equipment faults occur randomly. In general, the analysis of the trees
is aimed at calculating a simple probability of the top event, failure
of decay heat removal, which can be multiplied by the initiating fault
and trip/shutdown sequence frequency. Each component^ in the fault .
tree is modelled by a single probability which can represent both
the probability of failure to operate on demand when the trip occurs
(e.g. for standby plant which must be started) and a probability of
failure to operate for a sufficient period post-trip.
The fault tree analysis explicitly models dependencies and CCF/CMF which
are part of the design, e.-g. electrical supplies which may be common
to several similar or dissimilar components, or auxiliary cooling systems
which serve a number of redundant components. Unidentified sources of
CCF/CMF are allowed for by applying limits to the reliabilities which
are calculated. Thus individual systems incorporating redundancy alone
are limited to a probability of failure no better than 10~^ with very
few exceptions. Only for the main guardlines, primary shutdown system
and gas circulators is a lower limit of 10~^ claimed and this is supported
by extensive engineering design substantiation using a systematic procedural
approach aimed at identifying potential sources and defences against
CCF/CMF at each stage of the design, manufacture, construction and operation
of the plant.
Discussion
The main objectives of the application of probabilistic safety guidelines

in the design approach to safety for the UK AGR are:
(i)

To assist in the development of the design to achieve a very low
probability of a radioactive release.

(ii)

To achieve the first objective primarily by the provision of a
high standard of protection system design such that the
probability of events leading to possible core damage is itself
sufficiently low irrespective of the further probability of
consequential events leading to a significant release

(iii)

To provide a framework for a comprehensive and systematic
assessment using both qualitative and quantitative measures
to compare the importance of one aspect of the design with

another.
(iv)

To ensure a balanced design is developed such that no single
events or fault sequences make significant contributions to
the overall risk.

In examining these objectives, it should be noted that none make any attempt
to establish an acceptable level of safety of the reactor simply in terms
of an absolute index of risk. The guidelines are specified and used as
a powerful aid in ensuring an adequately safe design is achieved and as
a means of providing a very detailed insight into the design and operation
of the protection systems. However, the numerical results of the analysis
does indicate a very low probability of a radioactive release. The

153

total frequency of fault sequences which could lead to exceeding plant and
fuel safety margins, i.e. potentially leading to a damaged core, is
calculated to be close to 10~° per reactor year. Notwithstanding this

result, the very long timescale for response of the primary circuit
following most faults means that many of the sequences considered to
be unacceptable in the probability analysis will result in adequate
heat removal achieved by operator action some time (hours) after the
initial incident and before any radiological hazard occurs.

The more practical value of the analysis is the ability to systematically
identify strengths and weaknesses in the design and implement protective
measures in the most effective manner resulting in a balanced design.

The analysis also provides an effective basis for the practical
translation of probabilistic safety guidelines into the operational
stage. In the UK, operating instructions are applied to control the
state of the reactor and associated systems during operation to ensure
that the power station is always operated within safe limits determined
by the outcome of the design safety analysis. In respect of requirements

to take essential plant out of service for maintenance while the reactor
remains at power, the probability analysis provides an appropriate means
of identifying the importance of individual and combinations of plant

outages. The design safety guidelines require specific protection
system reliabilities to be met during maintenance and the analysis
permits both an assessment to be made against such guidelines and the
development of effective operating instructions allowing the greatest

operational flexibility consistent with satisfying safety requirements.
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SAFETY CONCEPTS OF PRESENT HTR-PLANTS*

W. WACHHOLZ
Hochtemperatur-Reaktorbau G.m.b.H.,
Mannheim, Federal Republic of Germany
Abstract

Two high-temperature reactors have been built in Germany by the
BBC/HRB company group up to the present time: The 15 MW AVR
nuclear power plant in Jülich which has been successfully operating for 18 years, and the THTR 300 MW Thorium High-Temperature
Reactor in Hamra-Uentrop which is currently in its commissioning
phase. The comprehensive experience gained with the operation,
construction and licensing procedure of these plants represents
the fundamental prerequisites for new safety concepts of present
HTR plants.

On the basis of these conditions, a 550 MW plant has been conceived - the HTR 500 - which is competitive to a large LWR.
The HTR 500 is a reactor designed with a prestressed concrete
reactor vessel in large-cavity design, with 6 steam generator/
circulator units and a conventional steam/feedwater circuit.
In addition to the main cooling system, two separate loops are
provided for decay heat removal, which can operate also in natural convection. In addition, a prolonged interruption of heat
removal is permitted (10 hours) and sufficient cooling of the
reactor is possibile using the liner cooling system of the
prestressed concrete reactor vessel.
Reactor scran is effscteJ by absorber rocs which are dropped
into bore holes in the side reflector by gravity. For a longterm shutdown incore roas are inserted bv manual release.

* At time of publication of proceedings only Abstract available.
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Containment of the activity is achieved by the fuel elements
and the prestressed concrete reactor vessel. The prestressed
concrete reactor vessel and the components carrying radioactive
gas are installed in the reactor containment building which is
designed against external impact, though without a liner.
Primary gas leakages up to 2 cm2 are released to the environment through filter systems and the vent stack in a controlled
manner. In the event of the maximum depressurization accident
with 33 cm2 (11 kg helium/s) the primary gas is directed straight
into the vent stack until pressure equalization is reached.
In such conditions the environmental load is only 7 % of the
limiting values permitted in accordance with the German Radiological Protection Ordinance.

This safety concept has been verified by experts on behalf of
the Federal Minister of the Interior with a positive result.
It has been confirmed by an independent analysis that the plant
risk is very low and the HTR 500 can thus be considered as a
practically risk-free "super-safe" plant. Thus it is possible
to select sites near the end user, e.g. for process steam and
district heat.

A reactor designed to a smaller power level, the HTR 100 is being offered for special applications, e.g. for application in
chemical industry. This reactor is based on the principles of
the AVR with its safety characteristics typical of this power
level, and with the proven THTR technology.
Since all these reactor plants can each be constructed and operated as twin plants or multiple plants, the BBC/HRB group is
therefore capable to offer standardized extremely safe and economic high-temperature reactor power plants between 100 and

1100
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M;;.

PRELIMINARY RISK ASSESSMENTS
OF THE SMALL HTGR*

C.J. EVERLINE, E.A. BELLIS
GA Technologies, Inc.,
San Diego, California,
United States of America
Abstract
Preliminary investment and safety risk assessments were performed
for a preconceptual design of a four-module 250-MW(t) side-by-side steelvessel pebble bed HTGR plant.

Broad event spectra were analyzed involv-

ing (1) component damage resulting in unscheduled plant outages and (2)
fission product releases resulting in offsite doses.
The preliminary assessment indicates at this stage of the design

that two categories of events govern the investment risk envelope:
1.

Primary coolant leaks which release some circulating and plateout activity that contaminates the confinement.

2.

Turbogenerator damage which involves extensive turbine blade
failure.

Primary coolant leaks are important contributors because associated

cleanup and decontamination requirements result in longer outages that
arise from other events with comparable frequencies.

Turbogenerator dam-

* DOE Contract No. DE-ATO3-84SF 11963-GA Project 7800.

This report was prepared as an account of work sponsored by the United States Government.
Neither the United States nor the United States Department of Energy, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, mark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or
any agency thereof.
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age is the salient low-frequency investment risk accident due to the relatively long outages being experienced in the industry.

Thermal tran-

sients are unimportant investment risk contributors because pressurized
core heatups cause little damage, and depressurized core heatups occur at
negligible frequencies relative to the forced outage goal.
Two accident families have been examined for safety risk:
1.

Primary coolant leaks which release some circulating and plateout activity to the confinement.

2.

Releases initiated by steam generator leaks which can release
radioactivity directly to the environment.

Primary coolant leaks dominate the upper portion of the safety risk envelope, while releases initiated by steam generator leaks govern the lower
frequency region.

These preliminary results demonstrate investment and safety risk
goal compliance at this stage in the design process.

Studies are con-

tinuing in order to provide valuable insights into risk-significant
events to assure a balanced approach to meeting user and regulatory
requirements.

1.

INTRODUCTION

The purpose of this study is to provide preliminary investment and
safety risk insights relative to top level goals in order to support the

small HTGR conceptual design effort.
The preliminary investment and safety risk assessments address a
preconceptual design of a small steel-vessel modular HTGR with a nominal
power output of 400 MW(e). The plant consists of four reactor modules

with a common control room and turbine plant.

Each 250-MW(t) module con-

sists of separate vertical reactor and steam generator vessels connected
by a horizontal coaxial cross duct as shown in Fig. 1. The steam generator vessel is located to the side and below the reactor vessel, both
of which are located below grade and are housed in a vertical cylindrical
concrete enclosure. Heat removal capabilities are provided for each mod-

158

MAIN
HELIUM
CIRCULATOR
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— - SHUTDOWN COOLING LOOP
FLOW PATH

Fig. 1.

Side-by-side steel-vessel concept general arrangement

ule by the heat transport system (HTS), the shutdown cooling system
(SCS), and the reactor cavity cooling system (RCCS).

The HTS consists of one main loop per module, including a steam generator in series with a helium circulator and helium loop shutoff valve
assembly. It is designed to remove heat during both normal operating and
shutdown conditions.

The SCS also consists of one loop per module, which includes a heat
exchanger in series with a helium circulator. Heat removal is to an
independent secondary water system. The SCS is sized for removing decay
heat if the HTS is unavailable.
The RCCS is contained in the reactor vessel cavity.

Cooling panels

can remove heat by operating in either an active or a passive mode. This

redundant system has the ability to remove decay heat when normal heat
sinks (HTS and SCS) are unavailable.
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2.

INVESTMENT RISK ASSESSMENT

A spectrum of events was analyzed to select important initiating
events for the small HTGR preliminary investment risk assessment.
important families of events were identified:

Two

primary coolant leaks and

turbogenerator failures.
Several scenarios that were important in risk assessments of the
large HTGR appear to contribute insignificantly in the small HTGR.

In

particular, interruptions in core cooling seem to be unimportant in terms
of investment risk.

For the large HTGR, however, core cooling interrup-

tions were found to be the limiting investment risk contributor, causing
considerable damage to components and long outages.

For the small plant,

if the reactor vessel remains pressurized, no damage occurs, as the heat
generated is transported to the RCCS by means of natural convection and
radiation.

Thermal transients, in which the reactor vessel becomes

depressurized with no available core cooling or heat sink, are expected
to contribute negligibly to investment risk because of their low fre-

quency and modest consequence.
Several characteristics of the small HTGR provide key advantages
over a large integrated plant design in terms of investment risk.

The

use of multiple modules provides a means by which partial power generation can be maintained if an event occurs which removes one module from
service.

Another advantage is the ability of the small HTGR to withstand

an extended interruption in forced convection core cooling with little or
no damage.
Failures in the primary coolant pressure boundary can occur due
to vessel penetration or instrument line failure.

Once the leak is

detected, the reactor may be shut down with continued core cooling by the
main circulator and steam generator.

Three scenarios were identified as

being potentially important risk contributors.

In each case, an orderly

plant shutdown is conducted following the detection of high radiation
levels in the confinement building.

The operator then initiates an

intentional primary coolant depressurization.

Depending on the leak size

and rate, some fraction of the circulating helium inventory will escape
into the confinement building.

In addition, if the leak area is large

enough, some previously plated out activity may be lifted off the primary
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circuit surfaces and released.

Decontamination requirements following a

primary coolant leak and resultant outage times depend upon the extent of
radioactivity release into the confinement building.
Damage categories due to turbogenerator failure were based on actual
operating history in the power generation industry.

Three categories

were selected spanning a wide range of consequences.

The category of

least consequence involves single or single-row blade failure.

The

machine is shut down and repaired, the damage usually being only the loss
of the failed blade or the possible nicking of subsequent blades.

The

second category includes cases where multiple rows of blades, shrouds, or
disk rims fail.

Damage may result as the operator is attempting to shut

the machine down or as a result of excessive vibration.

The third and

most severe category involves catastrophic events such as machine and
disk housing failures which may cause missiles to be thrown from the

machine.
3.

SAFETY RISK ASSESSMENT

The preliminary safety risk assessment examined two accident families:

primary coolant leaks and releases initiated by a steam generator

leak.
Primary coolant leaks can occur due to failures in vessel penetrations or instrument lines.

Depending upon the size and leak rate of the

primary coolant boundary failure, circulating activity will escape into
the confinement building following the failure.

Upon detection of the

leak, intentional depressurization is attempted in order to mitigate con-

sequences.

Upon release into the confinement building,

pressure-

relieving louvers may open, releasing a fraction of the circulating
activity directly to the atmosphere until pressure equilibrium is
attained.

For most leaks, however, the pressure increase is small enough

that the louvers do not open.
is filtered.

All activity released from the confinement

If the louvers do open, they are designed to reclose and

the remaining activity is filtered before release to the environment.

If

the confinement louvers fail to reclose, activity in the confinement

building not removed by natural deposition effects is released directly
to the environment.

Preliminary results indicate that primary coolant

leaks with vessel depressurization and successful confinement response
contribute to the higher-frequency portion of the safety risk envelope.
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Accidents initiated by a steam generator tube failure may result in
the release of radioactivity directly to the atmosphere through the secondary side of the steam generator or to the confinement building through
the reactor vessel relief valve assemblies.

Preliminary results indicate

that two scenarios contribute to the lower-frequency portion of the risk

envelope.

If a large steam generator leak occurs, dump system failure or

failure of the steam generator relief valves can result in a direct
release of radionuclides to the atmosphere.

Included in the release is

circulating activity and any noble gas releases associated with the

hydrolysis of initially failed fuel particles.

A second event involves a small steam generator leak during which
steam generator isolation fails or the dump valves fail to open. Excessive pressure in the reactor vessel causes relief valves to lift and
releases fission products into the confinement building.

Releases

include circulating activity and some noble gases due to hydrolysis of
initially failed fuel particles.

Some activity is released directly to

the environment through the confinement building louvers, the rest being

filtered before release to the atmosphere.

The extent of initially

failed fuel hydrolysis is governed by the leak size and the duration of
the leak.
4.

GOAL COMPLIANCE

Goals have been established for the purposes of providing both public and investment protection.

Investment risk goals address protecting

the operating utility by limiting forced outages, increasing protection
against long outages, and limiting the cost of decontamination and decommissioning.

Safety risk goals address limiting releases of radionuclides

to the public to comply both with user and regulatory requirements.

The results of the preliminary investment risk assessment compared
to the goal are given in Fig. 2. As can be seen, primary coolant leaks
dominate the outage risk for the higher-frequency portion of the curve.
The modular nature of the nuclear heat source has been taken into account
in the primary coolant leak portion of the curve where three other modules can continue operation if one is unavailable. Turbogenerator failures dominate the lower-frequency portion of the risk curve.

Outages of

this type would, however, affect all four modules since one turbinegenerator serves the entire plant.
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The advantages of the small HTGR in

TOTAL INVESTMENT

I

INVESTMENT
RISK GOAL

PRIMARY COOLANT
LEAKS - - . .

TURBOGENERATOR
FAILURES

1
10
102
103
EQUIVALENT UNPLANNED OUTAGE DAYS
Fig.

2.

250-MW(t) side-by-side investment risk envelope

terms of investment risk result in a substantial margin in goal compliance, as seen in Fig. 2.

Preliminary safety risk assessment results are given in Figs. 3
and 4. Results have been compared to the protective action guide limits
which require public sheltering.

Regulatory issues are not addressed in

this assessment.

£5

to
X (HEM)

Fig.

3.

Whole body dose contribution to the
safety risk envelope
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Fig. 4.

Thyroid dose contribution to the
safety risk envelope

5.

CONCLUSION

Preliminary assessments show that the relatively low temperature
attained in the small core during a loss of convective core cooling and
the independence of each reactor module allow the small HTGR plant con-

cept to meet both investment protection and safety goals. As the design

progresses, further assessments will expand these early insights.
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VEC - A TRANSIENT WHOLE CIRCUIT MODEL FOR AGRs

R.I. FACER
AGR Systems,
National Nuclear Corporation Ltd.,
Knutsford, United Kingdom
Abstract

In the development of the safety arguments for AGRs the need for natural
circulation of the primary coolant to be demonstrated as an effective
diverse means of post-trip heat removal from the core has been identified.
Initial analysis was based upon the use of specific fuel channel and
boiler models and an iterative solution. In order to improve both the
representational accuracy and the speed and flexibility of modelling,
a complete representation of the primary gas circuit has been developed
under the computer code name VEC.

The aim of the model has been to construct an overall description of the
primary circuit including the heat source (core), heat sinks (boilers,
pressure vessel cooling system) major component thermal inertias and major
gas flow paths so that the macroscopic transient behaviour of all of the
circuit components can be determined. Although initially established for
natural circulation analysis the model has developed into a design tool
to investigate a wide range of normal operational and fault conditions.
The paper will describe the detailed model which has been developed for
Heysham II AGR. The primary coolant flow network, the linking equations
and buoyancy flow representation, the heat transfer and heat transport
equations and the solution methods will be discussed. The flexibility of
problem specification and solution and the ease of use of the programme
will be considered.

A comparison of the results of the whoe circuit model, VEC, with the
detailed individual component models will be presented to indicate the
acceptability of the whole circuit model in providing results for safety
analysis. The role of this whole circuit analysis in the overall
presentation of the fault transient safety substantiation will be briefly
discussed. Indicative results for fault transient analysis for Heysham II
will be presented and the large margins to the safety constraints demonstrated.

Introduction

The reactor of the AGR is contained in a single cavity prestressed
concrete pressure vessel, a section through the vessel being shown in
Fig 1. Within the pressure vessel are the boilers and gas circulators
in addition to the graphite moderator and its support structure, the
fuel channels, and shutdown systems.
As the safety case for AGR has developed from the original AGRs which
are operating successfully at Hinkley Point and Hunterston the
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requirement to demonstrate diversity of heat removal systems has been
identified. Thus, in addition to providing highly reliable gas
circulator systems to provide a forced flow of carbon dioxide coolant
through the fuel channels, a heat removal route based upon natural
circulation of the coolant needs to be justified. In order to provide
this justification a computer code VEC has been developed to represent
the primary circuit of the Heysham II and Torness AGRs.
This code has been used extensively in the analysis of Heysham II and
Torness for fault studies using both forced and natural circulation.
Although originally developed for safety studies the code has been used
in the definition of plant operating conditions for normal operational
transients.
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The code, and its associated validation, has shown the inherent safety
of the AGR in that very long response times exist after a. reactor trip
before it is necessary to commission essential plant. The large thermal
inertia of the graphite moderated core, and the relative arrangement of
the boilers and core which promotes natural circulation flow ensure that
adequate core cooling is always available to preserve fuel integrity.

2

General code description
The model calculates the temperature of some 200 hypothetical nodes
representing all the items of solid plant within the pressure vessel and
the temperature, pressure and flow of some 100 elements which represent
the gas space that make-up the primary circuit. The primary circuit of
the AGR contains a core with 332 separate fuel channels in a graphite
core. The gas flow through the core is constrained to pass initially
downwards through the graphite to maintain a low graphite temperature
and then through the fuel channels. Heat removal from the primary
circuit is from four separate boilers situated in quadrant arrangement,
with two gas circulators associated with each quadrant. Initially VEC
was developed with a symmetric representation of the boiler and
circulator flow paths but it quickly became apparent that this was
inadequate for a comprehensive safety analysis and the version currently
in use for Heysham II/Torness safety analysis allows different time
dependent behaviour in individual quadrants or groups of quadrants. The
model represents individual circulator behaviour including a
characteristic representation of the circulator behaviour in both
forward and reverse flow. Figures 2 to 4 show the VEC node network,
flow paths and examples of the heat flow representation in the model.

The 332 separate fuel channels are represented for simplicity as a
single fuel channel with additional flow paths representing the cooling
flows through the graphite core.
Shutdown systems in the AGR are a boron steel rod system inserted under
gravity into interstitial channels between the fuel channels, and a
nitrogen system injected by high pressure into other interstitial
channels. VEC does not calculate the neutron physics and shutdown
system performance. Calculated rates of reduction of heat generation
from the performance of each of the shutdown systems are specified as
data items in the code to enable the primary circuit behaviour to be
represented in the event of the use of either system.
The automatic detection systems in the reactor include several pressure
and temperature trip parameters. VEC includes the facility to represent
automatic tripping of the reactor when parameters in the primary circuit
exceed identified levels. In addition a specified trip can be imposed
upon any transient.
Decay heat variations can lead to changes in the course of a gas flow or
temperature transient. Higher decay heat may promote additional natural
circulation in the primary circuit but may also lead to higher
temperatures in circuit components and coolant. VEC allows any
variation of decay heat generation to be represented although automatic
selection of both the best-estimate and a pessimised decay heat function
is included.
The primary coolant inventory may be changed during any transient to
represent a reactor depressurisation. The rate of loss of primary
coolant may be varied during any transient.
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3

The primary CC>9 flow network

3.1 Description
Gas volumes with common surfaces are linked to form the flow network in
Fig 2.

Each of the 70 gas volumes is assigned
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(i = 1, ...,70)

Ti (°C)

- temperature

P.£ (Pa)

- pressure

Pi (kg m~3)

- density

V^ (m3)

- volume

h^ (m)

- height above liner floor (basic data)

(basic data)

FIGURE 3

FLOW NETWORK

There are 75 links between adjacent volumes and each is treated as a
pipe with an associated flow resistance K* (m"1*). An exception is the
circulator link (node 67 and node 64) which is dealt with separately
(see below). Q^ (k = 1, ..,12) represent gas mass flow rates (in kg/s)
through each of the flow paths in Fig 2 although, as there are 6 closed
loops in the circuit, only 6 of these are independent. Given the gas
temperatures the flow network is analysed in VEC by solving the following
equations for 152 unknowns P^, p.^ and Q^:
(i)

the pressure drop equation of each link (75 equations)

(ii)

the gas law for each volume (70 equations)

(iii)

overall mass conservation (1 equation)

(iv)

mass conservation at each flow junction (6 equations)

At each timestep a steady state solution is obtained. This assumption
ignores the momentum contained in the gas, however any errors introduced
by this assumption are negligible since the gas mass inertia is small
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and the timescale over which changes in flow behaviour occur are
relatively long. The equations and the nested iterative method of
solution are described below. This representation allows for rapid
solution of the flow equations with circulator speeds varying from 100%
(full power) down to stationary circulator rotor conditions.
3.2 Flow network equations
Gas node temperatures T. (i = 1, ..., 70) are taken as given at the
start of each pressure/flow solution. The 152 unknowns P., p., Q,
(section 3.2) are obtained by solving the 152 equations:
(i)

pressure drop equation for each link (75 equations).
Let link a connect nodes b and c in flow path d
K

a
pa

AP

Qd I Qd I -

g

Ah

(D

where
(Pa)

AP

a - Pb * Pc

• link resistance

K

Ah a
(Ü)

(p, + Pc)/2 link average density

(kgm~3)

h,
b - hc height differential

(m)

gas law for each node (70 equations)
i - 1, .... 70

(iii)

overall mass conservation (1 equation)

M
where

(iv)

(2)

70
Z
i - 1

(3)

M

= total mass of circuit gas

(kg)

V.

= nodal gas volume

(m3)

mass conservation at each junction (7 equations)

Q7 - Q2 - Q5

+ Q6 - Q13
V

10

Q

Q +Q

4

ll

Q12
Ql3
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- Q2 - Q3 - Q4
Q, - Q2

• QII - Qg

6

(4)

There is an exceptional link which represents the circulators.
Manufacturers supply a characteristic curve relating pressure rise
(AP1) to mass flow (Qf) for a specified inlet density (p1), motor

speed (s1) and inlet guide vane (IGV) angle.
AP' = f(Q')

(5)

In practice f can be well approximated by a quadratic
f(Q') = aQ'2 + bQ1 + c

(6)

where a, b and c are functions of IGV angle. If p, s are the inlet
density (p) and motor speed (s) normalised to p1 and s' respectively
(i.e. p » ,, s = s—), then scaling laws imply that the pressure rise
P
(AP) and flow (Q) are related by
AP
— 2 -f
ps

Q
—
ps

(7)

hence from (6)
aQ2
AP == ——
+ bsQ + c ps
P

(8)

The right hand side of this expression replaces

" " in (1) for the
P
circulator link. When s = 0, (8) reduces to a normal resistance form
and, morever, the value of 'a' obtained from fitting the quadratic
(6) to (5) is close to experimental estimates of stationary rotor
circulator reverse flow resistance.
Should a circulator reach the 'surge line1 of its characteristic (8)

(defined by Q = -b p s/2a) it is assumed that flow reversal through the
resistance 'a' occurs.

3.3 Method of solution

The equations (1) are summed round closed flow loops to obtain 6
equations of the form
Spgh = E P

QIQI

(9)

A nested, iterative solution proceeds by the following steps:
(i)

A set of initial values for the 70 pressures P. are guessed.
These determine the 70 nodal densities through (2)

(ii)

Initial values for the six independent flow rates Q, are
guessed

(iii)

Equations (9) and Newton's method are used to obtain a better
estimate of the flows
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(iv)

If the new flows do not satisfy (9) to within specified
convergence criteria return to step (iii)

(v)

The converged flows are combined with equations (4) and
(1) to determine pressure drops for each link AP.

(vi)

All pressures are adjusted to be consistent with the calculated
pressure drops

(vii)

Equation (3) is solved to normalise all new pressures (see below)

(viii)

The normalised pressures have defined new densities. If the
new densities, normalised pressures and converged flows do not
satisfy the equations (1) to within specified convergence
criteria return to step (i) with guessed pressures/flows
replaced by those just calculated.

This solution method is fast and efficient for two reasons. Firstly
pressures enter the flow solution (steps (iii), (iv)) only weakly
through the densities, and secondly the use of pressures and flows from
the previous steady state solution as initial guesses leads to rapid
convergence.
4

Temperature network

4.1 General
Heat transfer between temperature nodes by conduction, convection and
radiation is modelled. Heat flow per unit time between circuit
elements at temperature T^ , T£ (K) is given by
HTC (Tl - T2) + RC (Tl1* - T21* )

(11)

where HTC is the conduction coefficient and RC the radiation
coefficient. For heat flow between solid nodes both HTC and RC are
constants. If one of the nodes represents CC^ then RC = 0 and HTC is of
the form
MAX (AQB, C)

(12)

where Q is the gas mass flow rate, B = 0.8, A is a constant and C is a
lower cut off value based on natural convection (be it turbulent or
laminar) heat transfer correlations. A is calculated for each HTC by
simplifying a heat transfer correlation of the form
Nu = 0.023 Re0'8 Pr°*4

(13)

(Nu = Nusselt No., Re = Reynolds No., Pr = Prandtl No.). It was found
that for flow rates from full power down to natural circulation levels
gas motion is turbulent in the vertical flow paths - hence the cut-off
coefficients C are based mainly on natural convection correlations of
the type

Nu = 0.13 (Gr Pr)1/3
(Gr = Grashoff No.).
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(14)

Heat transfer from fuel/can to channel gas and inner sleeve to channel
gas are treated separately. At high core flow rates (above 30%) a
standard correlation is used for fuel/can to gas heat transfer whereas
at lower flows the design curve is incorporated into VEC. This facility
is also used for a full flow-range inner sleeve to channel gas
correlation which accounts for graphite surface roughness. Heat flow
between CO? nodes by gas mass transfer is also modelled.

4.2 Temperature network equations
The temperature derivatives are obtained from the conservation of mass
and energy equations. Considering a volume containing a mass M of gas
of specific heat Cp and specific enthalpy h, the gas flow rates into the
IN

volume are denoted Q.

IN

(bringing in gas of specific enthalpy h

) and

OTTT

the flows out Q .
J

It is assumed that complete mixing takes place, so that any gas leaving
the volume has specific enthalpy h. The rate of heat input to the
volume by conduction/convection is C. Then the energy and mass
conservation equations are
d

fvrh\
— (Mh)

f

IN

v
Z

- I Q°°T
j

•I
i

UT
n°
Q. hh

f i *\
(15)

(16)

Combining
(hf- h)

(17)

Then, to a good approximation

MC
P

(T

f- T)

r

where the temperatures T, T
The product MC

correspond to the enthalpies h, h

is the thermal capacity of the gas in the volume.

For a solid node (18) reduces to
CAP

= C

(19)

where CAP is the node thermal capacity and C is the total heat input
from all sources, namely fission/decay heating (if appropriate),
radiation, conduction and convection.
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Code validation

Initial code validation was by comparison with an iterative method of
assessing natural circulation flow. This showed good agreement when
several of the known shortcomings of the iterative route were
represented in the VEC model. Further work concentrated on comparison
with individual models of the main boiler and fuel channels.
Figures 5(a) to 5(d) give examples of the comparison with a detailed
boiler design code.
A comparison with a natural circulation transient which was carried out
at Hinkley Point on 18 September 1978 has been performed using a version
of VEC modified to represent the Hinkley Point AGR primary circuit.
Figures 6(a) to 6(d) give some of the comparisons drawn. It can be seen
that although the condition from which the natural circulation event was
very low power, the overall gas and structure temperatures predicted by
VEC are in good agreement with the measurements. The very low Tl result
for the initial stage of the transient predicted by VEC has been shown
to be because the site measurements do not represent a gas temperature
variation, but because of the thermocouple location, are heavily damped
by the circulator outlet gas duct structure to which they are attached
(Fig 6(b).
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A wide range of sensitivity studies, of which the significant
conclusions are given in Table 1, has been performed to show that
several data items which are inevitably uncertain do not lead to a large
change in the conclusions of the analysis. Since the margins in the
primary circuit analysis for the safety studies are large the code is
considered to adequately represent the primary circuit behaviour for use
in safety studies.

6

Application of VEC

VEC is used extensively in the safety case for Heysham II/Torness. For
the limiting cooling conditions the influence of buoyancy, even when
some circulators are operating, makes a noticable difference to the gas
flows in the primary circuit.

