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Abstract

THE MATERIALS PROGRAMME FOR THE HIGH-TEMPERATURE GAS-COOLED REACTOR IN THE
FEDERAL REPUBLIC OF GERMANY:
Integrity Concept, status of the development of high-temperature materials
and design codes

During the last 15 years, the research and development of materials

for high temperature gas-cooled reactor (HTGR) applications in the Federal

Republic of Germany have been concentrated on the qualification of high-

temperature structural alloys. Such materials are required for heat

exchanger components of advanced HTGRs supplying nuclear process heat in

the temperature range between 750° and 950°C. The suitability of the can-

didate alloys for service in the HTGR has been established, and continuing

research is aimed at verification of the integrity of components over the

envisaged service lifetimes.

The special features of the HTGR which provide a high degree of safe-

ty are the use of ceramics for the core construction and the low power

density of the core. The reactor integrity concept which has been devel-

oped is based on these two characteristics.

Previously, technical guidelines and design codes for nuclear plants

were tailored exclusively to light water reactor systems. An extensive re-

search project was therefore initiated which led to the formulation of the

basic principles on which a high temperature design code can be based.
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1. INTRODUCTION

In the Federal Republic of Germany, the helium-cooled high-tempera-
ture reactor (HTGR) and the fast breeder reactor are being promoted as ad-
vanced nuclear reactor systems. The HTGR core development is based on
spherical fuel elements forming a pebble bed. Following favourable experi-
ence with the operation of a small experimental reactor, the AVR with
15 MWel /I/, a 300 MWel prototype reactor, the THTR 300 was constructed
and became operational in the mid-eighties. It has exhibited good service
behaviour and has confirmed the safety characteristics of the system.

At present, two HTGR concepts are being followed up by German compa-
nies: a small HTGR modul type (approx. 80 - 100 MWel) with a steel pres-
sure vessel for steam cycle as well as for nuclear process heat applica-
tions (PNP), and a medium-sized reactor (approx. 550 MWel) with a pre-
stressed concrete pressure vessel for electricity generation.

Extensive effort has been devoted to the qualification of materials,
concentrated on these two German advanced HTGR concepts.

The materials for the pebble-bed HTGR have been defined and are qua-
lified for the projected operating conditions . The manufacturing proced-
ures for the required product forms have been proven /1-9/, and the semi-
finished products and the fabrication methods are available. This state-
ment stands without any reservation for the components for a steam-cycle
HTGR with working temperatures up to 750°C as is demonstrated by the com-
missioning of the THTR. The spherical fuel elements and the structural
graphite have been developed and qualified, although long-time irradiation
experiments and tests of simulations of emergency conditions are still
going on /1-6/. Some restrictions, however, must be made for components in
a nuclear process heat plant with the highest working temperature (up to
1000°C). The continuing structural materials research work is now con-
centrated on the verification of the integrity of components over the en-
visaged service life.

This paper will be concerned with metallic materials for structural
components of steam cycle and process heat HTGRs and with the HTGR integ-
rity concept and the development of design codes.

2. METALLIC MATERIALS FOR STRUCTURAL COMPONENTS

2.1 Alloy selection

For the selection and qualification of metallic materials, the fol-
lowing properties have been taken into account:

- strength and ductility for components which can be designed with time
independent materials data;
creep resistance and microstructural stability for those components
which must be designed using time-dependent design values;

- corrosion resistance in the service atmospheres;
hot and cold formability and weldability;

- possibility of non-destructive testing during manufacture and in the
plant;
sensitivity of materials to neutron irradiation induced embrittlement
for those components which are in the core region.