VEC is used to calculate the macroscopic flow and temperature variations
from which margins to temperature constraints at the circulators and
boilers can be assessed. VEC is not used to predict fuel temperatures
for safety analysis. The calculated channel flows from VEC are reduced
to allow for channel to channel potential flow variations arising from
the different channel powers and gas positions. The reduced flow and
circuit temperatures are then used to calculate the fuel and clad
temperatures. Fuel and clad integrity substantiation is based upon
results of detailed fuel channel analysis.
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TABLE 1
SENSITIVITY STUDIES

Sensitivity studies have been performed on a 4000 second natural
circulation transient following a reactor trip from full power
operation.
Description of sensitivity study

Effect

Increase flow resistance of
unpowered circulator by factor
2 (forward flow)

Reduces core flow by 15%
Raised circuit temperatures by
10-20°C

Change flow resistances to
reflect Reynold's No. change at
natural circulation flow levels

Minimal effect on fuel
channel/boiler flows

Use 'best estimate' rather than
'pessimised' decay heat curves

Reduces core flow by 5-10%
Reduces fuel channel temperature
by 20°C

Incorporating high peak axial
rating profile in the core

Reduces core flow by 2%
Increases fuel channel
temperatures by 5°C

20-50% reduction in fueland in boiler gas heat
transfer coefficients

Reduces core flow by <5°C
negligible effect on gas
temperature

Decrease solid component
thermal capacity by 10%

Negligible effect on circuit
conditions

The fault sequences for which VEC analysis has been performed include,

loss of feed
primary circuit effects of steam main failure

circulator faults (circulator trip and IGV failure)
loss of grid

depressurisation
transients post earthquake.
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RESULTS OF THE SAFETY EVALUATION FOR THE
AYR-MODIFICATION INTO A NUCLEAR PROCESS HEAT PLANT
N. KIRCH
Kernforschungsanlage Julien G.m.b.H.,
Juelich, Federal Republic of Germany
Abstract

In 1983 the Julien Nuclear Research Center (KFA) proposed the
modification of the AYR for hightemperature process heat systems
demonstration. This would represent the achievement of an important HTR target. The work for the modification performed
so far has given evidence that the plant will continue to run
reliably and has led to an optimized plant concept. Most of the
investigations were devoted to safety issues. The safety and
licensing questions were discussed by an advisory group of the
German Federal Ministery of the Interior which gave its vote in
March 1985 and came to very positive conclusions.
The AVR fulfils the current safety and licensing requirements;
for the proposed plant modification no severe backfitting has
to be taken into account.
The AVR-building and the reactor itself turned out to be earthquakeproof, even according to current licensing demands if
realistic site-specific earthquake spectra are applied.
Risk assessments of an airplane crash show that the public risk
is negligible even in the case of unrealistically pessimistic
assumptions concerning the release of radioactivity.
The modified plant will have a confinement similar to the modern
German HTR-design.

The investigations have shown that the safety questions related
to a steam reformer in a primary circuit system are solved. All
consequences of process gas release into the safety enclosure
or into the primary system are controlled effectively by active
and passive measures.
Process gas release in the vicinity of the nuclear plant is
excluded by the plant concept. Furthermore, even the hypothetical assumption of process gas explosions cannot damage
the essential safety functions.
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1. Introduction
For more then ten years/ the largest part of the HTR development work has been devoted to the process heat application
with particular emphasis on the components necessary for construction. With the completion of the materials test program,
the testing of large components (1O MW scale) and the operation
of test facilities for coal gasification, the main aims of this
broad R+D-program will soon be achieved.

As the next step the systems testing under nuclear conditions
has to be considered where the functions of the components as
part of an integral process under the special requirements of
a nuclear facility should be demonstrated. It must be shown
that a complete nuclear process heat system can be operated
with an acceptable degree of availability.
It was the intention to do this next step with a new prototype
plant for nuclear process heat, such as the PNP-5OO or the

AVR II, but now we have to accept that the construction of a
new plant lies in the far future.
Therefore, the modification of the AVR together with the construction of the next HTR for steam/electricity production provide an unique chance to keep this top level technology alive
with reasonable effort.

For this project the basic engineering has been done:

-

a plant concept that fulfils the requirements
of flexibility of the process heat loop and the
conditions of the existing plant, has been defined.
the status of the existing plant and the important
components and systems have been investigated;

-

the safety aspects have been very thoroughly
evaluated.

The work has been carried out by KFA as leading party together
with AVR, HRB and INTERATOM; financing was provided by the

Federal Ministry for Research and Technology. Bearing in mind
the topic of this meeting I will concentrate on the safety

184

aspects, giving only a brief account of the plant concept and
the present status of the existing AVR plant.

2. Status of the existing AVR plant

The studies and tests to establish the condition of the main
components and systems, included the reactor containment, the
two pressure vessels, the steam generator, the fuel handling
system and the graphite and carbon core components. As a result I can state that no weak point has been found that might
question the modification and subsequent operation. As an
example I would like to mention the TV-inspection of the topreflector which convinced us that there is no neutron-induced
damage and that this component is in good condition (Fig.
1).
Furthermore the high degree availability of the plant has shown
that the AVR can be regarded as a reliable heat source with
helium of at least 95O °C for a process heat loop.

FIG. 1

VIEW WITH REMOTE CAMERA ON LINER
SURFACE OF AVR-ÎOPREFLECTOR
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3. The plant concept
The main principle for the new plant concept is the division of
helium mass flow and corresponding thermal power, one half of
the thermal power being used for electricity generation as at
present and the other half providing the heating for the process
heat loop (Fig. 2).
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AVR

high temperature process heat loop

1 core
2 AVR steam generator
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2 AVR blowers

4 reactor pressure vessel
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6 AVR containment

7 reactor building
8 top reflector
9 annular concrete
supporting construction

Fig. 2
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hot gas penetration
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steam reformer
process steam generator
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and process loop safety enclosure
18 hall with crane
19 hot cells
20 ventilation stack

AVR-Process Heat Plant
Longitudinal Section

Hot helium bypasses the steam generator through a hot gas duct
in the middle of the steam generator. The cold gas from the
process heat loop is returned to the cold end of the AVR steam
generator. Using this principle, the two heat sinks, namely the
AVR steam generator and the new process heat loop are connected
in parallel. The new process heat building allows the testing
of different chemical processes; in the first phase methane
splitting via a steam reformer is planned. The concept developed
allows the primary circuit of AVR to remain unchanged in terms
of plant technology and safety. The requirements for the process
heat loop can be easily met.

4. Safety aspects
Regarding the amount and the importance of the work performed
to date the safety aspects of the AVR-modification have been
given priority.
We were able to discuss this work and the results intensively
with an advisory group of the Federal Ministry of Interior,
which led to a clear understanding of all the important licensing and safety questions.
4.1 Safety of the existing plant
For the modification concept chosen, the measures to control
the plant internal accidents remains substantially unchanged.
The only change which is safety-relevant concerns the containment. The advisory group concluded that the safety design of
the existing plant fulfils completely the present safety requirements. This is especially true for the control of the so
called hypothetical accident and for the maximum credible
accident. In other words: substantial backfitting for the
existing plant can be excluded.
There are several reasons for this very positive result; one is
the design of the plant for a heavily contaminated primary circuit (double pressure vessel and pipes). Secondly the present
fuel element with coated particles enables extremly good fission
product retention and provides important safety margins for this
design.
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4.2 The safety confinement
As for THTR, HTR-5OO and HTR-MODUL we plan for the modified AYR
a vented safety enclosure, consisting of the AYR containment,
the building housing the process heat loop and the connection
of these two buildings (Fig. 3).

[circulation
lair device

feed air

— reactor hall
adjacent
building

— separation of ventilation systems
connection between AVR contain- t

Lment and process loop enclosure
AVR
containment

process heat
— loop
enclosure

confinement

Fig. 3

ventilation
stack
exhaust air
device

partial vacuum device1
normal operation
accident
shut off flap

louvre flap

bursting disc
relieving device

Schematic of the Ventilation Systems
and the Relieving Device

Small leakages of up to 10 cm from the primary gas pipes are
filtered via the containment atmosphere and then released to
the environment. This filtering in the sense of the ALAP-principle is planned for all events with a probability down to
!0"4/a.
2

For larger leakages up to the design leak of 1OO cm area the
confinement pressure is limited by a pressure relief system
and a chimney by which the confinement atmosphere is released
to the environment.
-5
-4
For this case with a propability of 10
to 10 /a a suitably
dimensioned filter system is not regarded as necessary, due to
the very low radiological impact to the environment.
For the radiological consequences in the plant environment the
2
depressurisation accident due to the design leak of 1OO cm can
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be regarded as covering event. Even for this event the dose
values at the worst locations are far below the values allowed
according to the German regulations. This would also be the
case for larger breaks of the hot gas duct. This again demonstrates the safety margins and provides evidence that the
vented confinement is a sufficient barrier for the radioactivity
during normal operation and under accident conditions.
4.3 Hot gas and cold gas ducts

The hot gas duct is designed for a gas temperature of 10OO C.
It consists of a pressure barrier and inner insulation, a gas
duct pipe and an outer half shell structure which gives a leak
limitation and enables water cooling. As insulation material,
150 mm thick "Suffil" was chosen. The gas ducting pipe has to
withstand 40,OOO hours operation time. Therefore, Inconel 617
or Incoloy 8OOH has been selected. The free diameter of the
pipe is 52O mm. The half shell structure limits all leakages
2
to an effective cross-section of 100 cm . The integrity concept
for the pressure wall of the hot gas duct is provided by the
following facts:
specification and design are carried out according
to the criteria of light water reactors;

semi-shell structure
screwing
seal

water cooling
exhaust bore
intermediate layer

Y / / / / /////

pressure pipe
insulation
hot gas guiding pipe

hot gas

Fig.

Schematic of Hot Gas Pipe
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the safety evaluation is carried out by application of
the corresponding German KTA regulations and rules;
the safety is guaranteed by in-service inspections.

The concept of integrity for the cold gas duct is similar as
for the hot gas duct. Cooling and temperature control are not
necessary. The intensive discussion of this topic in the advisory group has led to a deep understanding of failure mechanism
of pressure tubes under HTR conditions. Consensus was reached
that this concept for hot and cold gas duct under the given
boundary conditions is the best solution and fulfils the safety
requirements.
4.4 Inflammable gases inside and outside the plant
The question of control of inflammable gases is specific for
every nuclear process heat plant and was also discussed in
detail. Even if one has to concede that we have chosen some
AVR and site specific solutions, it is very important for the
HTR process heat idea that here for the first time an independent advisory group has given a positive vote for a steam
reformer situated within the primary circuit.
The following means and procedures were presented and discussed:
Leaks in the steam reformer, in the process gas duct or in the
process steam generator can be detected sufficiently fast via
the moisture content of the primary circuit or via the pressure
drop in the process gas. The leakage of process gas via the
steam reformer to the primary system is limited by the design.
A process gas leak from the reformer furnace into the primary
circuit is limited by two means. A double wall system is provided for the process gas pipes connected to the reformer furnace. Secondly, relief of the pressure in these pipes and in the
reformer furnace is achieved via a channel flushed with inert
gas, which prevents the build-up of inflammable gases inside the
channel as a result of leaks. This channel is designed for the
maximum possible pressure and for seismic accidents. Furthermore
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the inert gas allows early detection of leaks and inspection of
the integrity of the channel.
4.5 Earthquake analysis

The new buildings are designed against earthquake damage according to the present status of technology. Calculations according
to the rules applicable at present have shown that the existing
building, and the reactor structures and components remain in
their position in any case. Even the integrity of the components
is assured. These investigations were based on a safety earthquake analysis according to a new seismological survey of the
KFA site. We did not take into account the results of the evaluation of real earthquakes which show that the analytical design
procedures are by far too pessimistic.
4.6 Risk assessment (air plane crash)

The modification of AVR does not change the activity inventory.
Also unchanged are the specific safety features of small HTRs;
in particular the automatic limitation of the core temperatures
to a maximum of 12OO °C in the case of no active cooling with
depressurization remains valid. Major fission product release
might only occur in the case of large air ingress and corresponding heavy corrosion of the fuel elements. Such large air
ingress is possible only if substantial damage of the pressure
enclosure of the primary circuit occurs.
The main risk in this context results from air plane crashes.
The analysis of this accident shows that the probability for
the KFA site is of the usual magnitude. Such an air plane crash
may result into a fast pressure release and steam reformer
failure. This accident leads to a release of only 3O Ci Cs-137
and 5O Ci Sr-9O into the environment and has a probability of
3 x I0~7/a.

A continuous air convection through the core following an air
plane crash can only be considered if the hot gas duct as well
as cold gas duct are destroyed in the neighbourhood of the
reactor pressure vessel and if in addition the blower valves
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do not close. An accident with such a sequence of events has
_Q
an extremely low probability of about 10 /a.

Concerning the air plane question one must state, that the risk
of death due to an airplane crash is very low. In the neighbourhood of the AVR this very low risk is not increased significantly either by the existence of the AVR or by the proposed modification of this plant to a process heat facility.

5. Conclusions
The discussions and the consensus of the BMI advisory group
cannot prejudge a necessary licensing procedure. Nevertheless,
the group has cleared all important safety questions, so that
no points remain which might lead to major problems during a
licensing procedure.
We consider that the consensus provides a sound basis for the
elaboration of the licensing documents and for our cost evaluations. We are therefore quite sure that our technical documents for the decision on the AVR modification are reliable.
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GASEOUS AND METALLIC FISSION PRODUCT TRANSPORT
CHARACTERISTICS OF A MODULAR PEBBLE BED HTGR
DURING LOSS OF CORE COOLING ACCIDENTS*

S.B. IN AM ATI, M.B. RICHARDS, C.G. HOOT
GA Technologies, Inc.,
San Diego, California,
United States of America
Abstract
A quantitative safety criteria for the high-temperature gas-cooled
reactor (HTGR) is to limit the radiological consequences for a wide spec-

trum of accidents to a level not requiring public sheltering.

This leads

to reliance on passive safety characteristics for improbable loss of core

cooling accidents.

from:

The passive safety of the small HTGR results in part

(1) the selected reactor core geometry and power density and (2)

the high-temperature fission-product retentivity of ceramic-coated fuel
particles.
Models have been developed to predict the transport of metallic and
gaseous fission products (FPs) through the multilayered fuel particle
coatings and the graphite matrix of the core under accident conditions.
Using these models, FP transport and releases were calculated for a

loss of core convective cooling accident in a 250-MW(t) 3.8-W/cc pebble
bed HTGR.

This accident was selected for this study since the fuel par-

ticles are exposed to above normal temperatures, thereby affecting the

retention of fission products within the coated fuel particles.

Fission-

product transport through the particle kernel and coatings, the graphite

* DOE Contract No. DE-ATO3-84SF 11963-GA Project 7800.

This report was prepared as an account of work sponsored by the United States Government.
Neither the United States nor the United States Department of Energy, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or responsibility
for the accuracy, completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights. Reference herein
to any specific commercial product, process, or service by trade name, mark, manufacturer, or
otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or reflect those of the United States Government or
any agency thereof.
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pebbles/reflectors, the reactor vessel, and the confinement were
assessed.

These studies extended the models and release results reported

earlier.
The amount of fission products released is small and the release
occurs slowly over a period of days as the pebble heats up.

Over 90% of

the amount of gaseous FPs that are released is due to the small amount

of initially failed fuel particles and heavy metal contamination.

The

metallic cesium release during this transient is due to release from
failed fuel particles and diffusion through intact particles.

However,

the net cesium release from the reactor core is negligible, as the

release from the hotter regions plates out in the cooler parts of the
core.
The results of this study show that the most effective barrier to

fission products is the coated fuel particle.

The reactor vessel and the

confinement provide additional attenuation for the small amount released
from the core. The small release to the environment occurs over a period
of days and is so low that the safety criterion of 5 rem thyroid dose (to
avoid offsite sheltering) is satisfied with a margin of more than an
order of magnitude.

1.

INTRODUCTION

The safety features of a modular HTGR include the small reactor core

[250

MW(t)], the low power density (3.8 W/cc), and the high-temperature

fission-product retentivity of the ceramic-coated fuel particles. The
first two features limit the maximum core temperature during the loss of
core convective cooling accident to 1600°C. By limiting the core temperatures, the release from incremental fuel failure during the transient
is small compared to that from initially failed particles, defective particles, and heavy metal contamination. Thus the principal fission-

product barrier, the ceramic-coated fuel particles, essentially remains
intact and limits the amount of fission-product activity available for

release.

In the following sections the fission-product release and

transport characteristics in the core are emphasized.

The transport

models and characteristics for the hottest pebble are illustrated in
Section 2.

The release characteristics and the comparison of those to

the safety criteria are discussed in Section 3.
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TRISO-coated fuel description

TRANSPORT MODELS AND CHARACTERISTICS OF A GRAPHITE FUEL PEBBLE

Figure 1 provides a description of an HTGR TRISO coated fuel parti-

cle.

The fuel kernel and particle coating layers provide resistance to

gaseous and metallic fission-product release.

Metallic release is fur-

ther inhibited by the pebble graphite matrix.

Intact and failed fuel

particles and heavy metal contamination contribute to the release.
Failed fuel consists of particles with exposed kernels and particles in

which only the silicon carbide (SiC) coating has failed (defective particles).

The latter mechanism is due to thermal decomposition and

fission—product attack of the SiC layer.

The fuel failure mechanisms

are described by mechanistic models with empirical constants based on
experimental data.

The release from intact particles is only important for metallic
fission products, since the SiC and outer pyrocarbon layers provide
impervious barriers for gaseous fission product release. The exact
solution for the release from intact particles requires modeling diffusion through the kernel and each coating layer subject to time-dependent

boundary conditions.

The intact release model was conservatively simpli-

fied by assuming that only the kernel and the SiC layer provide resistance.

Diffusion through these was uncoupled by assuming zero concentra-

tion on both the kernel and the SiC outer surfaces.

This assumption is
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conservative in that it maximizes the diffusion flux out of both the
kernel and the SiC layer, but it allows an analytical solution in terms
of an infinite series.

The series solution is asymptotically approxi-

mated in a conservative manner, with the degree of conservatism being at
most a factor of two. The solutions are expressed in terms of fractional

release, with the total fractional release being the product of the
kernel and SiC layer release fractions.

Metallic release from defective particles is treated in an analogous
manner, except that the OPyC layer replaces the SiC layer as the secondary resistance to release.

The kernel provides the only resistance

for particles in which both the OPyC and the SiC layers have failed.
To describe gaseous release from fuel kernels, an empirical model
derived from experimental data is used.

The functional form is equiva-

lent to a physical model based on diffusion/trapping mechanisms.

Diffu-

sion through the OPyC layer in defective particles is calculated with the
same model used for metallic release except that different diffusion

coefficient data are used.
Gaseous release from heavy metal contamination is calculated using

a model similar to that used for kernel release except that the model
parameters are different and are independent of burnup.

Metallic release

from heavy metal contamination is conservatively assumed to be

instantaneous.
The fuel pebble graphite matrix provides an additional release
barrier for metallic fission products.

The computer code used in this

analysis conservatively simplifies the coupled diffusion-mass transfer
release mechanism by calculating a diffusion release rate assuming zero
surface concentration and a mass transfer release rate assuming a uniform

pebble concentration.

The smaller of the two rates is taken as the lim-

iting pebble release rate.

For the depressurized loss of core convective

cooling accident the limiting pebble release rate is due to mass transfer, since the coolant flow rates are relatively low. To illustrate the

fission-product release behavior from the hot spot in the reactor core,
a study was made in which the coolant concentration was set to zero to
maximize release from the pebble.
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Figure 2 shows the maximum fuel temperature and the average fuel
temperature as a function of time during a loss of core convective cooling accident in a 250-MW(t) 3.8-W/cc HTGR.
is less than 1600°C during this accident.

The maximum fuel temperature
Release and transport calcu-

lations were made for this hot spot condition and maximum burnup conditions for gaseous and metallic fission products.

The release results are

shown in Fig. 3 for key nuclides 1-131 and Cs-137.

These results illus-

trate that even under these extreme conditions the iodine release fraction is very small.

The iodine release rate from the pebble is essenti-

ally the same as that from the fuel particle, since the graphite matrix
is not expected to retard iodine release.
Release of Cs-137 from the fuel particles is higher than the iodine
release due to higher release contribution from intact fuel particles at
these hot spot temperatures and the assumption of zero concentration in
the bulk coolant.

However, when the coolant concentration and adsorption

on cooler graphite parts of the core are taken into account, the cesium
release from the core is negligible.

Although Cs-137 release from the

pebble eventually approaches the fuel particle release, the delay imposed
by the pebble graphite matrix is significant.
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The relative contribution of various release mechanisms for 1-131
and Cs-137 nuclides is shown in Figs. 4 and 5.

The contributions from

initially failed and defective particles have been combined with those
resulting from the transient failures. However, for the hot spot temperatures the release contributions from the transient are small (~10%)
compared to the total release from failed and defective particles.

The

1-131 release is mainly due to initially failed fuel and heavy metal contamination.

Cs-137 release is initially dominated by these two mechani-

sms, but at later times the dominant contributor is diffusive release
from intact fuel particles.
3.

RADIOACTIVITY RELEASE CHARACTERISTICS OF A PEBBLE BED REACTOR

The release and transport mechanisms described in the previous
section were incorporated into a transient fission product release code
and the code was then used to analyze the depressurized loss of core
cooling transient for a 250-MW(t) 3.8-W/cc pebble bed core.

Previous

studies have shown that thyroid dose is the dominant factor in determining if offsite dose criteria are met. 1-131 is the dominant contributor
to the thyroid dose, and therefore 1-131 release is emphasized in this
section.
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1-131 release during loss of core convective
cooling accident

Figure 6 shows 1-131 release from the core, vessel, and confinement.
Release from the vessel and confinement were calculated using ordinary
differential equations based on mass balances.

The leak rate from the

vessel was calculated from thermal expansion based on the ideal gas law.
The deposition rate for 1-131 was conservatively assumed to be zero in
the reactor vessel.

The confinement leak rate was assumed to be one

volume per day, which is expected to be conservative for the proposed
below-grade configuration.

The confinement deposition rate was calcu-

lated to be one volume per hour, based on a mass transfer analysis in
which the confinement walls were assumed to be approximately 120°F.

The

resulting 1-131 release to the environment is less than one curie.

Even

if no credit is taken for the confinement, the 1-131 release is less than
15 curies.

When all iodine isotopes are taken into account, the result-

ing dose at the exclusion area boundary is well below protective action
guideline limits requiring public sheltering, as illustrated in Fig. 6.
4.
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Abstract

The experimental VHTR(Very High Temperature Reactor), being developed
in Japan Atomic Energy Research Institute, is to be designed to produce
the reactor outlet gas temperature of 950°C. It is necessary to
investigate more in detail the fission product release characteristics
in high temperature range, because the fuel temperature of the VHTR
becomes higher than those of HTGRs for steam cycle application.
FORNAX code has been developed to investigate the release
characteristics of volatile metellic fission products from the core under
power operating condition. This code calculates the diffusion of metallic
fission products based on the Pick's law of diffusion and can evaluate
fission product transport behaviour in the coated fuel particle(cfp),
matrix and graphite sleeve. This code can also take into account the
distribution of the power, temperature and coating failure in the core
and their time history.
Several calculations have been carried out to study the metallic
fission product release characteristic from the cfp and the core for VHTR
configuration (Detailed Design stage I). In this study following
conclusions are obtained
(1) The contribution of the release by diffusion through an intact TRISO
coating to the release from the core becomes larger at higher core
temperature.
(2) The release by diffusion through an intact TRISO coating depends on
not only the diffusion coefficient in the SiC layer but also that in
the kernel.
INTRODUCTION

The release of fission products from the HTR fuel elements generally
depends on their temperature. The experimental VHTR, being developed in
Japan Atomic Energy Research Institute, is to be designed to produce the
reactor outlet gas temperature of 950°C. The fuel temperature of this
reactor under power operating condition is expected to be higher than
that of HTR for steam cycle application. Therefore, the study of
fission product release from the core is important from the view point of
design, operation and maintenance as well as the safety evaluation of the
VHTR plant because the amount of fission product in the primary circuit
mainly depends on the release from the core.
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Since the release of the volatile metallic fission product with long
half-life depends on the characteristics of the core, such as the power
and the temperature in the fuel element and their time history, these
characteristics are important in the evaluation of fission product
release from the core.
The calculation method of fission product release from the core which
has been developed up to now, 1),2) could not predict the retention
capability of coated fuel particle for the metallic nuclide at higher
temperature. And also, the method could not take account of the time
history of the power, temperature and coating failure in the core.
FORNAX code has been developed to improve these defects mentioned
above and can evaluate the migration of metallic nuclide in the coated
fuel particle and graphite material based on one-dimensional unsteady
diffusion equation.
Several calculations have been carried out, using the FORNAX code, to
study the release characteristic from the coated fuel particle and the
core. Cesium is selected in these study, because the evaluation of
cesium release is important in VHTR design due to the cumulative fission
yield(6.2%), its long half-life and the safety implications of its high
energy gamma-ray emission.
This paper presents the outline of the FORNAX code and the analytical
results of fission product release from the coated fuel patricle and the
VHTR core.
OUTLINE OF THE FORNAX CODE

FORNAX code is a calculation code for the evaluation of the release
of metallic nuclides from the core. Transport process of metallic
nuclide from fuel particle into the coolant treated in the FORNAX code is
shown in Fig .1. Metallic nuclides released from the coated fuel particle
diffuse through the fuel matrix, transport across the gap between the
fuel compact and graphite sleeve, diffuse through the graphite and
evaporate from the outer surface of graphite into the helium coolant.

Fuel Compact

The gap between the
fuel matrix and the
graphite sleeve

Boundary
layer

Intact particle )
Degraded particle j

Helium
'Coolant
Kernel

Coating layer

Bare kernel
O Release from the
_
Sorption and
particle
.n
O Fission due to uranium I—S
contamination in the

fuel compact

Fig. 1
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compact

Sorption and
Diffusion in
the graphite
sleeve

Evaporation
through the
boundary
layer into
coolant

Transport Process of M e t a l l i c Nuclides Treated in FORNAX code

The elementary processes of metallic nuclide migration in the fuel
element treated in the FORNAX code include the birth of metallic nuclide,
ß-decay, concentration diffusion and evaporation. These processes are
treated as one dimensional unsteady diffusion problem in the coated fuel
particle system and in the fuel element system separately. Release from
the core is given by the sum of the release from the various location in
the core which has different power, temperature, failure fraction and
their time history.
EXPLANATION OF THE FORNAX CODE

Features of the FORNAX code are as follows.

(1) The release from the intact particle and the failed particle are
calculated using the power and temperature history at each location.
Release of metallic nuclide from the fuel particle is calculated by both
the diffusion process and the recoil process.
(2) The transition from an intact particle to a failed particle is
simulated as follow. The release rate of the particle at the coating
failure is assumed to change from the release rate of the intact particle
to that of failed particle in a moment. And the difference between the
inventory of an intact particle and that of the failed particle is
assumed to be released during the next time step of the calculation.
This assumptions are conservative, but the error is assumed to be small
in case of high diffusivity in the kernel. Therefore this method is
considered effective to save the calculation time.
(3) Birth rate of metallic nuclide in fuel compact is given by the
combination of the release rate from the fuel particles and the birth
rate due to fission of uranium contamination in the fuel compact.
(4) At the compact-sleeve boundary, the vapour pressur equilibrium
between the compact and the sleeve is assumed.
(5) At the graphite-coolant boundary, the mass transfer between the
coolant and the boundary layer and the vapour pressure equilibrium
between the surface of the graphite and the boundary layer are assumed.
(6) The distribution and time history of the temperature, the power and
the fraction of failed particle in the core are given as input data.
BASIC EQUATIONS

(1) Distribution of FP concentration
The distribution of FP concentration in the fuel particle and the
fuel element are calculated by the following equation.

^-

= B(r,t) -X-C(r,t) - V~J(r,t)

(r,t) = - D(r,t).f C(r,t)

where,

C(r,t)
D(r,t)
X
r
t

(1)
(2)

: F P concentration
(mole/m-^)
: diffusion coefficient (m2/sec)
: decay constant
(sec-')
: radial location
(mj
: time
(sec)
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These equations are solved for one-dimensional spheres for fuel
particle and for one-dimensional slabs and cylinders for fuel element.
Boundary conditions for fuel particle and for the fuel element
are follows.
fuel particle system
=0

C(r,t) = 0

: r=0

(3)

: r=ra (the surface of particle)

(4)

fuel element system
8C(r,t) = 0
: r=0 or the inside boundary
fcr
J(r,t) = hmass(C(rt,,t) - Co) : r= r^the surface of the
fuel element)
n

where

(5)
(6)

: mass

mass
Co

transport coefficient (m/sec)
: concentration in the stream (mole/m^)

Moreover the following assumptions are used to make a finite
dufference equation at the interface, indicating a change in physical
properties of transport medium.
(i) concentration just left of the interface is a fraction(d)of
the concentration just right of the interface.
(ii) F P currents are continuous over an interface.
(2) Recoil
The recoil process and the diffusion process in the fuel particle
are treated separately. The release rate due to recoil, Rrec (mole/ sec),
is evaluated by the following equation:
R

where

rec - ^'Wo2- T
recoil length ( m )
radius of fuel particle ( m )
F P birth rate in the fuel kernel
or the coating layer ( mole / m3 .sec)

(3) Diffusion Coefficient
The diffusion coefficient, D( m 2/sec), in the kernel, the coating
layer and the graphite is expressed as follows:
D = Do exp(--^r)

(8)

K I

where

Do
Q
R
T

constant (m^/sec)
activation energy (Joule/mole-K)
gas constant (8.314 Joule/mole)
temperature ( K )

(4) Vapour Pressure
Vapour pressure equation at the surface of the matrix or the
graphite can treat three kinds of equations, Langmuir isotherms ( PL ),
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Freundlich isotherms ( PF ) and the sum of Langmuir isothems and
Freundlich isotherms. Each equation is expressed as follows:
+ (0 - 1

InPL = (A

(9)

(D +-J-) InC

InPF = (A

where

InCjR + InC

A, B, E, D
C

CTR
PL
PF

(10)

constant obtained by the experiment
FP concentration ( m mole/Kg-carbon)
transition concentration
temperature (K)
Langmuir isotherm (Pa)
Freundlich isotherm (Pa)

ANALYTICAL RESULTS AND DISCUSSION
RELEASE FROM THE COATED FUEL PARTICLE

The release of Cs-137 from an intact TRISO particle was analyzed.
TABLE. I shows the fuel particle dimension used in this analysis. The
fraction of4 uranium contamination in the TRISO coating layer was assumed
to be 10~ . Diffusion coefficient data for Cs in the kernel and coating
layer are shown in TABLE. III. Fuel temperature for this calculation was
assumed to be held constant at 1400°C in order to study the capability of
coated fuel particle at higher temperature. Fig. 2 shows the calculated
release from the fuel particle,where the fractional release is plotted as
a function of irradiation time. Fig. 2 also shows the calculated release
from an intact particle whose diffusion coefficient in the kernel or in
the SiC layer is increased by one order magnitude or factor 3 compared
with the reference case respectively. This figure indicates that
(i) Release from an intact TRISO particle depends on the diffusion
coefficient in the coating layer and the diffusion through the intact
coating is dominant for higher temperature.
(ii) Release by diffusion through the intact TRISO coating also depends
on the diffusion coefficient in the kernel.
TABLE I. Fuel Particle Dimension

input

par am e t e r

input data

Remarks

Kernel diameter
Buffer thickness

60

Inner PyC thickness

30

SiC thickness

25

Outer PyC thickness

45
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RELEASE FROM THE CORE

TABLE. II and TABLE. Ill show the fuel rod dimension and diffusion
coefficient data used in this analysis. TABLE. IV shows the vapour
pressure coefficient data used in this analysis. The power and
temperature distribution in the core were simulated using that of four
fuel channels which represent the averaged power and temperature
distribution in each flow controll region. Furthermore, the power and
temperature distribution in each fuel channel were assumed to be held
constant for 440 days. The failure fraction of coated fuel particle was
assumed to be 10"^ and uniform in the core.
Fig. 3 shows the time dependent fractional release of Cs-137 from
the core into the coolant. Fig. 4 shows the contribution of fission
product sources in the fuel compact, (such as fuel particle and uranium
contaminaton) to the time dependent release into the compact. Fig. 4
also shows the fractional release from the failed particle by increasing
the failure fraction by one order magnitude. These figures indicate that;

(i) The fractional release of Cs-137 from the core into the coolant
depends on the irradiation time.
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TABLE H-Fuel Rod Dimension
i terns

dimens i on

Fuel compact inner diameter

1 8mm

Fuel compact outer diameter

3 6 mm

Graphite sleeve inner diameter

3 6mm

Graphite sleeve outer diameter

4 6mm

Coolant channel diameter

5 5mm

TABLE ffl. D i f f u s i o n C o e f f i c i e n t Data for Cs
Material

Do(mVs)

Q( J/mol )

Kernel

1 . 3 4 X 1 0 -"

7. 8 5 X ] 0«

B u f f e r layer

1.0

PyC l a y e r
SiC l a y e r

Rema r k s

Fuel P a r t i c l e

X10-"

Ref.

3, a)

-

b)

5.0 1 XI O"'

3.1 7X1 0 s

Ref. 3

4.1 7X1 0 -"

1 . 7 6 X 1 0s

Ref. 3

Fuel compact

1.72X1 0 -«

1.4 9X1 0'

c)

Fuel a l e e v e

1 . 7 2 X 1 0 -'

1.4 9X1 0'

Ref. 4

Fuel E l e m e n t

D (mV s ) = Do • exp (-

a)

U
-RT"> • R=8.3 l 4 ( J / m o l - k )

D i f f u s i v i t y in the kernel is uaed iollowing data in the analysis of the retease f r o m the coated
fuel particle
D o = 3 . 4 2 X 1 Or 10

Q=2.681X10*

b) This value was selected to model the rapid diffusion through buffer layer
c)

Diffusivity in the fuel compact is assumed to be two order magnitude larger than that in the fuel
sleeve.

TABLE IV. Vapour Pressure C o e f f i c i e n t Data for C s
Material
Fuel Compact

B

A
19.33

D

1.5 1 8 4.338

-47.29
XI 0 J

Fuel Sleeve

24.00

-3 5.7 3

l n CTR =
where

F
3.397

-1.56 1 6.123

2.035

-6.15

Remarks
Ref . 4

-1.786

Ref. 4

XI O"'

X10>

)+ (D-l

G

XI O" 4

XI 0 s

XI 0»

In P L (Pa) = (A +

E

CTB + lnC

F+ G• T
T : temperature

CK)
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(ii) The Cs-137 release from the failed particle and the uranium
contamination in the coating materials of the intact particle and in the
fuel matrix are dominant in the early irradiation time.
(iii) The release of Cs-137 by diffusion through the intact TRISO
coating exceeds the release from failed particle and uranium
contamination in the fuel compact when burn-up becomes high.

Fig. 5 shows the dependency of the fractional release for Cs-137
from the core at the E.O.L on the coolant gas temperature. This figure
indicates that the retention of the fuel compact and the graphite sleeve
for Cs-137 is degraded at higher temperature condition.
Cs-137

• {Retention by fuel]
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l

/

-4 Retention by !
10

fuel coonact
and
fuel sleeve
O : Release into
the compact

Release into
the coolant

5

1Ö

800
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950

Coolant Gas Temperature ['Cj

Fig.

5

Dependency of Cs-137 Release
from the Core on the Coolant
Gas Temperature.

CONCLUSION

A computer code, FORNAX, which can evaluate the metallic fission
product release from the core based on unsteady diffusion equation have
been developed. This code is applied to the VHTR core design, and the
release of cesium from the coated fuel particle and from the core are
analyzed.
In this study, the following conclusions are obtained.
(1) At higher core temperature, the contribution of the Cs-137 release
by diffusion through the intact TRISO coating to the release from the
core becomes larger and the retention of Cs-137 in the fuel compact and
the graphite sleeve is degraded.
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(2) The release by duffusion through an intact TRISO coating depends on
not only the diffusion coefficient in the SiC layer but also that in the
kernel.
These results of this analysis are considered to provide useful
information for further development of the VHTR design.
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CORE HEATUP ACCIDENT SIMULATION WITH
HTR FUEL ELEMENTS
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Abstract

The coated particle consists of a 500 pro dia. oxidic kernel surrounded by
coating layers of pyrocarbon and silicon carbide. About 20,000 of those
particles are imbedded in a spherical fuel element with a diameter of
60 mm. Fuel manufacture and the first phase of irradiation tests of
low-enriched U0„ fuels have been finished in 1984. They demonstrated low
contamination levels and a negligible failed particle fraction during
normal operations.

The main effort is now concentrating on testing coated particle fuels
under accident conditions. Therefore, irradiated fuel balls are heated in
hot cell furnaces to temperatures in the range of 1400 - 2500 °C. The
measurement of Kr 85 release is indicative of the failure of particle
coating. In addition, the measurement of long-lived metallic fission
products yields information on diffusive release from intact particles.
First results from temperature ramp and from isothermal annealing tests
are being presented.
In parallel, work on fuel performance modeling has enabled the prediction
of fission product behaviour in a given reactor design. Models to
describe the time and temperature dependent gas release in the case of
core heatup have been incorporated into the PANAMA-code, which contains
the principal mechanisms for coating failure at h?gh temperatures. The
diffusive release of metallic fission products during irradiation and
annealing has been modeled in the code FRESCO with effective diffusion

coefficients as one of the main material parameters.
Future plans for the demonstration of HTR fuel performance contain the
continuation of accident simulation tests and associated postirradiation
work, the improvement of conservative performance models, and the
performance of proof tests which are specific to reactor designs.
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1. INTRODUCTION

1.1. Fuels for the High Temperature Reactor
Particles for the High Temperature Reactor (HTR)
kernel with coating layers of pyrocarbon (PyC)

consist of an oxidic fuel
and silicon carbide (SiC),

the so-called TRISO coating. The reference coated fuel particle in Germany (Fig.

1) has a 500 ym dia.

UCL kernel of approximately 10 % enrich-

ment, a 95 ym thick buffer layer, a 40 urn thick inner PyC layer, a 35 urn
thick SiC layer and a 35 ym thick outer PyC layer. The low density carbonaceous buffer layer provides the necessary free volume for fission gases.
In addition to pyrocarbons retaining most fission products, silicon carbide of theoretical density provides an extremely efficient barrier to all
fission products.
Coated particles surrounded by matrix graphite are moulded into spherical
fuel elements for HTR's with pebble bed core (Fig.

1). The spherical fuel

element has a diameter of 60 mm. For protection of the particles the out-

er 5 mm of the element are fuel free.

The reference element has about

20,000 particles in the fuel zone. The 15 MW(e)
contains

100,000 spherical

AYR reactor in Jülich

fuel elements and the 300 MW(e)

THTR in

Hamm-Uentrop has 674,000 elements in its core.
One of the major recent achievements of relevance to fuel performance has
been the reduction of coating defects during manufacture to relative levels of < 6 * 10"5.

UO2-Kemel

Fig.
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1: TRISO Particle and Fuel Element of German Reference Design

1.2. Fuel Testing for Normal Operation
Irradiation testing on improved fuel for future HTR's utilizes the AVR at
Juelich

and

various

Material

Test Reactors.

Important performance

related parameters in the simulation of normal operations are irradiation

temperature, burnup, and the accumulated fluence of fast neutrons. Irradiation testing to date has usually been in the range:
800 - 1200 °C

8 - 14 % FIMA
25

neutrons/m2 (E > 16 fJ)

4 - 8 * 10

During irradiation the continuous monitoring of released fission gases
indicates the integrity of intact particles. The isotopes Kr-85m, Kr-87,
Kr-88 and Xe-133, Xe-135 have been measured routinely. Fig. 2 shows the

gas release during the 517 day irradiation at 1170 °C of a spherical fuel
element in the Studsvik R2-reactor.

After completion of irradiation tests in closed capsules, the distribution of fission products in fuel particles, fuel elements and external
components is measured routinely. Here, the emphasis is on the isotopes

of

long-lived

Ag-110m.

metallic

fission products Cs-137, Cs-134, Sr-90 and

While of lower consequence in reactor operation during normal

and transient conditions, these elements, particularly cesium and strontium, are sensitive indicators of small microcracks in the SiC layer which
is the main fission product barrier.

Silver is the only known element

which can diffuse through SiC rapidly at temperatures of 1150 °C and

above.
IV
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.
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Fig.
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2: Release Rate of Kr-85m from a Spherical Fuel Element

during Irradiation (Experiment R2-K13/1)
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1.3. Fuel Testing Under Accident Conditions
To simulate the effects of accidents, irradiated spherical fuel elements
are heated in hot cell furnaces to temperatures in the range of 1400 -

2500

C.

The main indicator of fuel accident performance is Kr-85. The

measurement of long-lived metallic fission products Cs-137, Cs-134, Sr-90

and Ag-110m provides insight into the combination of diffusive release and
coating failure /!/. As an example, Fig. 3 shows the kinetics of accumulated fission product release during annealing of fuel elements at a constant temperature of 1600 C. During the first 100 - 200 h of the anneal
the release of the isotopes Kr-85, Sr-90 and Cs-137 corresponds to the

contamination levels in the fuel element graphite.

In case Ib, after

1000 h of annealing at 1600 C, the measured Kr-85 release is indicative
of the failure of 10 out of 20,000 particles. Sr-90 and Cs-137 represent

release curves characteristic of the slow diffusion process through the
silicon carbide layer.
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Sr90
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Fig. 3: Release Fraction of Fission Products from Spherical Fuel
Element as a Function of Anneal Time at 1600 °C

la: AYR 70/26

Ib: R2-K13/1

2: FRJ2-K13/2

1.4. German HTR Fuel Development
Starting in the sixties, HTR fuel development in Germany concentrated on
high enriched uranium (HEU) fuels. Extensive experience has been gained

in the manufacture, irradiation qualification and licensing of THTR fuel
with 400 urn dia. (Th,U)02 BISO particles.

Further investigation of HEU

particle systems lead to the 500 vim dia. (Th,U)0 TRISO reference particle.
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In 1979, the reference fuel was changed to low enriched uranium (LEU).

Based on the positive experience with (Th,U)0_ TRISO particles, a 500 ym

dia. UO

TRISO particle of the same geometrical design was selected. The

uranium enrichment is around 10 % /2/.

For (Th,U)0

TRISO particles fuel manufacture, irradiation testing and

postirradiation examinations are largely completed. The modeling of fuel
behaviour under normal operations and in operational transients covers

most performance aspects.

Accident simulation testing with irradiated

spherical fuel elements containing (Th,U)0

TRISO particles has started

recently.

Fuel manufacture and the first phase of generic irradiation testing was
completed in 1984 for low enriched UO

TRISO particles.

Approximately

40,000 LEU fuel elements have been inserted into AVR Juelich thereby dem-

onstrating an on-load change-over of an operational HTR from HEU to LEU
fuel.

Postirradiation examinations and core heatup simulation tests of

UO. fuels have been started.

2. EXPERIMENTAL
After some initial postirradiation examinations, in particular the measurement of burnup and fission product inventories, the fuel element is

transferred to one of the special hot cells containing high temperature
furnaces

connected to helium loops and temperature control/temperature

measurement devices.

The helium loop enables the continuous measurement

of Kr-85 gas release in a liquid nitrogen cooled trap outside the cell.

2.1. Graphite Furnaces and Tantalum Furnace with Cold Finger
Two
2500

graphite

furnaces

are available which allow temperatures up to

C. A special purpose processor controls the requested rise to final

temperature and the constancy of the temperature-hold level. Additional
temperature check-ups can be performed by viewing the fuel element surface
with a pyrometer.

In this equipment it is not possible to obtain an

on-line release curve of metallic fission products. The only possibility

to determine the release of Cs-137, Cs-134 is a repeated fission product
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inventory
anneal.

measurement

by gammaspectroraetry after completion of the

A second disadvantage is the limitation of the release measure-

ment to a relative fraction ^ 0.01.

A new type of furnace has been designed with a 60 mm dia. circular disk
which is water cooled and can be exchanged without interrupting the heating.

The cold finger apparatus (Fig. 4) allows a quasi-continuous meas-

urement of fission products which have plated out on the disk. Because

these measurements are performed with a low-level background, relative
_Q

fractions as low as 10

can be determined reproducibly.

Furnace Isolation Valve

Water Cooled Condensing Plate

Gas Flow Guide Tube
Furnace Cover
Lifting Device

Spherical Fuel Element
can be heated to 1800 C
Pyrometer Window

Furnace Cover

Thermocouple
Tantalum Heating Elements
Thermal Shield

Electrical Power

Fig. 4: Cross Section through KFA Tantalum Furnace with Cold Finger
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2.2. Postannealing Examinations
From the established postirradiation examination techniques two types of
investigation are important after heating fuel elements

• In the tests to very high temperatures, 2300 - 2500

C, it is important

to show that fission gases are not completely released, but little
retention of Ag, Sr and Cs can be expected. Here, a qualitative judgement of the state of the fuel is important for the understanding of the
pertinent

failure mechanisms.

This can be obtained by ceramographic

sections through the fuel element.

• In the 1600

C isothermal annealing tests, recent results have been sur-

prisingly low both in terms of gas release and release of metallics.

Detailed postannealing examinations are required to identify the distributions of fission products between fuel kernel, particle coating,
and the graphitic matrix of the fuel element.

3. RESULTS
Under the conditions of a slow temperature rise and a limit to the maximum
accident temperature (dependent on reactor power and rating) gas release
from particle failure was lower than expected from early experimental work

and the possibility can be considered that no evacuation of the public
might be necessary in an accident. Released solid fission products remain

in the graphite components of the core and on metallic surfaces of the
primary circuit thereby contributing to the investment risk of the utility.

The latter point, which has received much interest in the aftermath

of the TMI accident, has lead to an increased emphasis on the experimental
work on solid fission product release.

3.1. 1600 °C and 1900 - 2100 °C Isothermal Annealing Tests
To

limit particle failure and fission product release, Modular Reactor

Systems (MRS) are designed with a tall and thin core. Due to the effects
of

radiation and convection, the maximum fuel temperature in an unre-

stricted core heatup will remain below 1600 C. A series of anneal tests

has therefore been performed at a constant temperature of 1600 C.
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The Kr-85 release during several recent 1600 C isothermal tests is displayed in Fig 5. Earlier work on highly irradiated unbonded particles has
-5
-4
usually shown fractional releases between 10
and 10
after 100 h at
1600

°C.

In contrast, the new data on advanced TRISO fuels remain below

10

fractional release after 100 h and can be explained in terms of gas

release from the heavy metal contamination. UO

and (Th,U)0_ fuels show

failure of 1 - 10 particles (from 20,000) during heating for 500 - 1000 h

at 1600 °C.
Fractional release of metallic fission products Sr-90 and Cs-137 is

approximately 10

during the first few hundred hours at 1600 C.

The

increase to 1 % cesium release and 0.1 % strontium release after 1000 h
(Fig. 3) is of no concern in the MRS accident scenario, because temperatures would have dropped to below 1000

C after this time.

The fractional release of Kr-85 from an irradiated fuel element annealed
at

1900 °C

is also shown in Fig. 5.

This result must be regarded as
-3
exceptionally low in view of an expected level between 10
and 1. Cesium

release in 1900 / 2100 °C anneals remains below 1 %.
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5: Kr-85 Release from Spherical Fuel Elements at Anneal
Temperatures of 1600 °C and 1900 °C

3.2. Temperature Ramp Tests to 2500 C
In the unrestricted core heatup of large HTR's with power levels 500 -

1000 MW(e), the temperature can rise from normal operation levels to
2500 °C in approx. 30 h. This accident scenario is simulated with irradi-
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ated spherical fuel elements using the graphite furnaces. In contrast to
early results showing 20 - 100 % Kr-85 release at 2500 °C, recent tests

with advanced (Th,U)0
release at 2500 °C.

and UO

TRISO fuel elements show only 1 % Kr-85

This result is not well understood because it is

expected that in the 30 h ramp to 2500

C the silicon carbide layer will

be non-existent due to the thermal decomposition of SiC at these temperatures .

4. FUEL PERFORMANCE MODELING

The minimum goal of performance modeling is to provide reactor designers
with mathematical procedures which interpolate between experimental data.

These procedures are necessary to enable the prediction of the total fis-

sion product release over the whole core with varying temperature-time

distributions.

Much effort has, however, been put into creating phys-

ical/chemical models which, apart from a small number of adjustable parameters, have a truly predictive power.

4.1. Coating Failure And Gas Release
The principal potential mechanisms for coating failure at high temperatures are
• Pressure vessel failure whereby the internal gas pressure (Xe, Kr, CO)

induces a hoop stress in the SiC layer in excess of the SiC tensile
strength. In addition to basic design and material properties, critical
data are required about a possible decrease of SiC strength during irra-

diation and annealing.
• Kernel migration ("amoeba effect") at high temperatures / temperature

gradients can lead to destruction of coating layers. Due to the homoge-

nous nature of pebble bed HTR and the low fuel density, this effect can
only be induced in specially designed laboratory experiments with irradiated particles.

• The interaction of fission products with silicon carbide can lead to a
thinning and weakening of the SiC layer ("SiC corrosion") thereby reducing strength and impermeability to fission products.
• At very high temperatures, silicon carbide thermal decomposition
SiC

<———>

Si(g) + C

leaves only a disordered carbon structure in the place of the SiC layer.
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For modeling purposes, the SIC layer becomes non-existent, because no
strength or fission product retention capabilities can be assumed.

These effects have been incorporated in the PANAMA code /3/ with models

based on laboratory data and early accident simulation test results. The
range covered by the PANAMA code predictions for 1600

C annealing exper-

iments and ramp tests to 2500 °C in Fig. 6 is due to two different assump-

tions on the effects of silicon carbide thermal decomposition on particle

failure.
It appears that the present model data tend to overpredict coating failure
due to pressure vessel effects and due to SiC corrosion. The modeling of

SiC thermal decomposition and its effect on coating failure and subsequent

gas release needs a more careful treatment. From the ramp test results to
2500 °C it becomes obvious that there is some residual potential for
retaining Kr-85 presumably by still intact pyrocarbon layers. This gas

retention by PyC can be expected to be strongly influenced by prior irradiation conditions.
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4.2. Diffusive Release of Fission Products
Because fission product release from fuel elements into the primary circuit in general increases with time and temperature, diffusion models have
been useful to reduce results from a variety of conditions to one main
parameter, i.e. an effective diffusion coefficient D.
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Its temperature

sise

dependence is expected to be governed by the Arrhenius relation

= Do e -Q/(R*T)
where Q is the activation energy. In specific cases, more complex
D

descriptions are required, i.e. accounting for the dependence of the dif-

fusion coefficient on burnup, neutron flux or concentration and the use of
two different activation energies.

For the key metallic nuclides, Cs-137, Sr-90 and Ag-110m, effective dif-

fusion coefficients are derived for every single material component of the
fuel element.

Sorption isotherms of Cs, Sr and Ag over the matrix gra-

phite determine the ratio of fission products in the gas phase / solid

phase.
Numerical simulation models of a coupled set of transient diffusion
equations are used to predict the fission product distribution and the

fission gas release from spherical fuel elements during normal operations.

In general, the agreement of the calculated releases with meas-

ured results is quite good.

Using same methods and data, Cs-137 release predictions have been performed

for 1600 °C annealing tests with the FRESCO code /4/ . Fig. 7

shows, however, a case of gross overprediction of Cs-137 release by present methods. Four points are important here:
1

I
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\FRESCO

Prediction
•••••••i
Measurements

<
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Fig. 7: Measurement and FRESCO Prediction of Cs-137 Release during
1600 °C Anneal (Experiment R2-K13/1)
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• Predictive methods, upon which reactor designs are based, are in these
cases conservative.
ictions.

Since

This is also true for Sr-90 and Ag-110m pred-

overconservative

calculations

lead

to

uneconomic

designs, there is strong pressure to reduce the pessimism in the predictions .
• There is a strong suspicion that the early laboratory work, which had
established the set of basic diffusion data, suffered from unobserved
cases of particle failure/particle deterioration which does not occur
in the accident simulation using complete fuel elements.
• The clear difference in cesium release behaviour between different fuel
elements

(Fig. 3) is conceptually not incorporated in presently used

diffusion models.

Further postanneal examinations, in particular the

profile deconsolidation, will be required to isolate the important differences .
• Further tests with systematic variations of irradiation conditions at

various anneal temperatures are required.

These are, indeed, planned

for the years 1985-88.

5. FUTURE PLANS

The remaining work in the demonstration of HTR fuel performance concen-

trates on four major goals:

• Continuation of accident simulation annealing tests
• Completion of postirradiation examinations on low enriched UO
• Adaptation of the models developed for (Th,U)0

fuel

fuel to the results on

U02 fuel
• Proof Tests under the specific conditions of the commercially offered
reactor designs in the Federal Republic of Germany
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INVESTIGATIONS ON THE WATER INGRESS IN A
PEBBLE-BED HIGH TEMPERATURE GAS-COOLED REACTOR
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Institut für Theoretische Physik,
Technische Universität Graz,
Graz, Austria
R.D. NEEF
Institut für Reaktorentwicklung,
Kernforschungsanlage Julien G.m.b.H.,
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Abstract
The water ingress in the core of an undermoderated high temperature
gas-cooled reactor can yield to a safety risk. This paper contains
investigations to test the applicability of the reactor program
GAMTEREX for criticality and neutron flux determination of water
infiltrated pebble bed cores. In order to judge precalculated reactivity worths and reaction rates, critical experiments v/ere performed in a pebble bed cell using the ringcore of the Siemens Argonaut Reactor Graz as a driver.

1. Introduction
The disturbance of a water ingress in the core of a high temperature gas cooled reactor is possible. Leaks in the steamgenerator can be
the cause,that watersteam enters the fuel zone through the primary
circuit. For an undermoderated core layout this would effect a
power excourse of the reactor and lead to a safety risk.
Investigations concerning the increase of reactivity of a pulsed
undercritical pebble bed depending on the water content have already been made in an earlier study /1/.
Our investigations permit to test the reactor program system
GAMTEREX /2/. The application of the program for the neutron flux
and criticality determination of water infiltrated pebble bed
cores should be tested in an experiment. We took the ring core
of the Siemens Argonaut Reaktor (SAR) of the Reaktor Institut
Graz as a driving zone for a pebble bed cell consisting of AVR
fuel elements. That means, that the investigations v/ere carried out
in a critical reactor system. We simulated the water ingress
by mixing polyethylene granulate with expanded polystyren.
Reactivity investigations were done by variating the amount
of the water infiltration. Measurements concerning the reaction
rate profiles through the pebble bed using different activation
foiles were carried out.
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The obtained results of the theoretical model and the measured
values are in good agreement.
2. Experimental set up

To investigate the water ingress in a pebble bed,the inner reflector of the Argonaut Reaktor was substituted by a HTR cell
(fig.1) /3/. The cell consisted of 1130 AYR fuel elements and

two graphite discs. These discs were taken as top- and bottom
reflector for the pebble bed. The ring core was composed of
24 fuel elements. Each fuel element consisted of 10 fuel plates
connected with a araphite block.We simulated the water infiltration in the pebble bed for water concentrations up to 5O% of
the gap volume with granulate of hydrocarbons.

Fig.1 ; Siemens Argonaut Reactor Graz
mit AVR fuel element cell.
1 Upper reflector of testzone
2

AVR testzone

3 SAR ringcore
4 control rod
5 SAR graphite reflector
6 lower reflector of testzone

To determine the reaction rate profiles we installed aluminum
tubes in order to give the activation foils a certain position
in the pebble bed. For the detection disc-shaped activation
foils of indium, gold, manganese,as well as wires of a high
enriched uranium-aluminum alloy were used. We chose these
materials because their main resonances are in the energy

groups interesting for our needs.
3. Theoretical model
We employed the program GAMTEREX for the calculation of the
neutron spectra, flux distributions and the effective multiplication factor, which was already successfully used in Julien.
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The program system GAMTEREX is a compilation of diffusion and
transport codes for reactor computation (fig.2). This program
includes the codes GAM-1 /4/ for the determination of the
neutron spectrum in the fast energy range, and also the THERMOSJül /5/ code covering the thermal range. The code MUPO /6/ is
available for homogenized graphite moderated reactors regions.
The two-dimensional multi-group diffusion code EXTERMINATOR-2 /?/
gives the possibility to determine the criticality and flux
distributions for 7 neutron groups. The calculation of the resonance integrals in the fuel zones of the SAR as well as in
the double heterogeneous AVR pebble bed is carried out with the
ZUT-DGL /8/ code.

ZUT-OOl

[

| THERMOS-JUl

GAM-I

/NEUTRON1
/ SPECTRA \

[FAST BROAD]
\GROUP CROSS/
.SECTION

Fig.2; Calculational model of the
neutron physical reactor layout

For the diffusion calculation the reactor had to be divided into
regions containing different material compositions (fig.3).First
each spectral zone got a Wigner-Seitz cell in a lattice of infinite dimension and the neutron spectrum was determined. Since
our reactor system has a very heterogeneous set up there is
a strong influence of neighbouring zones on their neutron spectra.
Already realizing these correlative effects of neighbouring
spectral zones during the cell calculation, we fed back again
to the spectral programs certain informations, such as buckling,
leakage and albedo by an iteration process. This iteration process
takes place after the first diffusion calculation has been made
for the complete reactor system.
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9
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10
graphite reflector and
control rods
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boundary absorber zone
19-22 pebble bed

Only for small polyethylene concentrations in the test zone the
neutron streaming effect was taken into account by correcting
the diffusion coefficients based on the theory of Behrens /9/.

4. Results
The behaviour of the multiplication factor as a function of
the water content is responsible for the description of the
water ingress in the pebble bed. From the calculation results
shown in fig.4 it is visible that the infinite multiplication
factor for the zones 19-21 achives its maximum already at a
very low water content in the pebble bed. Whereas the effective
multiplication factor, which describes the small system of the
SAR assembly, reaches its maximume value at a much higher
water content. This means, that not only the direct consequence
of the increasing hydrogen content on the multiplication of the
pebble bed,but also the interaction of the test zone with the
driving zone is responsible for the reactivity behaviour.
Because the pebble bed as well as the ring core of the SAR are
undermoderated without polyethylene.
The experimental investigations with water infiltrations in the
pebble bed were made in the range of the maximum reactivity
(fig.5). The measured values for the region between 25 and 50%
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Fig-4; Effective multiplication factor of the reactor system and
infinite multiplication factor of the pebble bed zone as function
of the water content in the testzone.
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H20-CONTENT (ACCORDING TO THE CAVITY VOLUME)
Fig.5; Effective multiplication factor depending on the

water concentration.

simulated water content are confronted with the calculated results
of k ff and show a satisfying agreement for the maximum reactivity value at 35% water content. The exact overlap of the calculated and measured values couldn't be achieved because of small
differences in the fuel elements loading.
We want to pick up only one example out of the great number of
calculated neutron flux distributions in the assembly, consisting
of 7 neutron groups. Fig. 6 shows an axial neutron flux profile
through the center of the pebble bed without water infiltration.
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Fig.6; Axial 7 group neutron flux distribution through the
center of the pebble bed testzone without water infiltration.
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Fig.7: Axial 7 group neutron flux distribution through the
center of the pebble bed testzone with a water content of 35%

By adding 35% water the moderating effect of hydrogen is demonstrated in fig.7. Whereas in fig.6 the 3rd group dominates, in fig.8
(with water infiltration) the 7
group is the outstanding one. In
connection with fig.7 we have in fig.8 the experimental results
of a reaction rate profile, working again with 35% water infiltration. The measurements made with indium -115 foils in 3 different profiles located in the center of the pebble bed, in the SAR
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Fig.B: Measured and calculated axial reaction rates through
the reactor (center of the pebble bed zone, SAR ring core and
graphite block of the SAR fuel element) for 35% water content.

core and in the graphite block of the SAR fuel element, give
good agreement with the calculated values.
Summarizing is to state, that the proof of the program GAMTEREX
with measurements in a pebble bed cell concerning the reactivity neutron flux distribution and reaction rates yield to
satisfying results.
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THE CORROSIONAL AND NUCLEAR EFFECTS OF
WATER INGRESS INTO THE PRIMARY CIRCUIT OF
AN HTR-MODULE*
G.H. LOHNERT
Internationale Atomreaktorbau G.m.b.H. (INTERATOM),
Bergisch-Gladbach, Federal Republic of Germany
Abstract

Water ingress into the primary circuit of a high-temperature
reactor caused by a tube rutpture of a steam generator is considered to be a major design basis accident due to the nuclear
and corrosional consequences of steam in a hot, crititcal graphitic core.

Both, the nuclear and corrosional effects of water ingress into
the primary circuit of a modular HTR are explained and it will
be discussed how by an appropriate core layout the reactivity
effects of steam could be completely avoided. It will be shown
that by reducing the heavy metal content of the standard pebble
fuel element from 11.3 g to 7 g all possible reactivity effects
can be held below reactivity disturbances which are caused by
postulated rod ejections and for which counter measures have
to be provided by the shutdown system anyway. Thus, for a modular HTR reactivity effects due to any water ingress into the
core will be shown to be of negligible importance.
To limit and mitigate the fuel element corrosion and their
associated consequences due to ingressed steam, several components and devices are incorporated into the plant of a modular HTR. These components and devices such as humidity detection systems, water seperators in the helium purification
plant, steam generator draining system, blower flap, ventilating systems and primary circuit relief valves are described and their influence on the fuel element corrosion will
be discussed.