In designing the THTR, metallic materials were used for which wide
experience was already available from conventional power plants. Typical
alloys are the ferritic steel X20 CrMoV 12 1 for low temperature regions
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of the steam cycle system and X10 NiCrAITi 32 20 (Alloy 800) for compo-
nents of the steam generator and the superheater piping. For the applica-
tion of an HTGR plant for nuclear process heat, it is necessary to use
alloys which are creep resistant up to high temperatures. The lifetime of
the heat-exchanging components of a nuclear process heat plant primarily
depends on the creep strength. From a number of possible creep resistant
nickel-base materials the alloy

NiCr 23 Co 12 Mo (Alloy 617)

has been qualified for the intermediate He/He heat exchanger (IHX) and the
steam reformer (RSO) subjected to the highest operating temperatures, and
the materials

NiCr 22 Fe 18 Mo (Hastelloy X)
X10 NiCrAITi 32 20 (Alloy 800 H)
X20 CrMoV 12 1

have been qualified for components operating in the lower temperature
range. Besides the evaluation of the commercially available Alloy 617 for
the high-temperature region, the separate alloy development for heat
exchanging components resulted in a new Fe-Cr-Ni alloy called
Thermon 2.4972 (tradename of Thyssen-Edelstahlwerke, Krefeld), for which
creep rupture data up to 20000 h is now available.

2.2 Material qualification for nuclear process heat plant components

The main important components in a nuclear process heat HTGR plant
are the intermediate heat exchanger (He/He IHX), the steam reformer (RSO)
for the methane reforming system, and the steam generator.

The basic work has been concentrated on the following items:

- creep and creep rupture;
- high-cycle fatigue;

low-cycle fatigue, without and with hold times;
influence of ageing on short-term properties;

- creep ratcheting;
- creep buckling;
- environmental effects.

The investigations have been carried out by the joint effort of the
partners in the German HTGR materials working group.

2.2.1 Creep behaviour

Creep data for different heats of the alloys Alloy 617 and Alloy 800H
have been established up to test durations of approximately 50000 h for
Alloy 617 and to 100000 h for Alloy 800 H. In this range it is not neces-
sary to differentiate between the results in air and helium as shown in
Fig. 1 for Alloy 617. For this alloy the data from the qualification pro-
gramme has enabled a design for a He/He-IHX up to 100000 hours at a mater-
ials temperature of 950°C, for steam reformer tubes up to 140000 hours at
900 °C, and for steam generator tubes up to 350000 hours at 750 °C 11-12/.
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FIG. 1. Creep strain limit and stress rupture strength of NiCr23Col2Mo
(Alloy 617) in air and simulated HTGR helium

2.2.2 Fatigue behaviour

Cyclic stressing of components can be caused by rapidly changing pri-
mary loads, e.g. vibrations (high cycle fatigue, hef), or by thermally in-
duced alternating strains (low cycle fatigue, lef).

The thermally induced alternating strains are simulated in lef tests.
The aim is to determine the number of cycles to rupture or the number of
cycles to crack initiation as a function of temperature and strain ampli-
tude. Figure 2 shows the lef behaviour of Alloy 617 in air and simulated
reactor primary coolant (HTGR helium), which contains the impurities H2O,
CO, CH4, H2, and N2 in the ubar range for the temperature range from 750°
to 950°C /13-15/. The results obtained suggest that a higher number of
load cycles to failure can be expected for the base material in HTGR
helium than in air.

2

rantje for
design curves

cycles to failure
FIG. 2. Results from lef test on NiCr23Col2Mo (Alloy 617)
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2.2.3 Creep-fatigue interaction

Fundamental investigations of creep-fatigue interaction of Alloy 617
at 950°C in HTGR helium shows the strong influence of hold-times /16/. A
hold time irrespective of its position in the cycle always reduced fatigue
life in comparison to continuously cycled tests at lower strain rates but
of equal cycle duration. Tensile holds were found to be more damaging,
than compression holds.

In spite of these results, a simplified model can be used for compo-
nents under realistic process heat conditions. From the experimental data
for the creep and fatigue behaviour, design curves have been obtained and
also have confirmed the validity of the linear life-time fraction rule for
creep and fatigue (Fig. 3).