At time of publication of proceedings only Abstract available.
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Finally, results on corrosion rates, maximal fuel element
burnup,
water gas generation, pressure rise in the primary
system and environmental dose rates will be given for design
accidents as well as hypothetical accidents. It will be demonstrated that water ingress into the modular HTR will pose no
grave problems to the reactor plant and its environment even
if combinations of accidents are considered which have to be
placed far into the hypothetical domain.
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AIR AND WATER INGRESS ACCIDENTS IN A HTR-MODUL OF
SIDE-BY-SIDE CONCEPT

J. WOLTERS, G. BREITBACH, R. MOORMANN
Institut für Nukleare Sicherheitsforschung,
Kernforschungsanlage Jülich G.m.b.H.,
Juelich, Federal Republic of Germany
Abstract
Air Ingress
Since the possibility of a temperature induced release of fission
products from the core has been eliminated by the design of the HTRModul, the question arose wether corrosion by air can result in a

significant release of fission products.
The design basis depressurization accident is the fracture of a fuel

element charge tube which are integrated in the reactor vessel and
enter the pressure boundary at the bottom. For this design the gas
exchange through the failed tube after depressurization was investigated. It was demonstrated by an experiment that the exchange rate
is controlled by the temperature development in the primary circuit
allone. As long as the temperature increases, thermal expansion of

the gas prevents air from entering the circuit. Thus air is first
sucked in when the temperature decreases after 100 h. But the total
amount of air entering the circuit is so small, that corrosion can
be neglected.
Massive air ingress is only possible by natural convection and requires three large leaks in the pressure boundary at suitable positions
(chimney effect). Such an event is hardly imagenable, since the oc-

currance of one leak already eliminates the mechanism for the formation of additional leaks. Nevertheless this highly hypothetical
event was considered in order to get knowledge about the behaviour
of the system under these extreme conditions. The results show that
the maximal degree of corrosion of fuel elements remains low for a
long period of time, since the corrosion zone moves through the pebble

bed core. A massive release of fission products is significantly delayed, thus plenty of time is available for counter measures.
Water Ingress
Water ingress accidents proved to be dominant for the risk of a
HTR-Modul. This is due to the fact that fission products deposited
on the surface of the primary circuit can be remobilized by re-
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action with water and steam and can be released from the primary
circuit via two release paths. One path leads via the relief valve and the ventilation system to the stack, the other via the
steam generator leak and the dump line, if a dump line valve
fails to close.
The first path would occur, if the pressure built up by steam and
warer gas causes an opening of the relief valve. Thus the pressure
built up was investigated for a broad spectrum of boundary conditions taking into account the conversion of water into steam and
the transformation of steam into water gas. The analysis has shown
that the pressure increase by steam alone will not cause an opening of the relief valve. This is also true if the dump line fails
to open although in the worst case 4 t of water therefrom 200 kg
in the form of steam would enter the primary circuit. But less than
1000 kg of steam are produced due to the suppression of natural
convection via the primary circuit. Thus the short term pressure
increase is only double as high as in the design basis accident
and not sufficient to open the primary circuit.
In any case the pressure relief valve will only open if the gas
purification plant fails. The additional pressure increase necessary to reach the set point of the valve is caused by temperature
expansion and water gas production. After having reached the
set point, which takes several hours about one third of the remobilized activity mainly Cs-137 is released from the primary circuit,
If the dump line fails to close the primary circuit will be depressurized and all the remobilized aktivity plus part of the radioactive substances released from the core by temperature increase
(mainly lodin) will be transported to the environment. This proved
to be the worst case, although under conservative assumptions not
more than 70 Ci Cs-137 (dominant nuclide) and 400 Ci I-131 escape
from the primary circuit.

1 . .Introduction
By the limitation of the maximum core temperature to values below 1600 °C under all accident conditions the temperature-induced
release of fission products from the core has been eliminated in
an HTR MODUL /1/. Consequently the core heat-up accident loses its
risk-dominating role. This means that the HTR-specific accidents
1
depressurization' and 'water ingress' become significant from

the risk point of view /2/. In conjunction with depressurization
accidents the question arises whether air ingress can endanger
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fission product retention in the fuel elements. Graphite corrosion by air could be the only mechanism having the potential
for the release of larger quantities of fission products from
the core.
On the contrary, graphite corrosion by steam has no potential
at all for a significant release of fission products from the
core. But the water ingress accident can result in a remobilization of fission products deposited on the surface of the circuit,
especially the steam generator, by reaction with water and steam
and in a release of the remobilized fission products from the
primary circuit. One reason could be the pressure build up in
the circuit by steam and water gas. One is easily inclined to
exaggerate the pressure build up in the primary circuit in conjunction with a water ingress accident because of the small
volume of the primary circuit compared with that of an HTR of

medium power size. Thus this aspect has been emphasized in this
presentation.

2 . Air Ingress
2.1 Design Basis Depressurization Accident

The design basis depressurization accident is the fracture of
fuel element charge tube which is integrated in the reactor
vessel and enters the pressure boundary at the bottom (Fig. 1).
If this tube breaks off a depressurization occurs within about
15 min until pressure is balanced between the primary circuit and
primary cell. In the course of this accident at first the remaning helium in the reactor heats up. Related to the gas exchange between primary circuit and cell, the behaviour of the average
helium temperature in the whole primary circuit is important.
During 95 h this average temperature increases from 210 °C to
a maximum value of 290 °C. Then the primary circuit gas cools
down and after 500 h an average temperature of 233 °C is reached.
Because of temperature-induced expansion and contraction gas flows
between primary circuit and cell through the failed tube. It was
to be investigated, whether combined diffusion and convection
effects in the tube result in a larger air ingress producing significant graphite corrosion.
Experiments were carried out for the investigation of the transport

phenomena in the tube. In these experiments a large heliumfilled
container was connected with the environment via a long vertical-
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fuel element
charge tube

assumed break
position
helium
HTR-MODUL , Position of the Assumed Tube Break
Fig.

1:

ly installed 65 mm diameter tube /3/. Because of fluctuations
of the container gas temperature and the atmospheric pressure,
changes of the container gas state occurred producing gas motion
through the tube, where convection and diffusion are superposed.

The air ingress in the container along the tube could be described very well by the following differential equation combining
convection and diffusion

(1 )
with
'Lu = C.
'Lu ( x , t ) = air

c o n c e n t r a t i o n along the

D n 6 ~ L»U = mass diffusivity helium-air

-5
7*10

Tkmol I

tube

»

L m

J

1/" = gas velocity in the tube produced by expansion and contraction of the container gas (see /3/)
——L
I secj
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Analysis of the experimental results and theoretical investigations has shown that transport phenomena along the tube - as
described by the differential equation (1) - are very simple, if

Then diffusion effects can be neglected.

In the case of the design basis depressurization accident of
the HTR-MODUL the inequality relation D„
/LR , <£ 'O" is always fulfilled. By the thermal expansion of the primary circuit
gas during the first 95 h convection velocities of 0.05 m/sec
occur in the tube, during the contraction phase between 95 h and
500 h velocities in the range 0.01 m/sec are established. By taking into account this information the air ingress can be estimated very simply. For a fixed atmospheric pressure - its fluctuations can be neglected here - the change of the total number of
moles of the primary circuit is influenced by the temperature
AT
change -^ only. The following differential equation governs the
time behaviour of the total number of moles N
dN
dT

N dT
= - T'ïït

By taking into account the time dependence of the average gas ternperature the total number of moles of the primary circuit is then
given by the curve of Fig. 2.

1,1 kmol sucked in
or generated by
chem. reaction

9.82 k mol helium

100 200
Time [h]
Fi

S.

2 :

__

400 500

Total Number of Moles in the Primary Circuit (0-500h)

After 95 h from originally 11.45 kmol helium, the primary
circuit still contains 9.82 kmol He. No air can penetrate against
the outflowing helium in this 95 h time interval. After this because of cooling down, gas is sucked from the cell into the pri-
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mary circuit. After 500 h besides the remaining 9.82 kmol He,
1.1 kmol gas is found there, which is either sucked in or generated
by chemical reactions with the reactor graphite.

By assuming conservatively that the gas sucked in consists of
air only 0.73 kmol N2 and 0.37 kmol CO are found in the primary
circuit, if 0 reacts completely to CO. A simple calculation
shows that only 4-5 kg graphite (from more then 100 tonnes!) are

converted by air ingress. So by averaging over 500 h the corrosion rate is less then 10 g/h.

2.2 Highly hypothetical depressurization accident

Since the blower is stopped in the case of a depressurization
accident, no air can be drawn in by forced convection. Consequently massive air ingress into the core is only possible by
natural convection. One possibility would be the so called chimney
effect, which requires three large leaks in the primary circuit
at suitable positions (Fig. 3). Such an event is hardly imagi-

©

(I) Pebble Bed
(D Bottom Reflector

(3) Reactor Vessel
a)Scheme of theHTRMODUL with Flow Paths
in the Case of a Chimney
Draught Accident

400

800
12001600
Temperature t°Cl —

b) Temperatures along the Central
Axis of the Core after 20 h in the
Case of Massive Air Ingress
Caused by a Chimney Draught
of Different Intensity
A 002kg/s,B 03kg/s.C 06kg/s

Fig. 3:
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nable since two leaks must occur in the pressure boundary and
the occurrence of one leak already eliminates the mechanism for
the formation of another leak. Nevertheless this highly hypothetical event was considered to obtain knowledge about the behaviour
of the HTR-MODUL under these extreme conditions.
The analysis of the corrosion process was carried out by the
REACT/THERMIX code M/ on the basis of three different air ingress
rates, namely 0.02 kg/s, 0.5 kg/s and 0.6 kg/s. The upper value
is to be expected if the pressure loss of the core alone controls
the ingress rate. The other two values stand for a size of the
entrance leak (Fig. 3) of 0.052m and 33«104 2 ra (design basis
depressurization accident) respectively. Pessimistically it was
assumed that pure air at a temperature of 100 °C always enters
the circuit and that the quantity of air is not limited by the
volume of the primary cell. This requires an additional large
orifice between cell and environment.

The diagram of Fig. 3 shows the temperatures along the central
axis of the core 20 h after the initiation of the chimney draught.
Due to the small chemical heat production with an air ingress
rate of 0.02 kg/s (Curve A) the bottom reflector cools down by
heat conduction within one day to such an extent that the C/0?reaction zone is shifted into the pebble bed. On the assumption
of uniform corrosion attack about two days would elapse before
a burn-off of the fuel-free zone of single fuel spheres is to
be expected. At this time 0.2 % of the fuel spheres would show
a burn-off of more than 90 % of the fuel-free zone. On this
occasion it must be pointed out that an uncovering of coated
particles does not automatically result in a fission product
release from the particles. If the potential of oxygen in the
oxidizing atmosphere is sufficiently high the SiC coating will

be converted into SiO?, which can inhibit a further corrosion
attack.
With the large air ingress rates a small fixed C/0„-reaction
zone occurs in the bottom reflector, which results in a clear
temperature peak in this component as can be seen from curves B
and C of Fig. 3. This means that the air oxygen is completely
consumed in the bottom reflector. At the prevailing graphite
temperatures the corrosion is restricted to the surface so that
the weakening of the core support structure is approximately
directly proportional to the degree of corrosion. In the cases
B and C the weakening of the reflector reaches crucial values

243

after 32 h to 40 h so that parts of the bottom reflector are
expected to fail in this time interval. This collapse affects
the further development of the accident in an unknown way. Consequently it is less meaningful to extend the corrosion calculation for beyond this time.
Fuel sphere corrosion also occurs in the cases B and C due to the
so called Boudouard reaction (C/COp). This endothermal reaction
is not locally fixed under the prevailing accident conditions
and takes place in a much broader zone than the C/0? reaction.
The consequence is that despite the high ingress rates it takes
81 h in case B and 19 h in case C to remove the fuel-free zone
of single fuel spheres. At this time 0.4 % of the fuel spheres
in case B and 0.9 % in case C show a burn-off of more than 90 %
of the fuel-free zone. The endothermal character of the Boudouard
reaction contributes to the effect that the maximum fuel element
temperatures are clearly lower (Fig. B) than in the case of an
adiabatic core heat-up. The gas escaping from the reactor vessel consists mainly of CO and Ng. The concentration of CO ai_
ways remains low.

3. Water ingress
3.1 Event sequences
A water ingress into the primary circuit of the HTR-MODUL is detected by the moisture monitoring system. It causes different
protective actions, namely: tripping of reactor and blower, closure
of the blower valve, isolation of the steam generator on the secondary side and dumping of the steam generator to the pressure
of the primary circuit from the feed water side. The operation of
the purification plant is necessary to avoid an opening of the
relief valve in the later phase of the accident.
In the case of a water ingress accident there are two paths via
which remobilized fission products can be released from the primary circuit into the environment /2/. The one leads via the relief
valve and the ventilation system pf the reactor cell to the stack,
if the pressure build up causes an opening of the valve. The other
path leads via the steam generator leak and the dump line, if a
dump line valve fails to close. This would result in a complete
depressurization of the primary circuit with the consequence that
a core heat-up at ambient pressure would take place.
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3.2 Pressure build up

The pressure build up in the primary circuit was investigated
for a broad spectrum of boundary conditions taking into account
the conversion of water into steam and the transformation of
steam into water gas. One important parameter proved to be the
quantity of water and steam entering the primary circuit. It depends on the size and position of the steam generator leak. A
leak at the feed water side (bottom) is the worst case as can be
taken from the first two lines of Table 1. The given values are
based on a double-ended fracture (2F) of one steam generator tube. This is the design basis leak size. From the risk point of
p
view, leak sizes of up to 2 cm (1F) are dominant because of their
higher occurrence probability. This leak size in conjunction
with dumping of the steam generator after 12 s causes an ingress
quantity of 460 kg, mainly water which we suppose is very quickly converted into steam, thereby increasing the pressure from
60 bar to 62.3 bar. In order to reach the set-point of the relief
valve at 69 bar additional pressure increase is necessary, which
is caused by temperature expansion and water gas production, provided the gas purification plant fails.

Table 1 :
Quantities of Water and Steam Entering the Primary Circuit in the Case of a Steam Generator Leak
of Different Size and Position with Different Plant Reactions

Leak Size

Leak Position

2F

Super Heater

2F

Quantities [kg

SG-

Dump

Steam

Water

Total

yes

75

135

210

Economizer

yes

30

460

490

IF

Economizer

yes

-10

450

460

1F

Super Heater

no

985

65

1050

IF

Economizer

no

235

3875

4110

Detection Time inclusive Isolation: 12s

In any case the pressure build up by steam alone is not sufficient to reach the set-point of the relief valve. This is also
true if the steam generator is only isolated but not dumped although in the case of a leak at the bottom side the total inventory of the steam generator would enter the primary circuit. This
is more than 4000 kg mainly liquid water as can be taken from the
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last line of Table 1. With respect to the pressure build up the
decisive question is how much water entering the primary circuit
is converted into steam. To answer that question one must know
that the gas side of the steam generator is divided by support
structures into eight practically closed vertical sections. Consequently the steam production is restricted to the volume of
one section. For the calculation of the production rate it was
assumed that instantaneous conversion of the water entering into
steam takes place as long as parts of the structure in the volume exceed the saturation temperature. After that a complete
saturation of the atmosphere in this volume by steam was postulated so that the steam production is controlled by the gas exchange between the volume and the surroundings.
The upper digram of Fig.4 shows the time-dependent ingress rate
of water and steam and the vaporization rate of the entering water. For only a few seconds all the water is converted into
steam by boiling. After that the vaporization rate drops down
to a few kg per second so that the majority of the entering water remains in the liquid form and is collected in the bottom
cap of the steam generator vessel. The vaporization from this
pool is so low that the vaporization rate drops to nearly zero
when the water ingress is finished.
The lower diagram of Fig. 4 shows the time-dependent development
of the total pressure and the appropriate partial pressures in

j,

-4«- Steam
Waterr -4- Ingress Rate
Vaporization Rate

Set-Point of Relief Valve
70Total Pressure

60-

I 10

Steam Pressure SGV
Steam Pressure RV
KO

200

300

400

Time of ter Trip (si ———*•
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500

Fig.
600

4:

Conditions in Reactor ( R V) and Steam Generator Vessel 1SGV)

of the HTR- MODUL in the
Case of no Dump after a Steam
Generator Leak of 2cm 2 (1F) at the Feed Water Entrance

the reactor and steam generator vessel. The partial pressure of
steam in the steam generator vessel, which has a strong influence
on the vaporization rate, increases to about 13 bar, whereas that
in the reactor vessel reaches less than 2 bar. The total pressure
of 65 bar remains well below the set-point of the relief valve.
This is also true if the ingress phase is extended due to a smaller leak or if the leak occurs at the top of the steam generator,
but the total pressure is about 1 bar higher. Nevertheless the
gas purification plant is capable of preventing the relief valve
from opening.
If the purification plant fails the question arises at what time
and how often the relief valve would open. Apart from the steam
content in the primary circuit the answer depends on the mean
temperature increase of the gas in the case of afterheat removal
via the surface of the reactor vessel and on the production of

water gas. The latter can be taken from Fig. 5 together with the
corresponding pressure increase. Both curves are based on a steam
content in the circuit of 600 kg (design basis accident) and on
the assumption that the blower valve fails to close. The open
blower valve results in a slight gas circulation in the primary
circuit with the consequence that all the steam comes into contact with the hot graphite. If inhibiting by the reaction products is not taken into account, it takes about 12 h to convert
80 % of the steam into water gas. In this case the pressure relief valve would open after 4.5 h /2/. The time interval is extended to 5.5 h, if the blower valve duly closes so that only
the steam in the core can react. In reality one has to expect
an opening of the relief valve not earlier than 5 to 6 h because

500without Inhibiting by
reaction products

250o**

z

12

Fig

.

5 ;

——————

Time Dependent HjO-Consumption and Pressure Increase after the Ingress of 600kg Steam into

the HTR-MODUL with the Blower Valve Open
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of the inhibiting effect of the reaction products. At that time
the water gas content does not exceed the flamability limits
so that the formation of burnable mixtures in the release path
can be excluded.

On opening of the relief valve about 10 % of the gas inventory
is released from the primary circuit. After having closed the
valve would not open again since the new pressure build up is
not sufficient to reach the set-point of the relief valve.
3.3 Radiological consequences

The opening of the relief valve may result in a release of 30 %
of the remobilized fission products due to the fact that the gas
is released from the steam generator vessel in which a higher
concentration of the remobilized fission products must be expected. At least this is true in the most probable case when natural convection via the primary circuit is completely stopped
by the closure of the blower valve.
If the dump line of the steam generator fails to close in the
case of a leak larger than 1F the primary circuit would be depressu-

rized at the latest after 10 h. This proved to be the worst case
from the radiological point of view because all the remobilized
fission products plus the fission products released from the
core by temperature increase during depressurization would be
transported into the environment. Under very pessimistic assumptions 70 Cs-137 (dominant nuclide) and 400 Ci I-131 were estimated in /2/. There are a lot of indications that these values are
much too high. For instance, it is to be expected that the application of new experimental results will reduce the Cs-137 release
to about 1 Ci.
4. Conclusion
The analysis of air ingress accidents has shown that in the case
of the design basis depressurization accident the total quantity
of air entering the primary circuit is so small that graphite
corrosion can be neglected. Even in case of a chimney draught,
the occurrence of which is hardly imaginable, at least 19 h elapse before corrosion-induced fission product release from the coated
particle is to be expected. Therefore the general conclusion is
justified that in any case there is plenty of time for countermeasures. From the risk point of view graphite corrosion by air
is negligible.
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The analysis of water ingress has shown that the pressure increase by steam alone will not cause an opening of the relief valve.
This is also true if the dump line of the steam generator fails
to open although the total inventory of the steam generator may
enter the primary circuit. In any case the relief valve will
only open if the gas purification plant fails. The additional pressure increase necessary to reach the set-point of the valve
is mainly caused by thermal expansion. The water gas production
is too slow to influence the short-term pressure build up especial-

ly
to
of
to

if the inhibiting effect of the reaction products is taken inaccount. From the radiological point of view not the opening
the relief valve but failure of the dump line to close proved
be the worst case.
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Abstract
In the E x p e r i m e n t a l VHTR b e i n g d e v e l o p e d in
J A E R I , Reactor Vessel C o o l i n g System (RVCS) is p r o v i d e d
to remove residual heat and fission product decay heat
froi the core at the postulated accidents, e.g. r a p i d
depressurization accident or
total loss of
forced
c i r c u l a t i o n accident. The RVCS is one of the e n g i n e e r e d
safety features of the VHTR.
C o o l i n g c a p a b i l i t y of the RVCS is analyzed. The
p r i m a r y means of heat transfer from the core is heat
conduction of the core structure m a t e r i a l s and r a d i a t i o n
heat transfer between the reactor vessel v a i l and the
R V C S c o o l i n g water tube surface b e i n g kept below 60 "C.
For this a n a l y s i s , two d i m e n s i o n a l R-Z c y l i n d r i c a l m o d e l
was used.
This paper shows c a l e u l a t i o n a 1 methods for the
e f f e c t i v e t h e r m a l c o n d u c t i v i t y and the natural c o n v e c t i o n
f l o w in the core. And some a n a l y t i c a l results of the
total loss of forced c i r c u l a t i o n accident are also
presented.

1. Introduct ion
In the E x p e r i m e n t a l VHTR b e i n g d e v e l o p e d in J A E R I , Reactor
Vessel C o o l i n g System (RVCS) is p r o v i d e d as an e n g i n e e r e d safety
feature to remove residual heat and fission product decay heat
from
the core at the
postulated
accidents,
e.g.
rapid
depressurization accident or total loss of forced c i r c u l a t i o n
accident.
Table 1 Design Parameters of Reactor and Core
M a i n design data of the
Experimental
VHTR
are
summarized in Table.I. 1 '
50 HV
Reactor thermal output
The reactor w o u l d be shut
Reactor inlet coolant température
395 °C
down
when
the
RVCS
is
950 °C
Reactor outlet coolant temperature
e m p l o y e d . The RVCS consists of
Primary coolant pressure
40 Kg/cm^
a number of c o o l i n g
water
Low enriched
Fuel type
tubes
s u r r o u n d i n2 g
reactor
coated particle
pressure
vessel ^ and
is
Prismatic
Fuel element type
operated
during
normal
operation.
The
reactor
graphite block
pressure vessel is cooled by
Core effective height
4.2 m
means
of
radiation
heat
2.46 m
Core equivalent diameter
transfer between its w a l l and
Power density
2.5 W/cc
the c o o l i n g water tube surface
5.6 m
Reactor
pressure
vessel
diameter
whi^ch are m a i n t a i n e d
be low
Number
of
primary
cooling
system
2
60 °C by c o o l i n g water.

251

VESSEL COOLING SYSTEM

11

•

il— RADIATION

THERMAL
SHIELDING ———
PLATE
;
NATU1 .AL
CONV]:CTION
-1- RADIJLTION
+ COND1JCTION

2?
o

H
U
§
O

UPPER
REFLECTOR —— -(

o

REPLACABLE
H

o
»-t
H

PERMANENT

£

o
LOWER

1

REFLECTOR ^__
1
LOWER
SUPPORT -^_____
i
HOT
PLENUM ———— i
INSULATION — ^
LAYER

z

6
»-t
H

O

S

ëL

*i

)

RADL* TION
+ cotDUCTION

3 VESSEL COOLING SYSTEM
n

z
NATURAL CONVECTION

In
order
to
investigate
characteristics of c o o l i n g performance
of the RVCS, température behaviors of
the core, reactor pressure vessel at the
total
loss
of
forced
circulation
accident vas analyzed by using
tvo
dimensional
R-Z c y l i n d r i c a l
reactor
•odel shovn in the Fig.l.
In the analysis ve take natural
c o n v e c t i o n flow into consideration which
w o u l d be expected to d e v e l o p through the
c o o l a n t channels of the core since hot
gas stream of the natural convection
m i g h t jeopardize the i n t e g r i t y of the
top head of reactor pressure vessel.
Our
preliminary
analyses showed
that the h i g h e r p r i m a r y system pressure
is h e l d , the more the natural convection
flow rate is enhanced.
This
paper g i v e s a
calculation
method
of
the
effective
thermal
c o n d u c t i v i t y and the natural convection
f l o w in the core. And some a n a l y t i c a l
results
are also presented on
the
t e m p e r a t u r e b e h a v i o r under the total
loss of forced c i r c u l a t i o n
accident
resulted from the core o u t l e t inner p i p e
rupture.

s.
PRESSURE
VESSEL

VESSEL COOLING SYSTEM

2. A n a l y t i c a l Model
Fig.l

Stated
previously,
temperature
transients at the accident are analyzed
by e m p l o y i n g the R-Z c y l i n d r i c a l model.
The f o l l o w i n g assumptions are made:

R-Z cylindrical model of the
temperature transient analysis

i)

Heat transfer of the gap between s o l i d materials
both conduction and radiation.
ii) Heat
transfer by
the
natural convection
is
considered both in the core and on the outer w a l l of
reactor vessel. To consider the heat transfer between
the natural convection flow and the fuel rod, f i v e
postulated coolant channels are g i v e n in the core,
iii)
The core composed of the h e x i a g o n a l graphite blocks
w i t h fuel rods and coolant channels is homogenized
w i t h effective thermal c o n d u c t i v i t y .

are

2.1 C a l c u l a t i o n of Effective Core Thermal C o n d u c t i v i t y
(1) Effective R a d i a l T h e r m a l C o n d u c t i v i t y

To o b t a i n the effective thermal c o n d u c t i v i t y . we took the
f o l l o w i n g two steps. The first step determines effective t h e r m a l
c o n d u c t i v i t y of the hexagonal graphite blocks,
and the second
step determines the o v e r a l l effective core thermal c o n d u c t i v i t y of
o v e r a l l core. In assigning thermal conductivity values of
the
graphite m a t e r i a l itself in the core, neutron i r r a d i a t i o n is taken
into consideration.
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First

Step

Using a t w o - d i m e n s i o n a 1 FEM code, a d e t a i l e d heat c a l c u l a t i o n
is carried out for both fuel and control blocks. F i g u r e 2 shows a
set
of mesh points and the boundary c o n d i t i o n s for
this
c a l c u l a t i o n of fuel block.
For heat transfer of the gaps w i t h i n the fuel b l o c k , we
treated conduction of the gas and r a d i a t i o n between its b o u n d i n g
surfaces.
In the c a l c u l a t i o n two opposite w a l l s of the boundary
of g r a p h i t e b l o c k were a d i a b a t i c and the rest were M a i n t a i n e d to
be constant temperature of Tl and T2 (TKT2) .
Total heat flux
Q(Kcal/hr) over the T l - w a l l can be obtained from the c a l c u l a t i o n .
On the other h a n d , a s i i i l a r c a l c u l a t i o n was carried out on a
h y p o t h e t i c a l homogeneous graphite block w i t h the same sizes and
b o u n d a r y c o n d i t i o n s by v a r y i n g its thermal c o n d u c t i v i t y R as a
v a r i a b l e s . Fro« this c a l c u l a t i o n s , we can obtain total heat f l u x
Q(K) (Kcal/hr) over the T l - w a l l as a function of v a r i a b l e K.
Then, we can determine the
effective t h e r m a l c o n d u c t i v i t y Ke
Tl
of the fuel block as a solution
( Constant Temperature Condition )
of
the
equation
Q(K)=Q.
Temperature dependence of Ke is
able to be surveyed by r e p e a t i n g
the
above m e n t i o n e d procedure
with
changing
Tl
and
T2
var ious ly.
The
effective
thermal
c o n d u c t i v i t y of the control rod
block is also d e t e r m i n e d by a
s i m i l a r c a l c u l a t i o n . However, it
should be noted that the control
block has a strong
direction
dependence of heat c o n d u c t i v i t y
because
of
its
large
hole
conf igurat ion.
( Constant Temperature Condition )
The
effective
thermal
c o n d u c t i v i t i e s o b t a i n e d for the
Fig.2 Schema of -mesh division
fuel and control blocks are shown
for calculation of effective
in F ig.3.
thermal conductivity

Second Step
Here we proceed to evaluate the effective thermal c o n d u c t i v i t y
by using 1/6 s y m m e t r i c a l core model shown in Fig.4. Mesh d i v i s i o n
and boundary c o n d i t i o n s of this c a l c u l a t i o n are also shown in
the same figure Hexagonal blocks and hatched ones present fuel
blocks and control rod ones, respectively. Thermal c o n d u c t i v i t i e s
of
both
blocks are replaced with the
effective
thermal
c o n d u c t i v i t i e s obtained in the first step. All gaps between
hexagonal blocks are assumed to be 1 mm w i d t h in the m o d e l . Then,
from a c a l c u l a t i o n l i k e one carried out in the first step, we
d e t e r m i n e d the effective r a d i a l thermal c o n d u c t i v i t y over the core
and its temperature dependence.
In a d d i t i o n to the effective thermal c o n d u c t i v i t y .
two
dimensional
R-Z c y l i n d r i c a l reactor model
needs
effective
v o l u m e t r i c specific heat (Cv).
It was evaluated from the
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f o l l o w i n g well-known equation.
Cv = S Vn-Cn-ft / Vt
n

(1)

where
Vt
Vn
Cn
Pn
53

: a total v o l u m e of the core
: v o l u m e of M a t e r i a l n
: specific heat of m a t e r i a l n
'• density of m a t e r i a l n
: sunaation over all naterials
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CONTROL BLOCK
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IS ïs

CORE
15

0

500
Temperature

Fig.3

1000
('C )

Effective Thermal Conductivities

Tl

FUEL BLOCK

( Constant Temperature
Condition )

GAP
CONTROL BLOCK

ADIABATIC

T2 ( Constant Temperature Condition )
Fig.it

1/6 Symmetrical Core Model

(2) A x i a l Effective Thermal C o n d u c t i v i t y
The core •ode1 needs a x i a l effective t h e r m a l c o n d u c t i v i t y
(Kea) as w e l l . Ve e v a l u a t e it from the f o l l o w i n g e q u a t i o n .

Kea = ( K f - A f + K g - A g )/ At

254

(2)

where
At
Af
Ag
Kf

s
:
:
:

total cross-sectional area of the core
total cross-sectional area of fuel compact
total cross-sectional area of g r a p h i t e
thermal c o n d u c t i v i t y of fuel compact

Kg : thermal c o n d u c t i v i t y of g r a p h i t e
2.2 A n a l y s i s of N a t u r a l Convection Flow
In

the

accident,
develop

core

due

distribution
in

the

outlet

pipe

rupture

natural convection flow m i g h t
to the r a d i a l

temperature

of the core which

density

difference

results

of

helium

between in the coolant channel of the
core
and near the reactor pressure
vessel wall. This density difference
becomes
a m o t i v e head
of
natural
convection flow in the core.
In this section we d e v e l o p a natural
convection model and analyze the natural
convection flow. In the schematic model

NATURAL
CIRCULATION
FLOW >

shown in Fig.5, heat r e m o v a l by n a t u r a l
convection in the core is assumed to be
completely
described
by
the
five

hypothetical
with

values

adjusted
regions.

coolant channels
of

heat

assigned

transfer

areas

a p p r o p r i a t e l y for d i v i d e d core
The values of heat transfer

areas were determined by m u l t i p l y i n g the

sum of inner and outer surface areas of
a real coolant hole by the total number
of coolant holes being included i n the
corresponding region.
Fig. 5 Conceptual Schema of the Natural
natura 1
The heat transfer by the
Circulation Flow Model
convection
flow is
assumed to
be
occurred in the coolant channels of the
core and on the top head and the side
w a l l of the reactor vessel.
Based upon the Fig.5, the basic eqations of the natural
convection flow become

J/Uz)dz + Juli * JD)°o(z)dz * JûHo = 0 , (i=l,2.""5)
Ao-Uo'ft

(3)

(4)

where

P(z)

UK
X
De
Z
g
A

coolant density at the p o s i t i o n Z
(P-k -u/2g-De)dz (friction loss)

f r i c t i o n loss factor
e q u i v a l e n t diameter of coolant c h a n n e l

a x i a l POS i t ion
gravity acceleration
cross sectional area

Equation (3) states that the integrated head is equal to the
integrated f r i c t i o n loss a l o n g the closed flow pass. E q u a t i o n (4)

is the equation of c o n t i n u i t y for the steady f l u i d flow.
By s o l v i n g Eq. (3) and (4), we can o b t a i n the stationary
natural convection flow rate. 3 )
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3. Results and Discussions

The core outlet inner p i p e rupture accident is identified as
one of the most severe accidents in the Experi»ental VHTR. The
accident would be assumed to result in the total loss of forced
c i r c u l a t i o n flow or a far reduced coolant flow in the core
d e p e n d i n g on the broken opening size of the core outlet inner
pipe.
Ve show soie ana lyt ica 1
Table 2 Suuary of Analytical Conditions of the
results
about
température
behav i or of the core and the
Core Outlet Pipe Rupture Accident
reactor pressure vessel under
the accident conditions. Hain
50 HV x 1.02
Pover
analytical
conditions
are
Power distribution
BOL
presented in Table.2.
Decay heat
ANS Standard * 1.2
In
the
following
Core coolant flow rate
15.72 KK/S
p a r a g r a p h , some discussions on
Scran Delay ti«e
5.0 sec
the a n a l y t i c a l results
are
Surface temperature of RVCS
60 °C
g i v e n , e s p e c i a 1 ly as noting the
effects
of
the
natural
Heat transfer coefficient of H = 1.25( TV - Too)
convection
flow
and
the
RPV outer natural convection TV :RPV surface temp.
thermal s h i e l d i n g plate on the
Too: Reactor rooi temp.
temperature b e h a v i o r .
(1) Core m a x i m u m temperature

A n a l y t i c a l result of the m a x i m u m core temperature is g i v e n
Fig.6.

It

shows that the core m a x i m u m temperature reaches

in

about

1320*C in the case of considering the effect of natural convection
flow in the core, and about 1220°C in the case of not considering
it. This is e x p l a i n e d such that the natural convection flow works
to transport heat from the lower part of core to the m i d d l e or
upper part where the core m a x i m u m temperature apperars. In other
words,
the
natural
convection flow leads
a
temperature
r e d i s t r i b u t i o n whose h i g h e r temperature is shifted to the upper
part of core. This means that there is a possibility to heat up
the top head of reactor vessel by the hot stream of natural
convection and the heat radiation from the core.
From Fig.6, we can also see that the thermal s h i e l d i n g p l a t e
has
only a little effect on the m a x i m u m core temperature
behav ior.
(2) M a x i m u m temperature of reactor pressure vessel
F i g u r e 7 shows an analytical result on the m a x i m u m temperature
b e h a v i o r of the top head of the reactor vessel. R e l a t i v e l y large
temperature difference appears between the
cases
with
and
without considering the natural convection flow.
It should be interpreted not by a direct effect of the hot gas
stream of the natural convection but by the shift of the core
m a x i m u m temperature to the upper part of the core as stated
before. In other words. the shift of the core temperature
d i s t r i b u t i o n increases the amount of heat r a d i a t i o n from the core
to the top head of reactor pressure vessel.
This is a reason why the thermal shielding plate is provided
under the top head which would be expected to shield the heat
radiation from the top structure of the core. Figure 7 shows that
the thermal s h i e l d i n g plate work very well to reduce
the
temperature of top head with only a l i t t l e temperature rise of the
core as seen in Fig.6.

256

1500
NO NATURAL CONVECTION
& THERMAL SHIELDING

l 1000
CL

NATURAL CONVECTION
& THERMAL SHIELDING

E

NATURAL CONVECTION & NO THERMAL
SHIELDING

0

10001500

500

Time

(min.)

Fig.6 Transient Behavior of "Maximum Core Temperature

1000
NATURAL CONVECTION & NO THERMAL SHIELDItj

1 500
o
S3

'' NATURAL CONVECTION &JTHERMAL SHIELDIlj

NO NATURAL CONVECTION & THERMAL SHIELDING

0

500

1000

Time
Fig.7

1500

(min.)

Transient Behavior of Maximum Top Head Temperature

T y p i c a l d i s t r i b u t i o n of the isotherial l i n e in the reactor is
given in Fig.8.
4.

Cone 1 us i ons

The conclusions obtained are as follows:

(1)

Reactor V e s s e l C o o l i n g Syste« of the E x p e r i m e n t a l
VKTR
has a s u f f i c i e n t c o o l i n g c a p a b i l i t y for the r e a c t o r core at
the t o t a l loss of forced c i r c u l a t i o n a c c i d e n t .
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1140
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Time when core temperature reatches maximum

*2

Time when top head temperature reaches maximum

Isothermal Line Distribution In the Reactor
with Natural Convection 6. Thermal Shielding

( Unit : *C )

(2)

It is found that n a t u r a l convection in the core w o u l d
have a great effect on the core temperature r e d i s t r i b u t i o n
w h i c h w o u l d i n f l u e n c e the temperature b e h a v i o r of the top
head of reactor vessel.
(3)
It is
shown that the thermal s h i e l d i n g plate works
w e l l to keep the top head of reactor vessel below its
acceptable temperature l i m i t .
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THERMAL AND HYDRAULIC BEHAVIOURS
DURING START-UP OF EMERGENCY REACTOR COOLING
SYSTEM FOR THE EXPERIMENTAL VHTR

T. ASAM1, A. KUDO
Babcock Hitachi K.K.,
Tokyo
M. HIRANO, K. SUZUKI
Department of Power Reactor Projects,
Japan Atomic Energy Research Institute,
Tokai-Mura, Ibaraki-ken

Japan
Abstract
The start up characteristics of Emergency Reactor Cooling System
for the experimental VHTR by JAERI, were investigated.
Water injection tests were carried out using 4 full sized vertical tubes.
The flow instability observed during water injection tests could be eliminated by installing multi-stage orifices at the tube inlet.
The range of thermal stress induced in the tubes were below 10 kg/mm^,
and didn't cause any structural problems during about 100 times of water
injection test.
Calculated tube wall temperature transient during rewetting and quench
front velocity showed fairly good agreement with the experimental results.

1.

Introduction

In the experimental VHTR by JAERI, Emergency Reactor Cooling System
(ERGS) is provided to remove residual and decay heat from the core during
postulated accidents such as rapid depressurization accident.
This system, as shown in Fig. 1, is composed of many cooling tubes
arranged outside the reactor pressure vessel.
In case of accidents, the cooling tubes are flooded by water injection,
and cools down the reactor core by absorbing heat radiation from the reactor
pressure vessel.
Under normal operating conditions, these tubes are maintained to be
400 °C and quenched by water injection.
Therefore, to develop the ERGS, its starting up characteristics should be
verified as well as the core cooling capability.
So water injection tests using 4 full sized vertical tubes, were conducted to investigate.
(1)

Thermal and hydraulic behavior during rewetting

(2)

Flow stability in parallel tubes

(3)

Structural integrity of cooling tubes

Furthermore an analytical study on rewetting was carried out and compared
with the experimental results.
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LOMLC

Conduction

LOCA
Radiation
Cooling Tubes
(-4OO C Before Start Up)

Residual
&
Decay Heat

Cooling Water
Fig. I

Concept of ERCS for VHTRex

2. Experiment
2.1

Experimental apparatus

Fig. 2 shows a schematic diagram of the experimental apparatus.
The apparatus consists of test section and flow control system of
cooling water.
The flow control system includes a preheater, water tank, constant flow
circulating pump, flow meter, by-pass circuit and a pair of quick acting
valves.

Boiler

® Test section

Orifice Flow Meter

Water Tank
Pump

(|) Heater

Pressure Guage

Fig. 2

2.2

(6) By-pass Line

Schematic Diagram of Experimental Apparatus

Test section

Test section used in this study is shown with measurement locations in
Fig. 3.
The test section consist of 4 vertical tubes connected with the inlet
and outlet headers. The specifications of the test section are summarized
in Table 1.
Test parameters selected in this study are shown in Table 2.
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) ~(5) ;

Wall and Water Temp. Measuring Point

I ~(Q) ; Strain Measuring Point
Fig. 3

Test Section and Measurement Location

TABLE I Specification of Test Section

Material

2 lX4Cr- t Mo

Tube O. 0.

34

mm

Tube Wall Thickness

3. 4

mm

Tube Length

4

Number of Tubes

4

m

TABLE 2 Test Parameters
Inlet Water Temp.
Inlet Water Velocity
Initial Wall Temp

2.3

20,

50

5 ~ 1 2
4OO

°C
cm/s
'C

Experimental procedure

All tests reported here were conducted at atmospheric pressure.
At the start of each test, the power to the heater was turned on and
the wall temperature was brought up to the desired value. While the water
flow rate was set by flowing the water through the by-pass circuit. Then
the power was turned off and water injection was performed by diverting the
water flow from the by-pass circuit to the test section. The signals from
thermocouples and transducers (flow rate, pressure and strain) were recorded
by oscillograph and digital recorder.
2.4

Experimental Results & Discussion

(1)

Occurrence of flow instability
Fig. 4 shows transient fluid temperature, pressure and strains during
water injection. Fluid temperature osillation with the range of about
+ 20 °C was observed.
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Test Condition
Inlet Water Temp.
Inlet Water Velocity
Initial Wall Temp.

20

•c

6 crn/s
40O

"C

——— Water Temp.

.^ Pressure
__j(SC

~cr
if

Inlet

strain
("L ; Longitudinal
\.T ! Tangential

Pressure

Tain

Water
Temp.

Fig. 4

Transient Fluid Temperature. Pressure, And Strain of Tubes During Rewetting

.(Without Inlet Orifice)

At the same time, water temperature rise in the inlet header (outside
heater insulation) was recorded.
This suggests that strong flow instability with reverse flow
occurred.
Furthermore, tube vibration and flow noise were observed.
(2)

Effect of installing multi-stage orifices at the tube inlet
The above mentioned phenomena were regarded as a typical parallel
channel flow instability with high heat flux ( ^ 10^ kcal/m^-h) and low
mass velocity ( •* 50 kg/m^-s)
To eliminate this flow instability, 3 stage orifices were installed
at the tube inlet.
Fig. 5 shows transient fluid temperature, pressure and strains after
installing flow restrictions.
Fluid temperature oscillation disappeared and water could be smoothly
injected without tube vibration and flow noise.
The range of thermal stresses induced at the tube inlet were below
10 kg/mm^ and didn't cause and structural problems during about 100 times
of water injection tests.

(3)

Quench front velocity
Fig. 6 shows the relationship between quench front velocity and
distance from the tube inlet. Quench front velocity increases with the
distance from the tube inlet.
This velocity increase can be attributed to the precursory cooling
effect that the tube wall is cooled down by steam and liquid droplets
before rewetting.
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ORIFICE

Inlet Water Temp.

HEADER

Inlet Water Velocity
Initial Wall Temp.

•c

2O

cm/s

6

•c

400

Orifice Diameter

mm

5

Fig. 5 Transient Fluid Temperature, Pressure And Strains of Tubes During Rewetting
(With Inlet Orifice)

Test Condition

Initial Wall Temp.

400

Inlet Water Temp.

15

I

Inlet Water Velocity

O
A
O

'C

20 t
5. 6 cm/s

9. 5 cm/s
1 4. 4 cm/s

* 10
>

I
1

2

Distance from Tube Inlet

Fig. 6 Quench

3
(m>

Front

Velocity

Versus

Distance from Tube inlet

(4)

Quench temperature
Fig. 7 shows the relationship between quench temperature and inlet
flow velocity.
In case that initial tube wall temperature was 400 °C, quench temperature was in the range of 250 °C - 300 °C and didn't show any tendency
upon inlet flow velocity.
(5)

Maximum heat flux near the quench front
Fig. 8 indicates the relationship between the maximum heat flux near
the quench front and distance from the tube inlet.
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Maximum heat flux was about 5 x 1CP kcal/m^'h and decreased gradually
towards the tube outlet, owing to the above mentioned precursory cooling
effect.
Rather small heat flux near the tube inlet can be attributed to the
intial tube wall temperature distribution which decreases to about 350 °C
at the ends.
3.

Analytical investigation

An analytical study was carried out to estimate tube wall temperature
transient during rewetting and quench front velocity.
In this investigation, the analysis method considering precursory cooling
effect which was used by C.L. Tien et al.^D in the study for LOCA of LWR, was
adopted.
3.1

Analysis method

(1)

Basic Equations
From the energy balance for the length AZ of the tube, basic equation
can be described as equation (1).
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In equation (1), the axial heat conduction is assumed to be approximated by a one dimensional conduction model, and radiation heat transfer
and heat loss from the tube are neglected.

Cw • Cpw • 6w

kw • 6w

- h(T - Ts)

(1)

where
specific weight of tube (kg/m^)
specific heat of tube (kcal/kg*°C)
Thickness of tube wall (m)
thermal conductivity of tube (kcal/m-h-°C)
axial distance from the tube inlet (m)
heat transfer coefficient (kcal/m2'h-°C)
temperature of tube wall (°C)
saturated temperature (°C)
time (h)

Cpw
6w
kw
Z
h
T
Ts
t

Initial and Boundary Conditions
t - 0

(2)

T = 400 °C

0 < Z < i
Z

(3)

0,1

3Z

where

I : tube length (m)

Precursory

Cooling Region
Quench Region
Forced Convection

Region

where,

N*
hg ( - 70OO Kcal/n* h -'C )

hyy • hg / l O

N ; quantity that characterizes the magnitude

of precursory cooling ( - 62. 5*V "a

6 l5

)

• ; exponential power { » 5 }
•y ; spray flow rate per unit perimeter

2o ; location of quench point

(g/on-s!

(m)

2 ; location in the region of spray flow (mi
Fig.

9

Hut Transfer Model

(2)

Heat Transfer Model
Heat transfer model is shown in Fig. 9.
Heat transfer coefficient along the tube was divided into 3 regions
as follows.

(a)

region of spray flow
h_
-a(Z-Zo)
h --2-e

(4)

N
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(b)

quench point

h = hB (= 7 x 103 kcal/m2-h'°C)
(c)

(5)

upstream region of the quench point

(6)

h = hB/10
where

Zo : quench point (m)
N : quanty that characterizes the magnitude of precursory cooling
(62.5 i|> -0.615)
a : exponential power (= 5)
i|> : spray flow rate per unit perimeter (kg/m'h)

Quench temperature was selected to be 250 °C according to our experimental results.
The heat transfer coefficient (6) is a modification from the model by
C.L. Tien et al. and was applied to the region between the quench point
and the location where the tube wall was cooled down to saturation
temperature.
The basic equations were converted to finite difference form and
solved using Crank-Nicolson's method.

3.2

Analytical Results and Discussion

Fig. 10 shows a comparison with the analytical and the experimental
results of tube wall temperature transient during rewetting. The analytical
results indicate fairly good agreement with the experimental results except
the tube outlet region. It is seemed that the earlier quenching of the
outlet tube wall was caused by condensate falling from the outlet header.
Fig. 11 shows the calculated quench front velocity with the experimental results. In spite that a simple analysis method was applied, the
agreement between the analytical and the experimental results was fairly
good.
o
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Conclusions

(1) During water injection, strong flow instability occurred without
orifice. But the flow instability could be eliminated by installing multistage orifices at the tube inlet.

(2) The range of the thermal stress induced in the tubes were below
10 kg/mm^, and didn't cause any structural problems during about 100 times
of water injection tests.
(3) Calculated quench front velocity and transient wall temperature which
includes precursory cooling effect by mist flow, showed fairly good
agreement with the experimental results.
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SIMULATION OF THERMAL RESPONSE OF THE
250 MWT MODULAR HTGR DURING
HYPOTHETICAL UNCONTROLLED HEATUP ACCIDENTS*
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Abstract

One of the central design features of the 250 MWT modular HTGR is
the ability to withstand uncontrolled heatup accidents without severe
consequences. This paper describes calculational studies, conducted at
Oak Ridge National Laboratory under the auspices of the U. S. Nuclear
Regulatory Commission's HTGR Research Program, to test this important
design feature. A multi-node thermal-hydraulic model of the 250 MWT
modular HTGR reactor core was developed and implemented in the IBM CSMP
(Continuous System Modeling Program) simulation language. The code is
capable of predicting the peak fuel, reflector, and reactor vessel
temperatures reached following permanent loss of forced primary coolant
circulation accidents with or without concomitant loss of steam generator
cooling water flow or accidental depressurization of the helium primary
coolant.
Survey calculations show that the loss of forced circulation accident
with loss of steam generator cooling water and with accidental depressurization is the most severe heatup accident. The peak hot-spot fuel temperature is in the neighborhood of 1600°C. Fuel failure and fission product
releases for such accidents would be minor. Sensitivity studies show
that code input assumptions for thermal properties such as the side
reflector conductivity have a significant effect on the peak temperature.
A computer model of the reactor vessel cavity concrete wall and its
surrounding earth was developed. This model was used to simulate the
extremely unlikely and very slowly-developing heatup accident that would
take place if the worst-case loss of forced primary coolant circulation
accident were further compounded by the loss of cooling water to the
reactor vessel cavity liner cooling system. The simulation results show
that the ability of the earth surrounding the cavity to act as a satisfactory
long-term heat sink is very sensitive to the assumed rate of decay heat
generation and on the effective thermal conductivity of the earth. Soil
properties at some sites may not be suitable.

*Research Sponsored by the Office of Nuclear Regulatory Research, U. S.
Nuclear Regulatory Commission, under Interagency Agreement DOE-40-551-75 with
the U. S. Department of Energy under Contract DE-AC05-840R21400 with Martin
Marietta Energy Systems, Inc.
Notice: This document contains information of a preliminary
nature. It is subject to revision or correction and therefore
does not represent a final report.
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1.

INTRODUCTION

This paper describes computer code development and accident sequence
calculations performed at ORNL, under the sponsorship of the USNRC HTGR
safety research program, to establish essential features of heatup
accidents of the 250 MW modular HTGR. The work to date has been primarily directed toward the "in-line" design, so called because the steam
generator is located directly above and in vertical alignment with the
reactor core. Both the core and steam generator are housed within a
single steel pressure vessel.
Two different computer codes are discussed in this paper. The
first code, described in Section 2, has multi-node reactor core, reflector, and reactor vessel models and in addition calculates the primary coolant circulation and pressure and heat transfer to the steam
generators. This code is applied, in Section 3, to calculate the peak
and average fuel and reactor vessel temperatures during hypothetical
heatup accidents initiated by loss of forced circulation (LOFC) of the
primary coolant. Results are also presented for sequences in which the
LOFC accident is further complicated by concomitant loss of steam generator cooling and/or loss of primary coolant pressurization. The peak
vessel and core temperatures for these accidents are typically reached
during the first 24 h after accident initiation. Results are presented
in Section 3 for a variety of sequences, and sensitivity to important
input parameters is discussed.
The second computer code is presented in Section 4. This code has
simplified core and reactor vessel heat transfer models, but detailed
thermal models of the reactor vessel cavity, liner, concrete wall, and
surrounding earth (or bedrock). The code is programmed to calculate the
peak fuel, reactor vessel and reactor cavity temperatures that would
occur if the worst case heat-up accidents considered in Sections 2 and 3
were further complicated by the loss of the reactor cavity cooling
system. Such accident sequences are very unlikely due to the passive
cooling features of the cavity cooling system and due to the extremely
long times involved in such heatups (typically 2 weeks to 6 months).
Results are discussed in Section 5.

Tentative conclusions with respect to basic safety features of the
modular HTGR are briefly considered in Section 6.

2.

MODEL FOR HEATUP AFTER LOFC

The reference model used for the pebble bed core and graphite block
side reflector is a two-dimensional (R-Z) representation that includes
both radial and axial conduction. Convection cooling by the primary
system helium is assumed to occur in the pebble bed core but not in the
reflector. In the nodal structure each axial segment has three radial
nodes for the pebble bed core, two for the side reflector, and one for
the core barrel wall (Fig. 1). In a more detailed core model used for
sensitivity studies, six radial nodes were used for the pebble bed core.
There are ten axial segments. The radial core flow distribution is
assumed to be uniform, and the total flow (if nonzero) is always assumed
to be in the normal (upward) direction. A capability for modeling
reverse (downward) flows would be useful only for simulating cases where
slow leaks occurred near the bottom of the pressure vessel. The con274
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Nodal structure of modular HTGR thermal model.

vection cooling model uses an exponential approach algorithm for computing

coolant gas temperature, which permits representation of very low flows.
The model of the graphite top reflector calculates internal convective

heat transfer from the primary coolant and radiative heat exchange with
the top surface of the core. No model is currently included for the
bottom reflector.
The core pebble bed and reactor design features were assumed to be
those of a recent GA Technologies (GAT) plant as of January 1984, with

primary system characteristics as shown in Table 1. Physical property
data and correlations were taken, where possible, from AVR information
and other current sources applicable to pebble bed technology. Helium
Table 1.

250-MW(t) Modular HTGR Primary System Data

Reactor power, MW(t)
Power density, W/cm3
Heat losses from NSS, MW(t)
Thermal power to NSS from circulators, MW(t)
NSS thermal power, MW(t)
Primary helium pressure, MPa (psia)
Reactor inlet temperature, °C (°F)

Reactor outlet temperature, °C (°F)
Number of helium circulators
Helium circulator, AP, psi
Gas flow rate, kg/s (Ib/h)

250
3.7
3
4
251
6.9
255
687
4a
20
111

(1000)
(491)
(1269)
(881,820)

Horizontal, single stage, axial compressor, external drive.
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convection heat transfer uses the Jeschar correlation;1 pebble bed core
effective conductivity, which accounts for radiant heat transfer, is
derived from Breitbach and Barthels;2 core specific heat uses a correlation by Petersen;3 and the after heat curve is from a KFA correlation.**
Other physical property data, such as those for helium, were taken from
FSV reactor sources. Data published by GAT5 was used for side reflector
thermal conductivity, with higher thermal conductivity assigned to the
relatively unirradiated outer 50 cm of the 100 cm thick reflector. A
fuel failure model is included which calculates failure fractions that
are dependent on the time that the fuel spends at a given temperature.
Based on a model by D. T. Goodin of GAT, it was derived primarily for
the large prismatic-fuel cores and higher temperatures.6
The temperature of the core barrel and reactor vessel is calculated
for each of 10 axial regions that correspond to the 10 axial regions
utilized by the core model. The 2.54-cm-thick (1-in.) core barrel is in
contact with, and receives heat by, conduction from the outer reflector
of the core. (Some designs provide an approximately 1 cm gap between
side reflector and core barrel; the thermal resistance of such a gap is
not included in the present model.) The core barrel is cooled by radiant heat transfer to the reactor vessel and by convective transfer to
the coolant. The reactor vessel is heated by radiant heat transfer from
the core barrel and convective heat transfer from the coolant and is
cooled by radiation and convection to the reactor vessel cavity. The
surface of the cavity is assumed to be maintained at ISO'C (300°F) to
represent the condition of the cavity cooling system operating in the
passive mode.

A steam generator model is provided to complete the calculation of
primary coolant temperatures throughout the primary coolant system. The
present steam generator model is very rudimentary but is equipped with
two modes to allow the simulation of either continued feedwater flow or
the loss of all feedwater flow. For the mode that simulates continued
feedwater flow, the helium is assumed to exchange heat with metal tubes
that are at a single uniform temperature. The metal temperature is an
input parameter and is assumed to be maintained constant by the continued
flow of feedwater. The mode that simulates the loss of feedwater treats
the steam generator tube metal as a passive heat sink that exchanges
heat with the incoming helium. Immediately after the loss of feedwater,
the program uses a temporary heat removal term to simulate the boiloff
of the initial water inventory.
After the loop temperatures are calculated, the reactor vessel
pressure can be calculated if the total coolant mass is known. For
cases not involving depressurization, the total mass of helium in the
primary system remains constant at its initial value throughtout the
transient. Therefore the vessel pressure is a function of the volumeweighted inverse absolute temperatures throughout the primary coolant
loop. For transients involving depressurization, the current model
bypasses the pressure calculation and accepts an input pressure vs time
profile.
The natural circulation flow rate of helium during an LOFC accident
depends on the driving head caused by the helium density differences
around the loop and on the total pressure drop due to the temperature
differences in the primary coolant flow circuit. Since all coolant
within the vessel is at essentially the same pressure, the density
differences are due to temperature differences in the primary coolant
flow circuit. A total unrecoverable pressure drop of 0.137 MPa (20 psi)
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at full power was used for the helium circuit. To relate this known
total pressure drop to the unknown total pressure drop at reduced flows,
the "smooth pipe" assumption was employed: the friction factor is
proportional to the -0.2 power of Reynolds number (or mass flow). The
use of the "smooth pipe" friction factor is, in this case, probably
conservative for flow reduction into the laminar range. The pebble bed
friction factor is known to vary with the 0.1 power of flow in the
turbulent range; future investigation is planned to examine other component pressure drops individually (including the idle helium circulators, which are assumed in the present analysis to have neglegible
flow resistance) to determine the actual variation of the composite
friction factor.
3. RESULTS: LOFC ACCIDENTS

Several variations of the worst-case LOFC accidents were run. The
most extreme case is a reactor scram followed by simultaneous loss of
primary system pressure and LOFC, along with a loss of feedwater cooling
to the steam generators (Fig. 2). In this case the maximum fuel temperature
reached 1549°C (2821°F) at 21 h from the start of the transient. Maximum
pressure vessel temperatures were <315"C (600°F). Average steam generator
tube metal temperature peaked at ^704°C (1300°F) within the first hour.
The steam generator tubes at the top (primary coolant inlet) end would
reach higher temperatures because they are the first to be exposed to
the hot helium drafting upward from the core Ipeak coolant temperature
at steam generator inlet = 911°C (1671°F) at 30 hj. The single-node
steam generator model calculates the average tube temperature but provides no estimate of the temperature of the hottest tubes.
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2.

LOFC with depressurization and loss of feedwater.
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The small amount of primary system natural circulation flow ('v. 05
kg/s or 0.05%) was marginally effective in reducing the maximum fuel

temperatures, as evidenced by the fact that in a run in which the flow
was forced to zero, the maximum fuel temperature reached 1599°C (2911PF)
at 22 h. The time spent at the higher temperatures was also longer for
the no-flow case. The total fuel failure as predicted by the Goodin
model6 was <0.3%.
In a second variation, it was assumed that forced circulation was
lost and the system depressurized, but the feedwater to the steam generators was maintained. This led to a slight reduction in the maximum
fuel temperature by virtue of the slightly increased natural circulation

(0.08 kg/s). Here, the maximum fuel temperature of 1487°C (2708°F)
occurred at 19 h. Naturally, the steam generator temperatures were
reduced considerably, remaining below the normal operating values after
the start of the transient. Maximum pressure vessel temperatures in the
core region were also lower [<253°C (488'F)].

In a third, more realistic case, it was assumed that the system
remained pressurized, with LOFC and loss of feedwater flow to the steam
generators occurring at time zero (Fig. 3). The natural circulation
flows are much larger here (0.7 to 1.0 kg/s), and the core cools relatively rapidly. The maximum fuel temperatures are only about 70°C

greater than the normal operating values. The pressure vessel temperature does get higher than in the other cases, however, due to the higher
flow rates during the cooldown and reaches 410°C (770°F) 8 h into the
run.
The average steam generator tube temperature (approximately equal
to the steam generator outlet temperature on Fig. 3) reaches a maximum
of 745°C (1373°F) 1.5 h after accident initiation. Tubes at the steam
generator inlet would more closely approach the hotleg outlet temperature, which peaks at 817°C (1503°F) after 0.5 h.
10
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Fig. 3. LOFC with loss of steam generator cooling but
without loss of primary coolant pressurization.
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5000
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Calculations were made to test the sensitivity of the results to
model assumptions and input data. The peak fuel temperature after a
depressurized LOFC accident with coincident loss of steam generator
cooling was used to quantify the effect of each change. For example, a
run was made in which the heat transfer from the exterior of the reactor
vessel was arbitrarily held at zero. Since heat loss from the reactor
vessel represents the only mechanism for decay heat removal in a depressurized LOFC without steam generator cooling, one might, at first glance,
expect this to have a great effect on peak fuel temperature. The results
of the calculation contradict this expectation, at least during the 48 h
calculation period: the peak fuel temperature (occurring 24 h after
accident initiation) was only 30°C (54°F) higher for the case without
any heat loss from the reactor vessel. Of course, higher peak fuel
temperatures would eventually be reached without any vessel heat loss,
but this would take longer than two days.
Sensitivity of peak fuel temperature to fuel and reflector thermal
conductivity and to decay heat was also examined for the depressurized
LOFC accident without steam generator cooling. A modified fuel thermal
conductivity (i.e. thermal conductivity for heat transfer across the bed
of fuel pebbles) correlation with about 10% higher conductivity in the
1300 to 1500°C region resulted in an approximately 50"C lower peak fuel
temperature. A modified decay heat correlation with about 10% lower
decay heat resulted in a 100°C reduction in predicted peak fuel temperature. Finally, the effect of side reflector conductivity was examined
by using older, more conservative data for graphite thermal conductivity
and by not taking advantage of the fact that the outer 50 cm of side
reflector graphite is relatively unirradiated. These changes, which
yield an approximately 50% lower average side reflector thermal conductivity, resulted in the prediction of a 130°C higher fuel temperature.