D = Dc + Df with D ^ 1

Dc = E ti/tRi

where
D = lifetime exhaustion factor,
Dc = exhaustion due to creep,
tf = actual service duration at a± and temperature T^

= allowable time at Oj_ and temperature T^

Df = E

and

where
= exhaustion due to fatigue
= actual number of cycles at strain range Ae
= allowable number of cycles at strain range

and temperature T^
Ae^ and temperature

-5MPa

fatigue design

-106cycles

FIG. 3. Scheme of creep-fatigue analysis (values for NiCr23Col2Mo ,
(Alloy 617))
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The analysis of component life for the high temperature PNP-compo-
nents cannot only be treated by elastic analysis; inelastic analysis is
necessary to confirm a realistic service life. The strain range for fa-
tigue of the heat exchanger piping is calculated to be less than 0.03 %
which can be neglected for life-time calculations.

For steam reformer tubes, during operating time of 140000 hours
160 start-up and shut-down cycles are assumed, which gives a running time
of 875 hours between shut-downs.

Taking into consideration the relaxation of stresses induced by tem-
perature gradients through the tube wall, the lifetime calculation gives
the following result (Fig. 4) I'12,16/. Assuming that each cycle produces
the same amount of consumption of lifetime as the first cycle, the life-
time exhaustion factor D = 1 allows 455 start-up and shut-down procedures,
more than twice the number postulated for the operation time.

, Relaxation equation (uniaxial)
modified relaxation equationLOAD SITUATION

rn*65mm'

I additional axial stress
' of 3 N/mmJ

0,06

0,05

c
E0.03

0,02

0,01

875
T

0,01 0.1 10
timeh

100 1000 10000

FIG. 4. Creep relaxation of thermal stress and resulting strain behaviour
at the inner surface of the tube NiCr23Col2Mo (Alloy 617)
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2.2.4 Properties after long-time ageing

After long-time ageing at high temperatures, the alloys generally
undergo structural changes resulting in a decrease in deformability at
room and intermediate temperature. Figure 5 gives an example for the
Alloy 617, aged at temperatures of 900°C and then rupture tested at
different temperatures. There is a reduction in fracture elongation due to
thermal ageing up to test temperatures of about 800°C.

•8

A aged 1000 h

D aged 300h

0 aged lOOh

o sol. treated

FIG. 5 .

600 800 1000
temperature °C

Influence of ageing at 900°C on fracture elongation of
NiCr23Col2Mo (Alloy 617)

2.2.5 Creep ratcheting

Creep ratcheting effects on the He/He heat-exchanger components can-
not be handled by using any calculation methods given in the ASME-CC N47.
An inelastic analysis using finite element programs is very expensive and
time consuming. Therefore, the degree of ratcheting due to hot streaks in
the coolant helium has been experimentally investigated. It has been found
that /17.18/:

- creep ratcheting may occur even if the primary stress is low
(Fig. 6); but

- the accumulated ratcheting strain remains below the permitted strain
limits.

2.2.6 Creep buckling

To achieve the planned operation time of 100000 hours, it is neces-
sary to keep the loads as small as possible. The used pressures acting in-
side and outside on the tube are in the same range of 40 to 60 bar; there-
fore normal operation conditions are characterized by low load-controlled
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FIG. 6.

/N mm"2 X10 Ni Cr At Ti 32 20 H

A Th = const. = 950°C
• ratcheting

.25

300 400200
time/h

Creep curve under axial primary stress (A) and superimposed
alternating secondary stress (i.e. ratcheting, •)

primary stresses even for the hot test parts of the tubes. Under accident
conditions it may happen that at very high temperatures load-controlled
stresses considerably exceed the normal operational level, and buckling of
tubes under external pressure may occur. This has been investigated in ex-
periments, the results of which have been compared with theoretical calcu-
lations based on Hoff's model and on finite element analysis /12,19/. For
example, the dimensioning of the hot header of a heat exchanger is determ-
ined by the postulated emergency condition. The header must be safe
against creep buckling. In the case of a helium/helium heat exchanger for
the postulated emergency condition, loss of pressure in the secondary cir-
cuit exposes the components to an outer pressure of 40 bar at 950°C. This
exposure may cause a loss of geometrical stability. The judgement of eva-
luation component behaviour must be done by inelastic analysis, in which
the deformation with increasing time must be considered.