4.

MODEL FOR DISSIPATION OF DECAY HEAT TO EARTH HEAT SINK

Studies described in the previous sections covered the depressurized
heatup cases where the cooling system for the cavity cooling wall remained
operative, either by forced convection cooling or by passive (boiling)
cooling, following a depressurization and loss-of-forced-convection
accident. This section describes the computer code developed for study
of the longer-term reactor heatup problem that would evolve if the
cavity-wall cooling is lost and if the ultimate heat sink is the earth
surrounding the reactor vessel cavity. Initially, questions were raised
about how good this heat sink would be, since some rough steady state
heat conduction calculations showed that the reactor vessel would have
to reach extremely high temperatures before dissipating as much heat as
was being generated by afterheat. Thus, calculations were in order that
accounted for the large heat capacity of the surrounding earth. Dynamic
solutions to this cylindrical geometry heat conduction problem were
generated using the IBM Continuous System Modeling Program (CSMP) language's array integration feature that enabled, with little effort, a
relatively fine-structure solution for the earth temperature history.
The total system model consists of a 2-node approximation of the
reactor (average core and average side reflector), 1 node each for the
reactor vessel and cavity concrete wall, and 50 radial (cylindricalshell shaped) earth nodes. The parameters used for the effective heat
capacity of, and conductance between, the core, side reflector, and
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reactor vessel were derived from the more detailed model described in
Sect. 2. Where appropriate, conduction, convection, and radiation heat
transfer are considered between components. Modeling of the concrete
liner heatup optionally assumes either no cooling or a limited supply of
passive (boiling water) cooling. The neglecting of axial conduction in
the earth modeling is a conservative approximation. Soil properties
vary quite a bit, depending on the sources of information and material
assumptions, so a parameter study was done on these, along with earth
node sizes, to indicate the sensitivity of the predictions to these
ranges of uncertainties. The outer radius chosen for the earth cylinder
model ranged from 18.3 to 36.6 m for relatively short (500-h) transients
to 107 m for the longer (3000-h to 1000-d) ones, the choice being a
function of how far out the temperature perturbation penetrates. (The
outer shell of the earth cylinder model is assumed to be insulated.)
Since the results of this study differed markedly from the steady state
assumption calculations, special care was taken in checking the individual internode heat flows and overall heat balances.

5.

RESULTS:

DISSIPATION OF DECAY HEAT TO EARTH HEAT SINK

The accident sequence for the results presented in this section is
initiated by a loss of forced primary coolant circulation, complicated
by concomitant loss of steam generator cooling and loss of primary
coolant pressurization, and further compounded by the loss of the reactor
cavity cooling. The consequences are discussed in terms of the maximum
reactor vessel and cavity wall temperatures. As demonstrated in Section 3,
the peak fuel temperatures are nearly independent of cavity wall and
earth temperatures since they occur relatively early in the accident
(first ^24 h). In none of the cases of this section was there a secondary
fuel temperature peak approaching in severity the magnitude of the
initial (^24 h) peak.

Figure 4 shows the maximum temperature versus time of the reactor
vessel for the four possible combinations of input assumptions of "low"/
"high" thermal conductivity of the earth and of "low'V'high" reactor
core afterheat generation. The "low" thermal conductivity is 0.9 w/m°C
(0.5 Btu/h-ft-°F). Such a value would be typical for stone concrete or
dry limestone. The "high" value of earth thermal conductivity is 2.9
w/m°C (1.7 Btu/h-ft-°F); this is based on measurements of the properties
of limestone bedrock encountered during an existing earth heat removal
experiment at ORNL.7
The "low" afterheat input, based upon a report published by the
KFA, is based on the 1973 ANS standard afterheat curve, but does not
have an allowance for actinides or activation products. The "high"
afterheat is a conservative curve that has been used for HTGR safety
evaluations.8 During the first 1000 h after reactor scram, the "high"
afterheat relationship predicts the release of 65% more thermal energy
than the "low" curve.
The four curves on Fig. 4 show that the consequences of permanent
loss of liner cooling water after the worst-case LOFC accident can range
from mild to severe. Curve 1 ("low" reactor afterheat and "high" earth
thermal conductivity) has a relatively mild consequence since both the
reactor vessel steel and the concrete wall of the vessel cavity could
withstand the 373eC (703°F) peak reactor vessel temperature. Concrete
wall surface temperature, not shown, remains about 25°C (45°F) below
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LOFC accident with permanent loss of
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reactor vessel temperature throughout the accident. Curves 2 ("high"
conductivity and afterheat) and 3 ("low" conductivity and afterheat)
exhibit peak vessel tempertures over 537 "C (1000°F) that could bring
about undesireable changes in reactor vessel steel or cavity wall concrete; however, the basic structural integrity of either material would
not be lost. The maximum consequences of the accident responses of
Curves 2 and 3 would result in financial loss instead of a threat to
public safety (financial loss considerations are beyond the scope of
this paper) .
The accident response of Curve 4 of Fig. 4 ("high" afterheat, "low"
conductivity) would involve both financial loss and, possibly, compromised
margins of public safety. The peak reactor vessel temperature is 1030°C
(1886°F) , and the peak concrete temperature is only several degrees
below this. Such temperatures would cause degradation of both steel and
concrete. The steel would suffer significant loss of strength; if
buckling of the reactor vessel or its supports occurred this would
violate the fixed-geometry assumption of this analysis. An assessment
of chances of vessel or vessel support failure would require a stress
analysis and possibly more detailed thermal analysis. The behavior of
concrete at 1000°C is very dependent on the composition of the concrete;
however, it would be reasonable to expect some surface crumbling and
release of gaseous degradation products (for example, C02 and
6.

CONCLUSIONS

The modular HTGR plant appears to have, with respect to safety,
desireable response characteristics following LOFC accidents. Even in
the worst case LOFC with loss of primary coolant pressurization and loss
of steam generator cooling, the maximum hot-spot fuel temperature is
limited to the neighborhood of the 1600°C design goal, and the core
average temperature peaks at below 900°C. Fuel damage in this temperature
range should be minor; the resulting release to the environment would be
minimal because the loss of primary coolant occurs before any possible
overheating of the fuel. After the relatively more likely LOFC accidents
without loss of primary coolant pressurization, but with loss of steam
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generator cooling, the fuel is heated to only about 70°C above normal
full power values. If steam generator cooling is maintained after a
pressurized LOFC accident, the maximum hot-spot and average fuel temperatures remain below normal full power values. If steam generator cooling
fails early in a pressurized LOFC accident, damage to the steam generator
tubes will result; an assessment of the degree of damage would require a
detailed stress and thermal analysis of the steam generator response
during the accident.
If the worst case LOFC accident must be analyzed for the case of
extended loss of cavity cooling, then the heat dissipation to the surrounding earth must be considered in the analysis. Depending on site
and reactor specific characteristics, the ultimate heat sink provided by
the earth may or may not be sufficient to prevent severe consequences.
The question of whether extended loss of cavity cooling must be considered in the design basis of modular HTGRs is beyond the scope of this
paper.
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CORE PHYSICS TESTS OF THTR PEBBLE BED CORE
AT ZERO POWER

S. BRANDES
Hochtemperatur-Reaktorbau G.m.b.H.,
Mannheim, Federal Republic of Germany
Abstract

Commissioning of the THTR 300, the prototype of the HTR pebble
bed line, representing the second step of HTR development in the

FRG, was started in 1983. Full power operation is scheduled for
late 1985.
In September 1983 first criticality was reached with 198 190
spherical elements. The core was fully loaded with 674 200
spherical elements in October 83. During this period core physics
tests verified the core design and the shut down margins of the
reactor at ambient temperature and in 1 bar air. The following
tests were performed:

-

-

Core loading until first criticality
Height-dependant reactivity
Reactivity worth of reflector rods in these conditions
Core fully loaded and critical rod
configuration obtained
Reactivity worth of reflector rods with core fully loaded.

Incore neutron detectors were used together with an incore
neutron source to monitor the criticality conditions. The
measurements were performed with the method of subcritical
multiplication and the inverse kinetic method. Special problems
had to be taken into consideration for instance a higher density
of the pebble bed in the lower part of the core. The initial
criticality could be predicted better than 0,004Ak.

With the start of warm test operation in August 1984 the THTR
approaches completidn. The core physics tests at zero power were
finished in January 1985. During this period the following tests
were performed:
- Temperature coefficient until 240 °C
- Excess reactivity of the core at ambient temperature
Reactivity worths of different rod configurations
- Reactivity worth of helium
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The methods of measurement were the same as in the previous period,
Additionally nitrogen was used as an absorber gas. By determining

the nitrogen reactivity worth coefficient it was possible to
measure the excess reactivity of the core at ambient temperature
and different rod configurations by adding nitrogen to the core up
to 16 bar.
The calculation methods for rod worths could be verified better
than 5 %.

1.

Introduction
The commissioning of the THTR 300, the prototype of the HTR
pebble bed line, was started in August 1983. The THTR
represents the second step of the HTR development in
the FRG after the 15 MWe AVR. Full-power operation

is scheduled for late 1985.

Initial criticality of the THTR reactor was achieved on
September 13, 1983, with 198.180 spherical elements
loaded. The core was fully loaded with 674.200 spherical

elements on October 11, 1983.

The core physics tests were divided into three steps. The
first step (OI) included the core loading up to initial
criticality, the second step (Oil) included full core
loading. The second step was completed in November 1983.
The third and last step (OUI) of the physics tests was
started in August 1984 by warm test operation and a great
number lot of tests under nitrogen atmosphere (up to 16 bar)
The zero power tests were completed in January 1985.
2. Core Performance

The initial THTR core consists of a loose bed of spherical
elements of 6 cm diameter as a mixture of fuel, graphite
and absorber elements:

358,200 fuel elements

(FE)

(53 %)

272,500 graphite elements (GE) (40%)
43,500 absorber elements (AE) (7 %)
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Each fuel element contains 0.96 g of 93 % enriched uranium 235
as fissile material and 10.2 g of thorium 232 as fertile
material in the form of coated particles. The absorber elements
contain boron and hafnium as neutron absorbers. The initial
core is designed as a radial two-zone core. The desired fluxflattening is obtained by different mixtures for the inner
and outer core zone. The outer zone contains more fissile
material.
Mixing ratio:
Inner zone of core AE: GE: FE:
Outer zone of core AE: GE: FE
3.

1:6:5
1:6:12

Core Loading
To build up the specific configuration of the initial
core, a special loading facility was developed. Using
this facility, the spherical elements were loaded into
the core by gravity from the 48m platform above the PCRV ' .
After passing through headers of loading lines for the
different spherical elements, the spheres passed through
release valves, pneumatic decelerators and telescopic
tubes into the turnable switch (Fig. 1) where they were

distributed to the individual 15 loading pipes (3 of them
for the inner core).
*) Prestressed Concrete Reactor Vessel

Telescopic pipe

- Carrousel twitch
- Loading tubes

- Cylindrical dividing sheet
Auxiliary start-up
neutron source

Discharge tube

Fig. 1

Schematic View of Loading
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In the first step of the nuclear commissioning program the
core was filled with elements to such a level as to reach
criticality with no absorber rods inserted. The inner and
the outer core zone were separated by separating sheets up
to a cylindrical height of 2 m (Fig. 2).

Boundary
between inner

•nd outer car«

rfcghtof

Initial crrticalrty

DwctMrge tube

Fig. 2

Loading of TOTR Initial Core

During this phase frequent entering of the core was necessary
(Fig. 3) .

Fig. 3
Reactor Core
during Initial
Loading Operations
Persoiinel
Performing
Radiation
Measurements
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In the second step, all incore rods were inserted and the
further loading of the core was performed in subcritical
conditions.

Pacfcing
density of
tphetes

Fig. 4
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The filling factor of the pebble bed influences the reactivity
by neutron leakage (Fig. 4). Therefore subsequent measurements of the filling factor were obtained. In the lower
part of the core a value of 0.643 was achieved which was
higher than the expected value of 0.62 from mock-up measurements due to frequent entering the pebble bed surface. In the
upper part (approx. 300,000 loaded spheres) the expected
filling factor of 0.62 was obtained. This effect caused a
step in the density of the pebble bed which has to be taken
into consideration in comparison with predicted results.
4.Initial Criticality
In thé course of loading the reactor it was ensured by
using the method of the inverse counting rate that the
reactor did not reach uncontrolled criticality. In a
subcritical assembly the inverse counting rate of a
detector is proportional to (l-Keff):
L- Keff

A Cf-252 source having a source strength of approximately
230,000 neutrons/s was inserted as an auxiliary start-up
neutron source in a central position at the core bottom.
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The neutron flux density induced by this neutron source
and increased by the pebble bed was measured and controlled
by three high-sensitivity BF 3 detectors located in the
pebble bed (Fig. 5). Figure 6 shows the measured inverse
counting rates of the three detectors as a function of
the number of the spherical elements loaded. The curves
demonstrate the expected convergent shape showing the same
critical number of spherical elements in approaching critical ity. The first self-sustained nuclear chain reaction
was reached on September 13, 198J at 1.10 hours with the
loading of 198,180 spherical elements. According to a
filling factor of 0 . 6 4 3 , a critical number of 2 0 4 , 0 0 0
spherical elements had been predicted. The difference
of 5800 elements corresponds to a reactivity equivalent
of appr. 0 . 0 0 4 A k .
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The tolerable margin was j^ 0.02 A k.

The calculation method, which had been tested at the
KAHTER-f acuity (1) in Juelich consists essentially
of the following features:
Spectrum calculation in 200 energy groups on the
basis of ENDFB IV library with the GGC5-Code (2)

Evaluation of the heterogeneity of the absorber
elements in 50 energy groups (3)
Diffusion calculation with 15 energy groups (4) .
The KAHTER experiments which simulated the THTR initial
core by using original fuel and absorber elements (but

not with the THTR mixture) already showed small differences
between calculated and measured K -^-values. The main
point of inaccuracy is the neutron absorber hafnium which
covers appr. 0.2 £k reactivity of the core. Presently
the hafnium data have obviously an inaccuracy of 3-5 %.
Therefore a calibration factor was used known from KATHER
to achieve the good prediction.
In the range of the initial criticality the ratio
was determined. This can be done using the equation

i.e. differences of the inverse counting rates in connection with a known reactivity effect. The known reactivity
effect was the reactivity worth of the reflector rods which
had been independently measured using the inverse kinetic
method. The result was 125t»Nile/cm compared with a predicted
value of 122«»Nile/cm.
After having reached initial criticality, the effectiveness
of the reflector groups was measured. For this purpose
the critical state was first established using the incore
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rods with the reflector rods completely withdrawn. The
reactivity changes were calculated by the inverse-kinetic
method from the changes in the counting rates during rapid
insertion of the reflector rods. It was the objective of
this step to verify the method, especially the accuracy of
the point kinetic method which must be used with calibration
factors to take into account flux deviation by inserted
rods at the detector position. For this purpose incore detectors were available.
Figure 7 shows counting rate and reactivity during insertion of all 36 reflector rods. The incore detector was
located at a radius of 1970 mm.

The measured reactivity worth was 0.0085 AK, averaged
over a number of measurements it was 0.00820 AK. It was
known from diffusion calculation that insertion of the
reflector rods does not influence the flux at this location.

Count rate t» ']

Reacti <rty (cent]

90000

25

80000

0

"">
70000

-25

*

IHM.« «III«..

60000

4

—— P*^r-*iwify

•50

50000

A'.

40000

Count rat* — £ \
0

-75
-100

*

30000

-125

20000

«

10000

^^-^-^

0-

20 40 60

Fig.

7

-150

80 100 120 140 160 ISO 200 220
Time

-175

Count Rate and Reactivity versus
Time during Insertion of 36
Reflector Rods, Detector Located
inside Core

Figure 8 shows a measurement using a detector located outside the side reflector. After insertion of the rods the
flux reaches very low values so that statistical effects of
the counting rate can be seen. The (uncorrected) reactivity
worth was measured to be 0.019 /SK. Diffusion calculations
showed that at this location, due to shadowing of the inserted

reflector rods, a flux shape correction factor of 2.7 is
necessary which corrects the above value to 0.00705 A K.
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The calculated reactivity worth of the reflector rod at
initial criticality was 0 . 0 0 7 2 A K. This shows the importance of the spatial correction factor. Another
difficulty was the influence of the neutron source in
the inverse kinetic equations, which produces an equivalent

reactivity when the source term is neglected. To identify
the value of the source term studies were made until
the reactivity curve could be evaluated after rod insertion,
when it had stabilized (horizontal).
5. Core after Complete Loading

On September 20, 1983 further loading of the reactor core
was initiated. On October 11, 1983 the reactor core was
completely loaded. The critical state in the completely
loaded initial core represented a milestone in the THTR
commissioning phase. Now the start-up neutron source
(Cf-252, 10^ neutrons/sec) was used, which was located
in the side reflector. Two critical rod configurations
were obtained in air atmosphere (Fig. 9 shows the rod
arrangement of the THTR core):
Table 1;

Critical rod configuration, core f u l l y loaded

Configuration I

Configuration II

Inserted 12 R2-rods

Inserted 12 R2-rods

12 R3-rods
6 reflector rods 66 %

12 R3-rods
6 R4-rods 85 %
6 Reflector rods 37 %
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36 Reflect» rod*
I
42 Cor* rod*

Cor*

Fig. 9

Positions of Core and
Reflector Pods

Predicted values calculated with a filling factor of 0.62
led to excess reactivities of 0.005£k for the above
rod configurations. Evaluations with correct filling factors
showed deviations of no more than 0.0013 £»k and 0.0004 Ak
respectively. Due to the higher density of the pebble bed,
the reactivity was 0.0065 ,£ k higher. This will lead to a
corresponding reactivity drop during shuffling of the elements,

From these measurements a shutdown margin of 0.05 A k at
1 bar air may be obtained. Again a number of measurements
for reactivity worths of different groups of reflector rods
were performed. 6 detectors had been located in the reactor,
3 in the core axis, the remainder outside the reflector. The
measurements showed a strong dependence of the flux shape.
With calculated correction factors for flux correction and
correct source terms good agreement with the predicted
values could be achieved:

Table 2;

Reflector rod worths, core fully loaded

J measured
6 reflector rods (1 group)
0.0125 _+ 0.0005
36 reflector rods
0.0475 + 0.0015
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calculated
0.0130
0.0480

This method is proven now to be used later during reactor
operation, when no incore detectors are available.

6. Temperature Coefficient Measurements

The ceramic internals were dried by operating the circulators
The core was heated up to
210 °C. During this period a
measurement of the temperature coefficient was performed
at 1...1.5 bar nitrogen. The procedure started with a
critical rod configuration (12 reflector rods inserted,
the definite incore rod configuration was determined
during the experiments). After a step-wise temperature
increase by appr. 20 °C the critical status was obtained
again by moving of 6 (1 group) reflector rods. The difference in insertion depth is then measured with the
inverse kinetic method. Fig. 10 shows measured and calculated results. The inaccuracy of the measured values

Temperature

O Measured
A Calculated with
MUPO-code

Fig. 10
100

150

200

2SO

Average core temperature [*C]

Température Coefficient at
1 bar Nj

is +_ 15 % and depends mainly on the uncertainty of the
measured temperature distribution in the core/reflector
range and on source term concerns in the evaluation of
the inverse kinetic results. The calculated values are
based on the MUPO-Spectrum code, which compared to GGC is
a simplified spectrum code. It is known that in this temperature range MUPO calculates about 10 - 15 % less
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negative temperature coefficients. Due to the small temperature steps which correspond to 0.002 A k steps,
numeric problems originated in the calculations resulting
in jf 10 % inaccuracy. Taking into consideration these facts,
the measured and calculated values are in good agreement.
7.Measurements under High Nitrogen Pressure
After the temperature coefficient measurements 2Q-, 000
spheres were recirculated according to schedule in order
to loosen the density of the pebble bed compactness. This
causes, on the other hand, uncertainties in the prediction
of values measured subsequently due to the modified filling
factor distribution. A reactivity drop of 0.002 A k was
observed.
The following measurements were performed in N2-atmosphere
using N2 as an absorber gas. The procedure is similiar

to the temperature coefficient measurements, however,
instead of heating up the core, it was filled with N2.
Reactivity A S [l/bar]
0.012-,————————————————————————————————————————
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I. '. .

^J"*•—*. 1 ^
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•

»•»• 1*
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I-!»——
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0002'

0
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Fig. 11
S.O

10.0

1S.O

Nitrogen pressure [bar]

Reactivity Worth of Nitrogen

Thus the reactivity worth coefficient of N3 could be measured

as a function of the N2 pressure (inaccuracy +_ 5 %)
(Fig. 11). Contrary to the temperature coefficient measurements the incore rods were withdrawn. At a N2 pressure of
16.4 bar all rods were withdrawn.
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Thus the excess reactivity at ambient temperature could
be determined to be £>% = 0.0112 _+ 0.0005. The predicted
value was 0.01046^ with a lower filling factor. Taking into
account the higher filling factor *- 0. OllO/^ is predicted.
During slow depressurizations the reactivity worths of
different rod configurations were measured by determining
the corresponding N a pressures. The reactivity worths were
evaluated using the known N 2 coefficient.
The subsequent Table 3 shows the results:

Table 3;

Comparison of Predicted and Measured Rod Group Worths

Group

Measured Group

Predicted Group

Worth A.£

Wbrth

All groups in
sequence

1st group of refl. rods 0.0076 _+ 0.0004

0.0078

2nd group of refl. rods 0.0070 _+ 0.0004

0.0081

24 reflector rods
6 R3

6 R2 in sequence to
12 reflector rods

0.0191 ^0.001

0.0187

0.0234 jf 0.002

0.0238

0.0281 _+ 0.0015

0.0291

It should be noted that the predicted values are calculated
on the basis of a lower filling factor. In general it can be
stated that the prediction is in the range of the inaccuracy
of the measured values, i.e. better than 5 %. One interesting
result was the reactivity effect of helium due to neutron
moderation and subsequent influence on the neutron leakage.
22 bar helium at 29 °C delivers 0.00225 +_ 0.000550 A.k,
the predicted worth on a basis of 1-d (radial) calculation
was 0.0007 A k.
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8.Conclusion
The nuclear performance of the initial THTR core corresponded
to the predictions. Good agreement between measurements and
calculation was obtained for initial cold criticality (within
0.004 Äk) , control rod worth (within 5 %) and temperature
coefficient (within 10 %) .
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"PEU A PEU":

A NEW FUELLING MODE OF THE PEBBLE BED REACTOR
E. TEUCHERT, H. GERWIN, K.A. HAAS, HJ. RÜTTEN
Institut für Reaktorentwicklung der
Kernforschungsanlage Jülich G.m.b.H.,
Juelich, Federal Republic of Germany
Abstract

Smaller pebble bed HTRs allow the limitation of the maximum
fuel temperature to < 1600 C even under loss of coolant
conditions. The decay heat inherently flows to the reactor
vessel and is emitted to external heat sinks. The precondition
is a relatively low diameter of the power generating core,
which simultaneously allows for sufficient shut down capability
of the control system located in the reflector.
An increase of the core size and power output is possible by an
annular configuration of the core with a column of graphite
blocks in the middle. The need of a more involved pebble flow
control and disloading technique can be avoided by a new mode
of fuelling:
For the initial reactor loading the fissile enrichment is
chosen to achieve criticality when a portion of only 30 % of
the core is filled with the fuel elements. Continuous onload
filling provides for the burnup, but disloading of the elements
is omitted until the core is totally filled up. Thereupon the
reactor is shut down, cooled down, depressurized, and entirely
unloaded by means of a new device being inserted from the top,
e.g. by a suction dredge. Such device could be constructed
transportable and ambulantly applied for several reactors of
that type, because it is required once in two years (full
power).
This mode of "peu à peu" filling of the reactor approximately
corresponds to the batch fuelling mode of other reactors, but
does not require control poison to cover the excess reactivity.
A target design has been studied achieving 250 MW , . In all
stages of filling the temperature transient of accidental core
heat up is limited as for the conventional MODUL. No disloaded
fuel has to be handled during reactor operation, which represents a contribution on safety and protection against fuel
diversion. The capital costs must be expected to be lower than
for the MODUL, and fuel cycle costs are approximately the same.
1. The New Fuelling Mode

A new modus of fuelling of the pebble bed reactor is introduced here: Instead of initially filling the whole cavity of
the reactor with fuel elements, the fissile enrichment is
chosen to achieve criticality when a portion of only 30 %
299

of the core is loaded. During operation new elements are
continuously added to compensate for the burnup, but no
disloading is provided until the cavity is filled up. Thereupon the elements are unloaded all at once under off-load
condition, for instance by means of a small power shovel
or a suction dredge being introduced from the top.
This way of filling the reactor by and by has been named the
"PEU
À Peu" - fuelling mode. It approximately corresponds

to the batch fuelling mode of other reactors, but it does
not require neutron absorber material to cover excess reactivity. Instead it makes use of the absence of fuel elements.
No flow of pebbles takes place under operation and unloading
devices at the bottom are superfluous. Therefore, the reactor
can easily be designed as an annular core with a column of
graphite reflector in the middle. This column provides additional space for control and shut down devices outside of
the bed of the pebbles, and efficiently helps to reduce the
excess fuel temperature in the case of any accidental heat
up of the core.
A reference design has been conceived for the power output
of 250 MW,tn, achieving the burnup of 76 MWd/kg„
rijyiM over
2.1 years (full power). The fuel temperature under loss of
helium conditions is limited to 1510°C.
2. Comparison with the Known Fuelling Modes
In case of accidents with core heat up, the fission products
are sufficiently retained in the fuel elements if the temperature stays below 1600°C (fig. 1).
X/HOUR

o . 12 - 16 •/. Firm
* = 4 - 6 7. Firm
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o
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/

L
l

2000 "C

Figure 1: Cs-137 Release from AYR Elements (BISO)
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Smaller reactors can be designed to meet this limit in any
case, even under the loss of coolant i.e. depressurization
to 1 bar. The decay heat inherently flows to the reactor vessel
and is emitted to external heat sinks, which makes active
means for the removal of the decay heat superfluous. Several
small reactors of that type can be combined to form a larger
power plant, which is known as a modular system /2/.
Of course, either mode of fuelling a pebble bed reactor, the
MEDUL, the OTTO, and the PEU À PEU mode, respectively, allows
to meet the constraint of 1600°C. But each of them for different core size and power prior to the depressurization.
In the MEDUL-mode (MEhrfachDUrchLauf) the elements are repeatedly
circulated through the reactor. By this way a homogeneous mix
of differently depleted elements is achieved, resulting in
an equalized distribution of the power density. As a consequence the MODUL reactor design of the INTERATOM/KWU group
has been made as large as possible in the height (943 cm),
which allows to achieve the thermal power rating of 200 MW.
In the OTTO mode of fuelling (Once Through Then Out) the elements
are passing once through the reactor. The power density is
asymmetrically displaced towards the fresh fuel at the top
of the core, which of course implies favorable matching
between the power distribution and the downward flowing
helium, but the power tilt imposes a limitation on the
height in the range between 400 and 500 cm. Due to the
smaller size the thermal rating has been chosen 100 MW.
These two reactors will be compared with the PEU À PEU. The
most obvious difference appears in the size of the reactor
cores (fig. 2). In OTTO and MEDUL the radius is limited by
the demands on the capability of the shut down system in the
reflector, the power density is limited by the demands on the
decay heat transport at depressurization.
In contrast to this the diameter of the PEU À PEU is made
82 cm larger because the annular design allows both for
sufficient shut down capability and for short distance of
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Figure 2: Sketch of the Considered Loading Modes

the decay heat transport. The limiting factor for the power
density is given by the thermal loads on the fuel elements
(=5.7 KW/sphere).
All three reactors are made for the same burnup of about
80 MWd/kgrlM
UM (table I and II). OTTO and MEDUL use fuel
elements of a loading of 7 g„.,/sphere
which has been found
HM
optimal for the LEU fuel cycle (Low Ejnriched llranium) . For
the PEU À PEU the loading has been raised to 10 g/ball in order
to increase the fuel residence time at given burnup. Unfortunately for the LEU fuel further increase of the heavy metal
loading is not possible because of some most unfavorable
impact on the neutron spectrum. In contrast the loading could
be raised to 20 gHM/ball for the fuel of the HEU-cycle
(Highly Enriched Ujranium and thorium) , which would extend
the residence time to 4.2 years of full power.
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Table I:

Design
OTTO

MEDUL

PEU A PEU

100

200

250

Themal power
Avg. power den-

MW

sity

3.3
MW/m

2.9

5.4

Volxme of the
pebble bed
Height

,
m
on

30
424

67
960

46
650

cm

0/150/300

0/150/300

110/186/341

uo2

t»2

uo2

,

Radii:

column/core/vessel
Fuel
Heavy metal
loading
Fuel enrichment

g/ball 7
%
7.7/9.5*

7

10

7.6

13.6

Heating of the
helium
He-pressure

°C
bar

250-700
60

250-750
60

250-700
50

(6.9**)

two radial zones of different feed enrichment
start up core loading

Table II :

Performance

OTTO

MEDUL

PEU À PEU

start - end
Target bumup
Fuel residence time
(full power)
Conversion ratio
Neutron leakage
Fissile inventory
loading-disloding U235
loading-disloding Pu,.
U,0„-requirement
Fuel cycle costs*
max. power per element
max. fuel temperature
He-pressure drop
max. excess fuel temperature under depressurization

«W/kg^

80

d

904

1024

0.44

0.49

1.8

3.5-4.3
1084-975
0.29-0.76

1453-1507

%

kg/GW^
kg/GW^

kg/GW^
kg/GWd^
mills/kWhe

80

76

757
0.39
16.4
12.9
26.0-17.5
425
428
231-505
1.07-0.20 0.94-0.12 1.31-0.56
0.0-0.08 0.0-0.09 0.0-0.11
265
232
321
9.1
8.4
8.7

KW/ball
'C
bar

730

0.13

1.3
795
0.85

"C

1500

1402

Including reimbursement for the disloaded fuel

Of course, the fuel enrichment of the PEU A PEU is definitely
higher than for the other two cycles. Partly this is due
to the accumulation of the fission products until the end of
life, partly it depends on the smaller volume of that design
causing higher neutron leakage. In terms of fuel cycle costs,
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however, the higher uranium requirement is almost offset by
some reduction in the fuel handling costs, resulting from the
higher heavy metal loading (table III).

Table III:

Cost Input

U,0
3 08

ï/lb

Separative work

$/kgSWU

Fuel element
Fabrication
Waste

g/ball
$/kgHM
$/kg„

30
144
7
850
2240

10
660
1880

The differences in the thermal loads on the fuel elements
can be understood from the power load diagrams in figure 3.
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400
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400
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600

800 CM
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200

TOP

.OflY

400

600
BOTTOM

CM

Figure 3: Axial Power Distribution

In the OTTO the maximum fuel temperature is only by 30 °C
higher than the average gas outlet temperature. This is
due to the axial power tilt and to the radial flattening by
the 2-zone loading. In the MEDUL the power load of the elements changes periodically. The maximum temperature is observed
in the elements of the first and second run near to the bottom
of the core.
In the PEU À PEU the fuel elements do not change their position, but their power and temperature loads are changing
strongly during exposure (fig. 4). From the drawings can be
recognized that the allowable range for the power load is
utilized more efficiently than in the other two concepts.
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Figure 4: Thermal Loads on the Fuel Elements
Similarily the fuel temperature utilizes more efficiently
the range up to 1250°C which is provided as the limitation
in pebble bed reactors under normal power operation.
3. Performance of the PEU A PEU
The initial loading of the PEU À PEU is made of two different
axial enrichment zones in order to distribute the power uniformly over all fuel elements. 2/9 of the core is filled with
elements of 6.2 % fissile uranium enrichment and 1/9 with 8.2 %,
respectively. The initial power peaking is as low as 1.2.
In simulating numerically the gradual filling of the reactor,
finite batches of 3450 fuel elements of 13.6 % enrichment
are loaded at discrete time steps. Each batch represents a
layer of 9 cm thickness. The loading causes a reactivity swing
of about 2 % and provides criticality for a period of about
16 days of full power (fig. 5). Repeated calculation of the
temperature field is done at intervals of about 6 months,
which affects the transient changes of K __ to some minor
extent.
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Figure 5: Criticality Swing under "PEU Â PEU"-Fuelling

The gradual filling of the reactor leads to a power shaping
similar to the OTTO. Towards the end of life 85 % of the
power is produced in the upper third of the core, and the
lower part could be regarded as an incore storage of the
spent fuel elements. Of course the power peaking factor is
as high as 4.3, but the maximum power of 4.3 KW/ball is well
below the permissible limitation.
After the operational period of 757 full power days the cavity
of the core is filled up. On the average the burnup of the
inserted heavy metal is 76.3 MWd/kg . It varies between 8
and 116 MWd/kg
for the different layers (fig. 6) being due
to the differences in their enrichments, residence times, and
neutron flux variation over the life history. A burnup lower
MWD/KG HM

******

100H
flVERRGE

50-

200

400

TOP

600

CM

BOTTOM

Figure 6: Fuel Burnup at the End of Life
than 1/2 of the average is observed in 8 % of the elements,
which are located in an upper layer of 55 cm thickness. At
disloading it might be economical to preserve these elements
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separately and insert them again in the next period of operation, or in any other reactor of that type.
4. Core Heat up after Depressurization
In the case of loss of helium the chain reaction immediately
breaks off due to the negative doppler coefficient of the
fuel. The retarded decay heat causes some slower heatup of
the fuel spheres. Depending on the preceeding fission rate
of the elements the temperature rises between 50 and 300°C

over the first hour. Further rise of the temperature is
strongly reduced due to both reduction of the decay heat
and transmission of the heat to colder parts of the reactor.
In the bed of pebbles the transmission of the heat takes place
preferably by radiation from sphere to sphere proportionally
to the fourth power of the Kelvin temperature. In the reflectors transmission of the heat takes place by thermal conduction. From the reactor vessel it is emitted to heat sinks
which are located in the reactor containment.
The time dependent function of the decay heat results from
the short living and long living fission products, from the
heavy metal decay rates, and from the activation of various
nuclides. A strong variation from fuel batch to fuel batch
is observed for the burnup and for the exposure to the neutron
flux prior to the moment of shut down. Therefore, the decay

heat function differs considerably for the various elements
in the core.
As an example this span of variation of the decay heat function is given for the end of life status of the PEU À PEU in
fig. 7. For each fuelling batch the function has been evaluated individually basing on its individual history of power
production and isotopic transients. The hatched area covers
the decay heat function of the many batches in the core. At
the time of 2 minutes after stopping of the chain reaction

the maximum exeeds the minimum by the factor of only 1.2.
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Figure 7: Decay Heat Rates after Shut Down
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Figure 8: Average Decay Heat Rates of the Different Fuelling
Modes

This ratio fans out to the factor of 4.8 towards the end of
the considered shut down period of 5 days. - The solid curve
presents the average over all batches in the core, allowing
a global comparison with other reactors.
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Such comparison with the OTTO and MEDUL is given in fig. 8.
Apparently the average decay heat curves of all three discussed fuelling modes are close together. This can be understood from the similarities in the fuel, power, and burnup.
For the first months of life of the PEU À PEU, however, the
decay heat is definitely lower.
Basing on the 2 dimensional field of the decay heat function
the temperature transients have been evaluated for the three
reactor types under consideration. The most sensitive figure
is the maximum fuel temperature of which the transient behaviour is plotted in the fig. 9.

500

5 DflYS

Figure 9: Maximum Fuel Temperature after He-Depressurization
Over the first 8 hours the rise of the maximum temperature
is considerably lower for the MEDUL than for the other two

types. Mainly this is due to the fact that the power density
prior to the shut down is uniformly distributed over the
total volume of the core, implying moderate decay heat production in an uniform distribution. In the OTTO and PEU À PEU
the upper part of the core area contains a relatively high
power density. Here the decay heat is also higher causing a
more rapid increase of the temperature over the first hours.
After the buildup of sufficiently strong temperature gradients
over the core the transfer of the heat to colder parts brings
the limitation of that rise of the temperature. In all three
fuelling modes the nominal value of that limitation is between
1400°C and 1510°C.
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In the figure 9 the plotted lines are the maximum fuel temperature transients of the PEU À PEU in three different stages
of its life time. The highest maximum is 1507°C. It is reached
by the end of life curve (757 days), and it is reached at
56 hours after the depressurization of the helium.
Some more detailed insight in the transient of the temperature
field is given in the 2 dimensional displays of the fig. 10.
The first drawing is the equilibrium temperature field of the
reactor under full power. In the bed of pebbles being marked
by more solid lines, the temperature is that of the surface
of the fuel elements.
PEU fl P E U , 757 D. E Q U I L I B R I U M

CELSIUS

DEPRESS.. 56 H

CELSIUS

Figure 10: PEU À PEU at the End of Life: Transient of the
Temperature Field after Depressurization
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At the time of 12 hours after shut down and depressurization
(second drawing) one recognizes the increase of the temperature in the upper part of the core. At the time of 56 hours
(third drawing) the temperature field is almost stabilized:
The production of the decay heat in the pebble bed is compensated by the emission of the heat from the surface of the
vessel.
5. Conclusion
Of course, the mode of PEU A PEU fuelling is not restricted
to the parameters given in the preceeding example. Turning

to the thorium cycle and higher heavy metal loading could
extend the residence time of the fuel by the factor of 2
and reduce the fuel cycle costs by 15 %. When turning to lower
power rating, to lower power density, and to a somewhat larger
cavity of the core, the fuel residence time could be raised
to 10 or 15 years, which would make the reactor well suited
for the energy supply of remote areas. When allowing for
some economic penalty even a full reactor life time cycle
could be possible. - The incore storage of the depleted elements is a favorable issue for easy control of the spent
fuel.
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Abstract
There are various leak flov paths between blocks in the experimental VHTR
core. Especially, leak flow in the gap between horizontal surfaces of fuel
blocks is called "crossflow". Generally, the coolant flows from the fuel
channel into the gap between columns. As its results fuel temperature rises.
In case of the birth of large gap between horizontal block interfaces, the
crossflow caused by it effects significantly on the core flow distribution,
core temperature distribution and P.P. release. In this paper, the horizontal
core offset between the core upper structure and the core support structure
is postulated as the cause of occurrence of large horizontal gap at fuel
column.
A prediction method of large horizontal gaps between blocks, and
analytical method and results of core flow distribution are discussed.
Analytical results of core behavior in the core flow deviation caused by the
gaps between horizontal block interfaces are also presented. Evaluation of
fission:product release depending on the flow distribution change's is also
carried out.
T

1. INTRODUCTION

The core of the experimental VHTR , being developed at Japan Atomic Energy
Research Institute (JAERI), is composed of 66 fuel columns and 7 control
element columns. Each fuel column
consists of 7 fuel blocks, 1 upper
shield and A replaceable reflector
blocks. Vertical view of experimental
Flow control
valve
VHTR is shown in Fig. 1.
If there is the core off-set between
the core upper structure (upper shield
^rrfh-fr ^p-rn^r
and core support structure (hot
-Peraanent reflector
!Ü
restraint nechanism
plenumn block), wedge-shaped gaps
barrel
occure at midway of column to follow
the coreoffset. It is rare case that
. Hot plenum
an equal gap may occure at every
.Core support plate
interface of column. It is reallistic
- Diagrid
that one or two wedge-shaped gaps may
-Outlet pipe
occure at arbitrary interfaces of
column. From a view point of the
stability of the occurence mode of
large gap and the degree of disturbanc*
to the core coolant flow distribution,
two typical occurence mode are chosen
for cases of core flow analysis. To
Fig.1 Vertical view of
compare results, occurence mode of
experimental VHTR
equal gaps is also chosen for the case
of analysis.
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Core flow distribution caused by large gap between horizontal fuel block
interfaces is calculated using flow network model which is consist of branches
representing one-dimensional flow paths and nodes representing the connections
of branches.
Using the obtained results of core flow distribution, core temperature
distribution and F.F. release are evaluated.

2. Occurrence mode of large gap

The cross sectional view of a quarter of reactor core is shown in Pig. 2.
The standard gap between columns in the same orifice region and that in the
adjacent orifice regions are 1 mm and 2 mm, respectively.
The cause of occurrence of large
horizontal
gap between fuel block
t reflector
interfaces
is
the offset between core
Control block colue»
upper structure and the core support
structure shown in Fig.3. In this case,
column
a fuel column cannot stand vertically
keplaceeblc
and must bow or break. As the results,
reflector colu
large horizontal gaps occur at the fuel
column. According to the column bowing
analysis, it is known that most stable
mode of column bowing is that
horizontal gap occurs at both of the
top and the bottom of the column.
We classify the pattern of occurrence
Cert ulauthfcl
of large horizontal gap by the column
pocition
bowing. Pattern A,B and C are modes of
column bowing caused by the offset of
Fig.2 Cross sectional view of
core structure. Pattern A is the most
a quarter of reactor core
stable mode of the column bowing that
the gap occurs at both of the top and
the bottom of the column.
Pattern B is the mode of column bowing that the gap occurs in the middle of
the fuel column. Pattern C is special mode of column bowing that the equal gap
occurs at each block interfaces. We evaluated the offset of core support
structure and mode of column bowing under the assumption of the worst
condition of the core component arrangementr^Table 1 shows the offset value in
each orifice region and the maximum horizontal gap between fuel block
interfaces depending on the bowing pattern,respectively.

Table 1 Column offset «né large horizontal gap betveen fuel block interfaces

Position of fuel
column is the core
Beg ion I
Region II
Region III
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o TV

l*rge gap £ ( m

Column offset

}

S ( BB )

pattern A

fat tern Î

Pattern C

10.4

0.5

0.92

0-1

E. 9

0.42

0.7E

O.OE

5.5

0.27

0.5

- 0.1

Upper shield

Cnptt) Bt col
limn,Top edge

Fuel eteitent 9 ind
replaceable

reflectors

Ilot p l e n u n block

(Core support structure)

Region
Region
Region
III R e g i o n
I Region III
IV
It
II
IV

Kfglon
Heglon
Region
III Region
I R e g i o n III

IV

II

Fattern

II

IV

Pattern

A

B

Pattern of occurrence of large horizontal gap at fuel column with the offset
Fig. 3

3.

CORE

FLOW

ANALYEIS

3.1 ANALYTICAL MODEL

The object of the analysis is one-sixth segment of core model shown Fig. A.
The core model is simplified to be thermohydraulic symmetry on horizontal
cross section, and contains all flow paths in the structure from reactor inlet
to the hot plenum. A detailed representation of vertical connection in flow-

Fig.

4

Flow branches of radial direction of one-sixth segment of core
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network model is shown in Tig. 5, The model indicates all locations of nodal
points and flow branches of axial direction. Pig. 5 shows control rod insertion
hole and standard fuel channels. Tig. A shows one-sixth segment of radial
direction of reactor core. Thus, large number of possible flow paths and their
connections in reactor internal are described by flow network model which is
comprised of one-dimensional branches and nodes.
3.2 ANALYTICAL METHOD

Tor describing the flow distribution in flow network model, following three
fundamental equations are used in the core flow analysis .^
(i) One -dimensional momentum equation in every branch
y2

A?

£

20

( 1)

1

Ig-yA-

where

pressure drop in branch ,
acceleration of gravity f
cross-sectional flow ares,
branch length
.
heat addition into branch.
specific heat of coolant ,

AP
g
A

i
Q
cp

w
Y
X
d
T
K

coolant flov rate in branch
specific weight of coolant
friction factor
hydraulic diameter
average coolant temperature
drag coefficient or orifice
factor

(ii) Continuity equation for coolant flow at any node

- 0

w

where

W

: coolant flow rate in branch which is connected to node n

Sn : source (or sink) flow rate at node n

(iii) Continuity equation for energy at any node

in
i

T

out

-" I

where

- 0

( 3)

coolant flow rate into node
coolant outlet temperature of branch with flow

W.

into node

coolant flow rate leaving node

1 : coolant mixing temperature at node
To solve a set of simultaneous equations, Eq.(l) is linearized
AP - R (W) W
and in steady condition
AP * Pin " Pout

where
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P. : coolant pressure at branch inlet node
Pout: coolant pressure at branch outlet node

( 1 )'

Substituting Eq.(1)' and Eq.(A)' into Eq.(2), we get the following equation.

where

P

P

: coolant pressure at node K which is inlet of i with flow
into node n
î coolant pressure at node n

Now we can solve Eq.(5) concerned with coolant pressure at node j by using
matrix inversion method. Using node pressure obtained from Eq.(5), coolant
flow rate of every branch Is calculated from Eq.Cl)' and Eq.(A). Calculation
is repeated until resulting flow rate at every branch is equal to the old value
within & calculation error.
Upper plenum of reactor

pressure vessel

Flow control
£
valve

S t Standard fuel channel
C t Control rod Insertion hol«
R t Replaceable reflector coolant flow branch

„ot p]em,M
J
V

Reactor outlet

Reactor

Nodes and flow branches of axial direction in flow network model
(Fuel channel,control rod insertion hole and core barrel inner/outer flow branch)

Pig. 5
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3.3 CROSSFLOW LOSS COEFFICIENT
He. 40»lg. 400 T
-0.03 kg/cm'

The flov rate through the large gap
of the column is calculated from crossflow loss coefficient K./A2 expressed by
the folowing equation.
K/A

where, Ap

W
T
g

I»»

( 6)
pressure difference
flow rate•of crossflow
specific weight
acceleration of gravity

Crossflow loss coefficient depends on
the shape of the gap between horizontal block interfaces. The large gap

postulated in this paper is wedgeshaped gap. The correlation betweencrossflow loss coefficient and wedgeshaped gap is shown in Fig.6, evaluated
from JAERI's experiment.*^
Cross flow loss coefficient is used
for wedge-shaped gap including the gap
made by unequal distortion of fuel
blocks caused by thermal expansion.

c
h

u

Fig-

Prevent an&lvcl« Input u«t»
(contigered cxp. error)

6 Correlation of crossflow .lass
coefficient to uedge-shaped gap

3.4 ANALYTICAL RESULTS

Axial distribution of coolant flow rate in average channel of orifice region
is shown in Fig.7 (a), (b) and (c), corresponding to standard case (without
large gap), Pattern A and Pattern ] of c-ccurrence mode of large gap, respectively, bäca.ise of crossflow, coolant flow rate changes axially. Generally,
in the upper part of the core, coolant flow rate decreases, on the contrary,
in the lower part of the core, coolant flov rate increases.
Since reduction
of flow rate in Pattern C is smaal (about 2%) compared with the standard case
, core temperature distribution and P.P. release are not neccessary to evluate
for Pattern C. In Pattern B, in which maximum large gap opens at the center
of all columns, maximum reduction of coolant flow rate in fuel channel is
about 6 %. Under the upper graphite reflector shield, the coolant flows from
fuel channel into gaps between columns, and through large gap the coolant flows
into fuel channel from the gap between the gap. then , in the lower part of
the core below the large gap, the changes of coolant flow rate are small.
In the Pattern A, maximum reduction of coolant flow rate in fuel channel is
not large. But the reduction continues from the upper reflector to the lower
reflector block.
It is easily seen that the change of temperature for the Pattern A is larger
than that for the Pattern -B. However we analyse the temperature distributios
both of the Pattern A and Pattern B for the succeeding fission product
analysis. Respective axial distributions of fuel temperature in the average
channel of the orifice II for the standard case, Pattern A and Pattern B, are
shown in Fig. 8.
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4. ANALYSIS OF FISSION PRODUCT RELEASE

4.1 Analytical Method

The fuel temperature is changed by the flov rate distribution in the core.
Fuel temperature significantly influences on fission product release
characteristics. Here, we discuss the release of fission products caused by
the change of flow rate distribution in the core.
Based on the "Standard" (i.e. designed or normal flow distribution)
temperature distribution, and two temperature distributions which correspond
to the "Pattern A" and "Pattern B" obtained in the previous section (Fig. 8).
We estimate the release rate or release fraction from the coated fuel
particle (cfp). In this analysis, the temperature and power distribution of
the whole-core is represented by three radial regions and eight axial regions
to evaluate Kr-88, 1-131 and Cs-137 release fraction from cfp.
Since Kr-88 and 1-131 have relatively short half lives and fuel compact
matrix or graphite sleeve have very little retention effect against these
nuclides, it is adequate to evaluate the release of Kr-88 and 1-131 by (R/B)
value which is defined by the ratio of release rate from cfp to birth rate
in cfp. We define the core-averaged value of (R/B) by the following equation.
(R/B)

release rate from the whole core
birth rate in the whole core
intact
+ f„(R/B)failed) P(r)
)v dv «1-fo J(R/B)
d

Iv

dv P(r)

where
V
P(r)
f.
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volume of the whole-core
power density at r
,
failure fraction (10 )

( 7)

The (R/B)
values of Kr-88 and 1-131 are shown in Fig. 9 as a function of
temperature. The solid lines indicate (R/B)
values for intact cfp and dotted
lines indicate those for failed c f p . These (R/B)
values are used in current
VHTR design.
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As Cs-137 has a long half life (30.2 y), we have to evaluate the timedependent release of Cs-137. In this analysis, we evaluate the release of
Cs-137 by fractional release from cfplunder AAO day operation. The fractional

release is calculated by FORNAX code that solves the time-dependent
diffusion equation in the cfp. The basic equation is

"be

- XC(r,t) f B(r,t)

( 8)

where
C(r,t)
D(r,t)
B(r,t)
X

:
:
:
•

FP concentration
diffusion coefficient
birth rate
decay constant
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Table 2 shows thickness of layers in cfp and diffusion parameters in each
layers used in this calculation.
Table

2

Layers thickness and diffusion parameters
in the coated fuel particles

layer

thickness

2.7 vio5
3.2 x 10

30

5.0 * 10~ 5
_
5.0 x 10

25

4.2 xlu"12

1.8 " 1C5

45

5.0 x ID" 5
2

3v2 * ID 5

300

buffer

60

SiC
outer PyC

0

3. B x 10" 3 ^

kernel

inner PyC

D0

u in

r> •
[1] sec -i

C7K

r

3.2 x 10s

/S

J/mol

exp ( -Q/RT. )

4.2 Results and Discussion
Results are summerized in Table 3. The fuel temperature of "Pattern A" is
higher than that of "Pattern B", so that "Pattern A" results in larger
release of fission products.
The (R/B) value of Kr-88 has increased about 10 % and that of 1-131 about
7 % in column bowing mode "Pattern A". These increase do not introduce any
safety problem.
The fractional release of Cs-137 has increased about 60 % in the
"Pattern A" since the diffusion coefficient of Cs-137 are sensitive to
temperature. Considering the deterioration of retention by fuel compact
matrix and graphite sleeve, the amount of Cs-137 release with "Pattern A"
might be about two times that of "Standard" temperature distribution.
However, for the following reasons, this increase does not become a problem
from the standpoint of safety design of VHTR.
- In this analysis, fractional release of Cs-137 was calculated
based on the conservative assumption that the fuel temperature
distribution of "Pattern A" continues for 440 days.
- The amount of Cs-137 release with the "Standard" temperature
distribution is sufficiently small, compared with the limited
value. Therefore, even if the fractional release of Cs-137
becomes two times, it will also satisfy the limited of Cs-137
release.

Table 3

Calculated results

Kr-88
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2-131

Cs-137

Standard

3.23

» 10~ 5

9.54

*1D~5

3.18 x 10~ 4

Partern A

3.57

« 10~ 5

1.02

y 10~ 4

5.17 x 10~ 4

Pattern B

3.38

x 1C"5

9.85

x 10~ 4

4 . 04 x 10~ 4

5.

CONCLUSION

Conclusion obtained from the analysis are as follows :
(1) Maximum flow reduction in fuel cooling channel is about 6 % of
total flov in case of large horizontal gap at the core top region.
(2) As a result of flow reduction, maximum fuel temperature rises
about 45 CC.
(3) The above temperature rise causes about 10 % more release of Kr-8£,
about 7 % more release of 1-131 and 60 % more release of Cs-137.
From the above, it seems that the change of core flow distribution
caused "by the column bowing does not bring any serious safety problem into
the experimental VHTR.
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PROGRESS IN THE MEASUREMENT OF FUEL TEMPERATURE
COEFFICIENTS IN CAGRs
M.J. BRIDGE, T.A. GEORGE
Berkeley Nuclear Laboratories,
Technology Planning and Research Division,
Central Electricity Generating Board,
Berkeley, United Kingdom
Abstract
The fuel temperature coefficient of reactivity in the Advanced Gas
Cooled Reactor varies significantly with fuel burnup.
The initial negative
coefficient due to the doppler effect in ^^°U is counteracted by an increasing
positive component arising from thermal neutron spectrum effects on 2^Pu
fission rate.
The core-average net coefficient remains negative but is small
and its prediction is subject to relatively large uncertainty.

A means of measurement of the fuel temperature reactivity feedback was
therefore devised which could be applied with minimum disturbance to full
power operation.
The method has now been applied to all the CEGB's
Commercial AGR's.
It involves a relatively small withdrawal of a bank of
rods, a hold period of approximately one minute and reinsertion to the original
level. The resulting power transient is measured by neutron flux detectors
outside the core and is used as input to two calculations; firstly, an inverse
neutron kinetics programme to calculate the core reactivity as a function of time
during the whole transient, and secondly, a thermal hydraulics calculation to
calculate the transient in mean fuel temperature. The resulting core reactivity
versus fuel temperature plot gives a measure of fuel temperature coefficient of
reactivity at the times when rods are stationary.
The method has been reported previously but this paper reports on the
progress of these measurements and comparison with theoretical prediction at
Hinkley Point from initial core measurements over a period of 5 years through
to a total core burn-up (integrated heat) of 1600 GWD. Initial measurements
made during commissioning of Dungeness B in which the range of power levels
was extended down to 30MW(th) are reported, and also tests at Hartlepool and
Heysham I.
Analysis of the results to date show the method to be robust, giving
repeatable and reliable results.

The theoretical predictions of fuel temperature coefficient are shown
to agree within the errors of interpreting the experiments and the resulting
uncertainty in predictions is consequently reduced.
Care has to be taken in
comparing theory with the measured temperature coefficient which is a single
global representation of a distributed reactivity feedback.
Some refinements
to the analysis route are described which provide a more rigorous comparison.

1.

INTRODUCTION

The fuel temperature coefficient of reactivity (of) in an advanced gascooled reactor (AGR) is an important parameter and is the dominant factor
in controlling the reactor response to transient changes in reactivity,
including postulated reactivity faults. The 238u Doppler effect ensures that
of is negative at start of life but the buildup of 239pu with reactor burn-up
leads to an increasingly positive contribution in af. At fuel cycle equilibrium
the proportions of 238u and 239pu become essentially constant and af ceases to
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change significantly.

The theoretical prediction of of is subject to considerable

uncertainties primarily because it is determined by the relatively small

difference between the two competing effects. It has therefore been considered
desirable to check theoretical predictions against experimental measurements.
A method of making such measurements was devised by Telford (1982) who also
reported early applications of the technique to Hinkley Point 'B1. This
paper describes the progress in making further measurements at higher burn-ups
on Hinkley Point 'B', the extension of the measurement programme to other
AGR's, and catalogues some of the problems which have arisen in the course
of making the measurements.
2.

REACTIVITY FEEDBACK IN AGR'S

In AGR's the significant feedback mechanisms occur in fuel and the
graphite moderator. The fuel consists of 14 mm diameter U0„ pins clad in
stainless steel. Assemblies of 36 pins are supported by steel grids inside
two concentric graphite sleeves. The sleeves act as a physical and thermal
barrier between the hot upward flowing C0~ coolant in the fuel channel and
the relatively cooler downward 're-entrant' C0_. Each fuel stringer, consisting
of fuel assembly and sleeves, is surrounded by the bulk graphite moderator
cooled by the 're-entrant1 C0?.
At start of life Doppler broadening of 238u resonances and self shielding
lead to strong negative fuel temperature reactivity feedback (~-1.5 mN°C
at full power conditions). As burnup occurs the production of 239pu in the
fuel leads to an increasingly positive contribution to fuel temperature feedback. This arises because the Oxygen present in the fuel has a significant
moderating effect. Thus an increase in fuel temperature leads to a hardening
of the neutron spectrum which causes an increase in the fission rate in 239pu
relative to absorptions in the lattice (owing to the non l/v thermal crosssection of 239pu)• At fuel cycle equilibrium burnt up fuel with a high 239pu
content is continually replaced by fresh fuel and the overall value of ocf
reaches a saturation level at a small negative value (typically --0.6 mN°C ).

In moderator temperature feedback it is the 239pu effect which dominates,
so the overall moderator coefficient, ctm is small at start of life but increases
to a value of -8 mN°C
at fuel cycle equilibrium. Moderator feedback is
conveniently separated into two terms: a small but fast acting term associated
with the inner graphite sleeve (-0.4 mN°C), which is in contact with the
hot fuel channel coolant, and a large (~8 mN°C ) but slow acting term associated
with the outer graphite sleeve and bulk graphite moderator both of which
are kept cool by the 're-entrant* flow.
The presence of a large moderator feedback effect makes measurement
The
transient measurement method devised by Telford takes advantage of the different
rates of response of fuel and moderator temperatures to separate the feedback
effects.
of the fuel temperature coefficient by steady state methods difficult.

3.

DESCRIPTION OF THE MEASUREMENT METHOD

The measurement relies on measuring the reactor power response to
a reactivity perturbation. Regulating (grey) control rods are normally -50%
inserted into an AGR core to provide minute to minute control of reactor
power. Withdrawal of these rods as a group for a few seconds initiates the
reactivity perturbation. The rods are then held for a period, which varies
according to reactor conditions from -40s at higher power up to -90s for
very low power measurements. Finally the rods are re-inserted to their
original position.
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The only transient data which is required is the neutron flux transient
measured at out of core detectors. In addition to this, steady state data
recording of parameters, such as reactor temperatures, coolant gas flow,
fuel channel gag positions and control rod positions are required to enable
a theoretical estimate of the steady state distribution of reactor power

and temperatures to be made in the analysis.
4.

PRACTICAL CONSIDERATIONS AND PLANT CONSTRAINTS

The measurement is not sensitive to either the magnitude or the precise
duration of the transient. Neither is it sensitive to the precise position
of the individual control rods or which group or sub-group of rods is used

to give the reactivity perturbation provided the absorption change is fairly
evenly distributed over the reactor. The magnitude of the reactivity
perturbation is determined by the need to produce a large enough predicted
fuel temperature transient for analysis, of perhaps 15 to 20°C while staying
comfortably within plant limits. The magnitude of the reactivity perturbation

also depends on the power level of the measurement and the value of ccf. The
range of reactivity perturbations in practice has varied from -70 mN for
low power measurements at start of life to -10 mN for full power fuel
equilibrium conditions.
To minimise risks of a trip, an af measurement consists of a series of

individual tests (normally four); starting with a very modest perturbation
and followed by increasingly large transients. In total a typical measurement
takes about an hour to perform.
Normally an AGR is run under automatic control with various control
loops working together primarily to control reactor power, coolant flow, boiler
feedflow and turbine steam pressure. However, for the af measurement the
regulating rods, which control reactor power, need to be under manual control
and the interdependence of control loops is such that it is necessary to

disengage several control loops. Such manual operation has two main implications.
Firstly, there is a slightly increased risk of a reactor trip because the
effect of the failure of a plant item, unrelated to the test itself, would
in general be less well protected than under automatic control. This 'risk
to trip' precludes the test from being carried out during periods of annual
or daily peak demand. Secondly, over the period of the measurement there
is a tendency for the plant to drift away from its desired operating point
and the time for which the reactor may be left under manual control is normally

limited to 20 to 30 minutes by the approach of the plant to some operating
limit.

Overall, the requirement for manual reactor control leads to

quite strong operational constraints on the timing and duration of the test.

5.

ANALYSIS METHOD
The method of analysis has been described in detail elsewhere (Telford,

1979) and only a brief description is given here.
of the af transient are shown in Figure 1.

The essential features

The control rod movement produces

the depicted flux transient. The corresponding reactor power rise produces
a transient change in mean fuel temperature which lags somewhat behind the
flux/power transient. If one neglects, for the present, small contributions
to the reactivity from graphite moderator effects, the reactivity transient

is just the sura of control rod and fuel temperature feedback reactivity
contributions. During the period that the control rods are held steady the
reactivity transient is determined solely by fuel temperature feedback and
it is this feature of the transient which allows a simple determination of
af to be made.

"*
\ «

The analysis proceeds in the following manner.

The measured flux

transient is used to drive a thermal calculation (SKARC, essentially the
thermal coding in KINAGRAX, Ellis 1967) which is intialised at the estimated
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reactor steady state conditions for the test, to produce predictions of a
mean reactor fuel temperature transient. Graphite moderator temperature
transient predictions are also calculated. The flux transient is then also
used to drive an inverse kinetics program which gives a prediction of the
reactivity transient. The reactivity transient is corrected for the small
moderator feedback effects using the temperature predictions from SKARC and
theoretical estimates of feedback coefficients (generally these are calculated
from 'core follow' data using AKTS/ALPHA, Telford 1980). Other corrections
are sometimes made to the reactivity transient (see Section 6.1). Finally
the corrected reactivity transient, which should only contain fuel temperature
and control rod contributions, is plotted against the predicted fuel
temperature transient (Figure 2). The parts of the plot corresponding to
the control rods being held stationary are just plots of fuel temperature
feedback reactivity vs. fuel temperature giving straight lines of slope af.
Note that each af transient provides two estimates of af denoted by afi and
a
f26.

PROBLEMS

In the course of making the present series of af measurements a number
of problems have arisen. Three such problems and their solutions are described
here.
6.1

Reactivity Drift

Difficulties were encountered in one of the early measurements due
to the presence of a Xenon transient (Telford, 1982). The measurement took
place shortly after a shutdown and the reactivity drift (~2 mN min )
introduced by the Xenon transient caused a significant discrepancy between
otfl and otf2- More recently drift apparent in flux signals from other sources
has been the cause of concern. Figure 3 shows the measured flux transient
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for a full power measurement at Hinkley Point 'B1 in July 1980. Several

attempts to balance the reactor by inserting control rods were made by the
operator but, even though apparent balance had been achieved at -80s, by
the time the transient was imposed at -280s it is clear that the flux is
drifting upwards again. The cause of the drift has not been positively
identified but the most likely explanation is a drift in the temperature of the
bulk graphite moderator driven by small changes in reactor coolant gas inlet
temperature. A drift in bulk moderator temperature of only ~0.2°C inin~ would
have been needed to reproduce the observed effects. The effect of the drift

on the standard reactivity vs. fuel temperature plot is seen in Figure 4;
the values of afi and af2 being significantly different.
The short time available for the measurements effectively limited
attempts to find a good steady state from which to impose the af transients
so the success of such a measurement depended on modifications to the analysis.
In principle, if the sources of the drift, e.g. coolant gas inlet temperature,
could be identified it would be possible to include such an effect in the
thermal calculation.
However, in practice it is an empirical correction that
is required. One possibility would be to detrend the recorded flux signal
but if, as suspected, the drift is fundamentally in reactivity (either
through Xenon or temperature drift) a correction to the reactivity transient
is preferable. To date, a correction term which depends only linearly on
time has been used. The version of APRECOT which includes this correction
allows for its magnitude to be calculated by an iterative process which
estimates the unaccounted reactivity drift from the difference in af u and
af2- Convergence is indicated by a specified tolerance on jaf i - af2| being
achieved and this normally occurs with two iterations for a tolerance of
-.01 mN°C . The corrected reactivity vs. fuel temperature plot corresponding
to the standard plot (Figure 4)_is Figure 5. Note that the mean value of
af from Figure 5 is —0.66 mN°C~ whereas that from Figure 4 is —0.71 mN°C .
The simple averaging of the standard plot af's gave the wrong mean because
the reactivity drift affects afi and af2 to a different extent depending
on the rate of fuel temperature change during the appropriate parts of the
transient. In terms of the reactivity vs. fuel temperature plot the rate
of fuel temperature change is given by the spread of adjacent points. Since
the points are closer together for of2 than for afi it is af2 which is
derived from the slower part of the transient and is more affected by the
presence of drift.
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Since the correction applied is without theoretical justification
some reassurance is needed that it is not spurious and that, for example,
some basic modelling error has not been suppressed.

This reassurance is

provided by subtracting, from the total reactivity, the estimated fuel and
moderator feedback and the empirical correction to leave the estimated control
rod reactivity. Figure 6 illustrates the estimated control rod reactivity
for the flux transient seen in Figure 3. A slight residual slope in
reactivity can be seen between control rod movements early in the transient
(t < 80s) indicating that the reactivity drift has not been accounted for
quite corrrectly here but from 80s onwards there is no perceptible drift
in the rod reactivity between control rod movements giving confidence in
the modelling used in the analysis.
6.2

Control Rod Swinging
The design of the core of Dungeness "B1 CAGR is significantly different

from other CAGR's. Control rods are situated in 'on lattice' rather than
interstitial positions in what are effectively empty fuel channels. One
of the results of housing control rods in such large diameter channels has
been that they tend to perform a gentle pendulum like motion with a
characteristic period of ~6s. At the out of core flux detectors this produces
an oscillating flux signal comprised of the effects from several neighbouring
rods. The effect on a typical af transient is shown in Figure 7.
In terms of a point neutron kinetic model the peak to peak flux
oscillation in Figure 7 is worth ~10 mN peak to peak in reactivity or -35%
of the impressed rod reactivity for the ctf transient. Clearly a method of
removing the oscillation was needed. Since, as with the drift above, the
unwanted signal is fundamentally a reactivity signal, it would seem sensible
to first calculate the reactivity transient and then suppress the oscillatory
component. However, the effect of carrying out an inverse kinetics calculation
on the raw flux signal would be to enhance the relative magnitude of the
oscillations and produce a deterioration in signal to noise ratio which was
clearly not desirable. In the event attempts to use the raw flux signal
to drive the inverse kinetics routine resulted in failure because of the
sensitivity of the routine to rapid flux changes so pre-processing of the
neutron flux signal became a necessity.

330

090
0

40

80

120

180

200

2(0

280

0

320

40

80

120

160

200

240

280

320

Time (s)

Time ts)
FIG8

FIG 7 Row Neutron Flux Signal - Dunqeness B.
12th J a n 1 9 8 3

Filtered Neutron Flux Signal - Dunqeness B.
12th Jan 1 9 8 3

Dungeness B- 12th January 19B3

<Xf) =-2 39mN

O

i •
370

372

37«

376

378

380

382

-16

FIG 9. R e a c t i v i t y vs. Temperature Plot

The oscillatory component of the flux signal was removed by applying
a low pass digital filter to the data. The filtering was carried out using
options available in one of the CEGB's standard statistical codes; STATSYS
(Allum, 1974). The success of the filtering can be judged by comparing
Figure 8 with Figure 7. The reactivity vs. fuel temperature plot corresponding
to the flux transient in Figure 8 is shown in Figure 9. The good straight
line fits for the of determinations and closely similar afi and of2 values
(note that no drift correction has been applied here) confirm that the filtered
flux represents the response of the reactor to the imposed control rod well.
6.3

Axial Fuel Temperature Profile

One particular measurement at Dungeness 'B' was made at very low power
-35 MW(th). This was expected to be a severe test of the of measurement
method for a variety of reasons. Firstly, definition of the steady state
power conditions would be difficult because rises in e.g. coolant
gas temperature between reactor inlet and outlet would be very small (~30°C)
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making small errors in measured temperatures important. Secondly, a large
percentage transient change in flux (-80%) would be needed to give the
required power and fuel temperature transient for a successful measurement
compared to typically a -4% flux transient at full power. Finally, at such
low powers black control rod banks are deeply inserted into the core giving
rise to a strong axial distortion in the neutron flux. This proved to be
an extreme test of the validity of the assumptions in the method analysis
and led to some improvements in the APRECOT route. Before these improvements
can be described some background material on the assumptions in APRECOT needs
to be presented.

In effect the corrected reactivity transient which is calculated within
APRECOT gives a value for the transient change in fuel temperature feedback
reactivity (Apf(t)). The assumption implicit in APRECOT is that Apf(t)
can be represented as a product of a feedback coefficient and a mean temperature
change :Apf(t) = of ÄTf(t)

(1)

The value of af depends on the definition of ATf(t). As regards
radial averaging, temperatures are volume weighted in APRECOT. This is
implicit in the use of the ID (axial) code SKARC to calculate transient
temperatures which is set up to represent an average (i.e. volume average)
power and coolant gas flow fuel channel. However, two options are available
for axial averaging. These are uniform and flux squared weighting. Uniform
axial weighting gives a temperature which is simply volume weighted radially
and axially and hence an of value which is appropriate to a point or 'zero
dimensional' reactor model for which such a definition of representative
temperature is a natural choice. In order to understand the significance
of flux squared axial weighting one needs to consider further the weighting
of contributions to an overall reactivity change.
In terms of a one energy group neutron flux representation, first
order perturbation theory gives the following expression for the reactivity
change Ap caused by fractional changes Ap(r) in multiplication constant kco:
Ap = /Ap(r)
/Ap(r) <fr2 dr//J>
dr//J> 2(r)dr
•^

(2)

•/

If attention is restricted to axial considerations and the Ap's are
explicitly assumed to arise from fuel temperature feedback one can write:
Apf(t) = /af(z)AT(z,t)4>2(z,t) dz/A2(z,t) dz

(3)

If af(z) = constant (ocf1) then:
A p f ( t ) = a f ' A T f ( z . t ) 4 > 2 ( z , t ) d z / / i 2 ( z , t ) dz = af' ATf 1

(4)

Thus the value for af (af1) which is obtained from the observed reactivity
feedback Apf(t) and an axially flux
squared weighted temperature ATf'
represents a (volume) averaged value for a ID (axial) reactor model. In
general, partly for historical reasons and partly because the fault study
codes for which af is of most interest (such as KINAGRAX) are axial codes,
af values quoted are these mean "ID" values.
_
_ One further point needs to be made. The ratio af/af' is given by
ATf '/ATf. The normal assumption made in the af analysis is that both the
flux and fuel température profiles remain unchanged throughout the transient
so that the ratio ATf '/ATf remains constant. This can be easily demonstrated
by representing the fuel temperatures and neutron flux as products of suitably
normalised profile (shape) functions and transient functions,
i.e.
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ij>(z,t) = S(Ji(z) <|>(t), /S<|>2(z) dz - 1

(5)

and

(6)

A T f ( z . t ) = S f ( z ) A T f ( t ) , / S f ( z ) dz

with these assumptions a f / o t f ' is given by:
ÀTf'/ÀTf - / S f ( z ) S<J> 2 (z) dz

(7)

which is independent of time. Thus under normal circumstances the choice
of temperature weighting is considered-merely a matter of convenience or
convention.
Returning now to the low power experiment itself. The APRECOT
analysis was carried out first using volume weighted fuel temperatures and then
with flux squared weighted temperatures. Corresponding sample reactivity vs.
fuel temperature plots are shown in Figures 10 and 11. It is immediately
apparent that the volume weighted (or point model) plot shows significant
curvature in what should be the straight line portions in the plot, leading
to a spread in derived of values. Essentially of is no longer a constant
indicating a breakdown of the model. In contrast, a plot against flux squared
weighted temperature ('ID model1) gives a much improved plot with much better
straight lines. The breakdown of the simple correspondence between the two
forms of of implies that the assumption of constant fuel temperature profile
is not valid for this transient. It would appear from equation 7 that a
changing flux profile could have the same effect but in fact the SKARC
calculation of fuel temperatures is driven by a flux transient with a constant
profile so the only profile change which can cause the breakdown of equation
is in fuel temperature.
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Given a changing fuel temperature profile, equation 4, only predicts
the fuel feedback reactivity correctly if af is axially constant, of is a
function both of temperature and irradiation making af in general a function
of z. However, for this particular measurement, which was both at low power
and start of life, af was axially constant to a good approximation and hence

for this particular case the APRECOT analysis in terms of flux squared weighted
fuel temperature is valid. The transient change in fuel temperature profile
not only explains the differences in the two APRECOT analyses but also why
better results are obtained for the flux squared weighted temperature analysis.
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The results of this measurement prompted the inclusion of an alternative
analysis method in APRECOT. Essentially the thermal calculation can now
be used to calculate the fuel feedback reactivity from equation 3. This
"thermal route" reactivity is then plotted against the "fuel and rod'
reactivity for the inverse kinetics routine which gives a plot analogous
to the reactivity vs. fuel temperature plots of the standard analysis but
where the slopes of the straight lines represent the ratio of 'thermal route1
or theoretical feedback reactivity to 'inverse kinetics1 or experimental
reactivity. In this new option theoretical values of af(z) are supplied to
the program and it calculates the correction factor needed to reproduce the
observed reactivity.
A check on the standard analysis against the new option as carried
out for a full power test at Hinkley Point 'B' to assess the importance of
the 'temperature profile effect1 on the long series of measurements made
at Hinkley Point. The results from the standard analysis were of (experimental)
= -0.66 ± 0.10 mN°C
compared to a corresponding theoretical value of
-0.76 mN°C~ . The new option gave a ratio of 0.87 ± 0.13 for the experimental
to theoretical feedback (see Figure 12). Expressing the standard analysis
results as a similar ratio also gives a value of -0.66/-0.76 = 0.87. The
conclusion was that for the full power tests temperature profile effective
may be neglected and for reasons of continuity and clarity of presentation
the standard method of analysis has been retained.
The reason for the relative importance of temperature profile effects
at low power is probably related to the deep insertion of black control rods
and the consequent axial disortion of the neutron flux shape.

7.

RESULTS

The main emphasis of work on af measurements has been in monitoring
the change of af with burn-up on the lead CAGR (Hinkley Point 'B1 Reactor 4).
The results, to date, are shown in Figure 13. Low power test results have
been corrected to full power conditions. Following the sharp initial rise,
the last three measurements (-800 to -1500 GWD) indicate that af has now
settled down to a steady value which is satisfactorily negative. These latter
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measurements seem to indicate a small systematic theoretical underprediction
of af by -0.1 mN°C . This discrepancy is acceptably small and is indeed
significantly less than the assessed (10) uncertainty on the theoretical
calculations of -0.2 to 0.3 mN°C~ .
Measurements of of have now also been made at Hartlepool (Webster, 1984),
Heysham I and Dungeness 'B' CAGR's during commissioning.
The purpose
of these measurements was to provide more information on the temperature
dependence of af by making measurements at a variety of power levels not

available once a reactor has attained normal full power operation, and also
to check theoretical predictions for the different designs of CAGR: Dungeness
'B' in particular has a significantly greater proportion of graphite moderator
to fuel than other designs and hence a more negative predicted af.
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FIG.14. Summary of Results from Commissioning
Measurements on Dunqeness B.
Heysham I and Hartlepool Power
Stations.

Interim results from all the commissioning tests are presented in
Figure 14 as a function of mean fuel temperature and a comparison made with

theory. The theoretical values quoted here are, however, not calculated
by AKTS/ALPHA but are values obtained from ARGOSY4C (MacDougall, 1965) lattice
calculations which have been corrected approximately for radial condensation
effects (see e.g. Telford, 1980). It is intended to obtain better theoretical
af values in the future by calculational routes similar to that used at Hinkley
Point 'B1, but for the present it is concluded that the interim comparison
of experiment and theory shows satisfactory agreement.
8.

CONCLUSIONS

The original of measurement technique has now been applied successfully
to the lead CAGR (Hinkley Point 'B' Reactor 4) up to a core burn-up of
-1600 GWD. The result of these measurements has been to significantly reduce
the uncertainties on af and thus to enhance confidence in fault studies.
More recently, commissioning measurements at Dungeness 'B1, Heysham I
and
Hartlepool Power Stations have been made at a variety of power levels.
These tests have demonstrated that in general the af measurement method is
robust even under quite severe conditions. The programme of measurements as
a whole has, from time to time, revealed problems which have required modifications
to the original analysis method but the basic measurement technique has been
shown to be viable and valid for all the existing AGR's and under a wide
variety of reactor conditions.
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Abstract

The ORNL safety analysis program for the HTGR was established in 1974
to provide technical assistance to the USNRC on licensing questions for
both Fort St. Vrain and advanced plant concepts. The emphasis has been on
development of major component and system dynamic simulation codes, and use
of these codes to analyze specific licensing-related scenarios. The program
has also emphasized code verification, using Fort St. Vrain data where
applicable, and comparing results with industry-generated codes. By the
use of model and parameter adjustment routines, safety-significant uncertainties have been identified.
A major part of the analysis work has been done for the Fort St. Vrain
HTGR, and has included analyses of FSAR accident scenario re-evaluations,
the core block oscillation problem, core support thermal stress questions,

technical specification upgrade review, and TMI action plan applicability
studies. The large, 2240-MW(t) cogeneration lead plant design was analyzed
in a multi-laboratory cooperative effort to estimate fission product source
terms from postulated severe accidents.
1.

INTRODUCTION

The safety research program for high-temperature gas-cooled reactors
(HTGRs) at Oak Ridge National Laboratory (ORNL), sponsored by the U. S.

Nuclear Regulatory Commission (NRC), has been directed mainly at the
analysis of postulated HTGR accident sequences. A continuing effort has
been on providing technical assistance to NRC on licensing-related questions
for the Fort St. Vrain (FSV) HTGR located near Denver, Colorado. Other
advanced HTGR concepts studied over the course of the program have been the
GA Technologies (formerly General Atomic Co.) large commercial HTGRs that
were planned in the 1970s, a more recent DOE-sponsored lead plant design
adaptable to cogeneration rated at 2240-MW(t), and the current modular HTGR

designs. In all of these cases, detailed dynamic simulations were developed
to analyze accident scenarios and assist NRC in evaluating licensingrelated problems.
Another major effort in the program has been on computer code
verification. This work has been approached from many angles: 1)
internal and external reviews; 2) applications to a variety of problems
by many users; 3) sensitivity studies to show effects of model and
parameter variations; 4) comparisons with other similar codes, and 5)
comparisons with experimental data.

*Research Sponsored by the Office of Nuclear Regulatory Research, U. S.
Nuclear Regulatory Commission, under Interagency Agreement DOE-40-551-75 with
the U. S. Department of Energy under Contract DE-AC05-840R21400 with Martin
Marietta Energy Systems, Inc.
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This paper describes the FSV simulation, analysis, and licensing
support work, the 2240-MW(t) HTGR source term study, and code verification activities. The recent work on modular HTGRs is described in a
companion paper.*
2.

ORNL HTGR SYSTEM SIMULATION CODES

The code development work has been geared to the various HTGR
designs as interest in the particular concepts has waxed and waned. One
constant, however, has been the FSV HTGR, for which ORNL has been providing technical assistance to NRC over the entire course of the program.
The overall system simulator developed for FSV is the ORTAP code. >3
ORTAP contains coupled component simulations of the core (CORTAP,1*
ORECA5), the reheater and steam generator (BLAST6), the regenerative
steam turbines (ORTURB7), the helium circulator and circulator turbine,
and the balance-of-plant. The major plant control systems are also
modeled.
The core is normally simulated by a single-channel thermal-hydraulics
model incorporating coupled heat-transfer and neutron-point-kinetics
equations (CORTAP) for at-power conditions. The other core model (ORECA)
is used to simulate transients involving post trip power and flow conditions. The ORECA model includes three-dimensional temperature distribution calculations, accounts for the varying flow distribution among
the individual refueling regions, and simulates flow reversals.
The reheater and steam generator are simulated by a multi-node,
fixed-boundary, homogeneous-flow model (BLAST). Time-dependent equations
for conservation of energy, mass, and momentum for the water/steam
side, and for conservation of energy for the helium side and the tube
are solved by an implicit integration technique. Transients involving
both start up and flood-out of the steam generator can be simulated.
A detailed model of the regenerative steam turbines is necessary to
accurately predict primary system component response because of the
close coupling in FSV between the primary and secondary systems. The
steam turbine model (ORTURB) calculates pressures, enthalpies, and flows
at several points, including extraction and exhaust lines, in the high-,
intermediate-, and low-pressure turbines. The dynamic response of each
feedwater heater and the deaerator is specifically calculated. The
detailed circulator-turbine model includes the turbine speed and pressure
ratio controls. The main steam bypass system, desuperheater and flash
tank are also modeled.

Though the present version of ORTAP is developed specifically for
the FSV plant, changes in input and minor program modifications could
adapt ORTAP to be used to simulate other HTGRs. The component routines
can be either run independently or as a part of ORTAP. All of the code
verification work has been done with the component routines being run
ind ep end en t ly.
3. FSV LICENSING STUDIES

Examples of several licensing-related FSV studies are presented.
One unique example is the FSV oscillation problem. Unexpected oscillations were observed in the core outlet temperature, steam generator
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helium inlet (and steam outlet) temperature, and neutron detector
measurements. At certain operating conditions, fluctuations in individual neutron channels would be as much as ^ 5%, and helium temperature
excursions from individual refueling regions and to steam generator
modules would be as large as 100 and 50°C, respectively. Fluctuations
were more likely to occur at higher powers and flows and high core flow
resistance (which can be adjusted by the refueling-region orifices
valves). They could be terminated by reducing the power and flow. The
fluctuations had random spatial and temporal characteristics, although a
dominant periodicity of vLO min was observed in many instances.
The oscillations first occurred on Oct. 31, 1977. Over 100 h were
spent in an oscillation mode at power levels ranging from 30 to 68%.
Subsequent installation of region constraint devices (RCDs) to the top
layer of plenum elements after the October 1979 outage was successful in
stopping the oscillations for power levels up to 100%.
The ORNL involvement in the oscillation problem included 1) technical
support during the initial stages of analyses, 2) assessment of related
safety analyses and test program plans, 3) noise analyses of various
core instrumentation signals, 4) review of the special in-core instrumentation [Instrumented Control Rod Drives (ICRDs)], and 5) safety
assessments of the proposed fixes, including the RCDs. Our involvement
continued through the post-RCD tests and the 70 to 100% power tests.
The major analytical effort was an evaluation of the "jaws" theory,
which postulates that periodic tilting of fuel element blocks near the
top of the core opens alternative flow paths through the jaws so formed
and that the resulting additional flow through a region's coolant channels
could cause a substantial and rapid decrease in its outlet temperature.8
The ORNL analyses corroborated the explanations advanced by the FSV
utility.

A second licensing study addressed the possibilities of high core
support block (CSB) thermal stresses during the earthquake accident
sequence. This scenario includes a postulated loss of forced convection
(LOFC) followed by a "firewater cooldown" (FWCD). (The FWCD refers to
the use of emergency quake-proof fire protection system water to power
the Pelton wheel drives on the helium circulators. It is postulated
that FWCD can be implemented within 90 min of the onset of the LOFC.)
Results of ORECA code analyses of the postulated LOFC/FWCD scenarios
were used by Los Alamos National Laboratory (LANL) to calculate thermal
stresses in parts of the core-support structure. These stresses result
from large temperature differences between adjacent refueling regions
caused by mismatches in the heating and cooling of the regions caused by
flow redistributions during the LOFC and FWCD phases of the accident.
LANL calculations of maximum stresses in the CSBs indicated that the
stresses were large enough to warrant some concern about possible crack
formation and propagation in the support blocks. Several significant
uncertainties, however, in both the thermal analyses and the stress
analyses required refinements in both analyses. The outcome of the
analyses concluded that the maximum predicted stresses would be somewhat
less than the allowable limits; therefore, the existing core design and
accident mitigation system were judged acceptable.9
Two other FSV technical assistance projects at ORNL have been
sponsored by NRC's Office of Nuclear Reactor Regulation. The first was
a review of the applicability of the NRC's TMI Action Plan requirements
(primarily directed to water reactors) to FSV. The second is an ongoing
review of the FSV Technical Specifications that ensure acceptable limits
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on core temperatures during low-power, low-flow operation. Special
modifications were made to the ORECA code to predict intra-region flow
redistributions (and stagnation) due to non-uniform radial heating
("tilts"). Recommendations for simplifying the tech specs have been
made.
4.

2240-MW(t) HTGR STEAM CYCLE COGENERATION
PLANT SOURCE TERM STUDIES

As part of a multi-laboratory collaborative study*0 of the fission

product source terms from postulated severe accidents in the 2240-MW(t)
HTGR, the ORECA code was modified extensively to model both the core and
the available shutdown cooling mechanisms. In this version of ORECA,
the core was represented by 14 axial nodes for each of the 85 active
refueling regions and 24 side reflector regions (for a total of 1526
nodes). An improved time-at-temperature fuel failure model by GAT was
also incorporated. Detailed models were developed for the upper (core
inlet) plenum and lower (core outlet) plenum. In severe transients,
radiative heat transfer to the liner cooling system (LCS) is significant , and the variations in the temperature between neighboring refueling
regions can be large. Hence, a model is used which accounts for radiant
heat exchange between individual refueling regions (upper and lower
surfaces) and the coverplates (above or below) associated with individual
regions. For example, in the upper plenum, each refueling and side
reflector region's upper surface exchanges heat with the 109 upper
plenum coverplates. Each coverplate is modeled dynamically; i.e., its
heat capacity is included. Radiation to the side walls in both the
upper and lower plenums is also modeled. The liner cooling system is
modeled, and distributed models for the concrete include release of H2Û
and C02 with concrete degradation. The code also allows for core auxiliary
cooling system (CACS) operation.
The analyses done for the source term study included estimates of
maximum time to restore cooling (MTRC). In an unrestricted core heatup
accident (UCHA), the core heats up to a point beyond which attempts to
cool it with the CACS would result in damage by the overheated coolant
to ducting, support structures, cooling tubes, and circulators. The
simulations showed the MTRC times to be 12-13 h, and that a satisfactory

cooldown was possible (after depressurization) using only one of the
three CACS loops.
Longer term (many days) UCHA scenarios were also studied to determine how long the operators would have to restore cooling to the LCS
after a station blackout. Depending on various assumptions made, the
results showed the PCRV remaining intact if liner cooling were restored

before 40 to 60 h.
In support of the source term analyses both in this and the FSV
severe accidents, ORNL has reviewed the status of fuel failure models
and the information available on fission product release and transport.
As a result, several key uncertainties were identified, and experiments
have been run to expand the fission product transport properties data
base.
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5.

CODE VERIFICATION STUDIES

Code verification is approached from several angles: 1) internal
and external reviews; 2) application of codes by many users to a variety
of problems; 3) sensitivity studies; 4) comparisons with other codes;
and 5) comparisons with experimental data.
Comparisons of the ORECA core model code predictions were made with

data from the FSV reactor scrams. Power levels just preceeding the
scrams ranged from about 30 to 50%. The core was treated as an "isolated"
component, so ORECA could be used independently of ORTAP for these

comparisons. The time dependent input data included circulator inlet
temperature, total primary system helium flow, primary pressure, and

power (afterheat estimates). The initial conditions were estimates of
each of the 37 refueling region power peaking factors, measured values
of the region outlet temperatures, and the region orifice positions.
With this input data, ORECA can compute the core transient response,
including predictions for the measured gas outlet temperatures from all

the regions, which are compared with data from the plant data logger.
The first comparisons were made for a scram test from 28% power on
Aug. 6, 1977. Of particular interest in this test were the two 2-min
periods of no-flow (at VLO and 14 min after the scram) which caused
significant delays in the core cooldown. The ORECA prediction of the
measured central region outlet temperature was in in excellent agreement
with the data for the first 30 min and low thereafter, as shown in Fig. 1.
Considering the complexity of the core thermal-hydraulics, the approximations used in ORECA, and the uncertainty ranges of both the model
parameters and the measurements, comparisons of these and other initial
"best-estimate" ORECA predictions with the data were quite good.
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1. FSV scram test of Aug. 6, 1977 (28% power) - comparison of
reference case ORECA code predictions of measured gas outlet

temperature from region 1 vs plant data.

The other region outlet temperatures showed similar behavior, with
slower responses in the lower-peaking-factor, lower-flow regions. The
discrepancies with longer-term responses were also similar. In order to
rationalize these discrepancies, sensitivity studies were made where
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many parameter and model variations were considered and tested. The
sensitivity studies, along with the use of an automatic parameter
optimization scheme, showed that modification of several models and
parameters within reasonable uncertainty limits could affect the results
enough to obtain excellent agreement with the measurements. The question
then becomes which of the models and parameters should be varied and by
how much.
The most significant differences between the initial, or "best
estimate", predictions and the data are the long-term errors, where the
predicted region gas outlet temperatures typically fall below the data
^20 to 30 min after the scram. Of all the different types of code
"adjustments" tried, only two were found to reduce these errors to near
zero: 1) the assumption of a greater-than-expected core bypass flow
fraction; or 2) the assumption of a greater-than-expected response time
for the region outlet temperature thermocouple assembly. An example of
the first type of adjustment is seen in Fig. 2, which shows the same
test and region response as in Fig. 1 but with an optimized ORECA
calculation, the primary difference being the assumption of a relatively
large (^19%) flow bypassing the core's main coolant paths. The resolution of this question is safety related in that the assumption of larger
core bypass fractions leads to higher predicted core temperatures in
postulated accident studies, while moderate increases in outlet thermocouple response times have no safety implications. Tests have been
proposed to resolve this question.
I
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2. FSV scram test of Aug. 6, 1977 (28% power) - comparison of
optimized ORECA code predictions of measured gas outlet
temperature from region 1 vs plant data.

Extensive verification work has also been done on the BLAST steam
generator code, using data from both FSV and AVR.11 In the latter case,
the cooperative effort with FRG has been most beneficial. A rapid core
outlet temperature change that occurred at FSV during an "oscillation
transient" provided a good opportunity for BLAST code verification. One
steam generator module experienced a 45°C drop in helium inlet temperature
over a 5 min period, causing the outlet steam temperature to decrease
about 67°C. The measured and computed steam temperature transients are
shown in Fig. 3. Note that since the individual module feedwater flows
are not recorded, initial offsets such as that shown are to be expected.
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Fig. 3. Comparison of BLAST prediction of FSV module outlet main steam
temperature with measured data for the Nov. 4, 1978 oscillation transient.

The comparison shows that the size and shape of the responses agree.
The measured increased steam temperature at the end of the transient is
due to automatic throttling of the feedwater, not modeled in BLAST
because module flows were not available.

A CORTAP core code validation excercise using FSV rod jog test data
showed excellent agreement.12 Results of ORTURB turbine plant code
verification studies, including data from large ramp changes in power
level (70 to 25%), appear in Refs. 13 and 14. A variety of FSV verification tests, including measurements of core flow redistribution and
liner cooling system performance, have been proposed.

6.

CONCLUSIONS

The ORNL HTGR safety research program for NRC has concentrated on
building simulation capabilities for FSV and advanced HTGR designs. The
current shift in emphasis is to modular pebble bed designs. Verification
efforts have played, and will continue to play, a major role.
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