10-

0.1-

time to collapse tube with external pressure

d5

max
shape factor;

Jmax

n = 7 Apo= 60 bar
k = «r15h-1

0.01 0.1 1.0

FIG. 7. Time dependence of tube ovality

10 100
time/h
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A parameter study of creep buckling for the hot header of a He/He
heat exchanger has been performed /111: dimensions were 437.5 mm/125 mm;
external pressure 42 bar, T = 957°C. Figure 7 shows the increase of oval-
ity as a function of time. According to this calculation, a total exposure
of 20 hours for an initial ovality of 1 % may be tolerated. In reality,
the temperature will decrease immediately after the emergency event. If
the cooling rate is 5 K/h, failure due to creep buckling is not expected.

Summarizing the creep buckling phenomenon, it should be noted that in
the experiments both the duration of stressing at high temperatures and
the initial ovalities exceeded by far the conditions expected for real
components. Moreover, the observed collapse of tubes does not actually re-
present a safety related problem, but rather a question of availability
since all the experiments up to now have shown that the leak tightness is
maintained despite tube collapse through buckling /19/.

2.2.7 Environmental effects

The selected material should withstand the environmental attack. In
practice the corrosion problem can be principally solved by the following
methods:

- control of the chemistry of the service atmosphere;
control of corrosion attack by a wall thickness allowance;

- control of surface condition or application of protective coatings to
reduce the attack of the material.

Based on the results of the materials evaluation for HTGR process
heat the first two principles are used. For example, the steam corrosion
in the secondary circuit is controlled by appropriate conditioning of the
feed water.

FIG. 8. Schematic representation of the modified stability diagram of
chromium for identification of the corrosion behaviour in
different atmospheres. Ill indicates the region of acceptable
behaviour of the alloy.
ac: carbon activity of the atmosphere
PQ2 : partial pressure of oxygen of atmosphere
PCO: minimum partial pressure of carbon monoxide for stable

behaviour of the alloy
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As mentioned above heat transferring gas in the primary circuit,
helium, is slightly contaminated by H2O, CO, CH4, H2 and N2 in the ubar
range. Chromium is the metal element governing the corrosion reactions of
the impurities with the Fe- and Ni-base alloys. No deleterious high
temperature gas corrosion effects have been found at temperatures up to
750°C. At higher temperatures, compositions of the impurities with excess-
ively high or very low carbon activities may cause carburization or de-
carburization, respectively (Fig. 8). By keeping the CO partial pressure
of the cooling gas helium in a well defined range, unacceptable carburiza-
tion/decarburization reactions can be avoided. The impurity concentrations
in the primary circuit helium may lies within this range without the need
for conditioning /20/.

2.3 Material for control rods

The control rods are essential components for the safety of an HTGR
plant. These components are exposed to irradiation by thermal and fast
neutrons. The effect of fast neutrons on material properties is limited to
temperatures up to about 450°C. At higher irradiation temperatures, how-
ever, the helium atoms, produced by thermal, epithermal and fast n,a-re-
action in boron and nickel, decrease the ductility of steels and Ni-base
alloys. This high temperature embrittlement increases with increasing neu-
tron fluences and temperature. Up-set conditions in advanced large HTGRs
may lead to short-term temperature excursions up to about 850°C in the
control rod materials.

Therefore, the selection of material for the control rod tubes is of
crucial importance.

In a screening programme a number of high temperature steels and Ni-
base alloys have been irradiated at 400, 500 and 600°C and were examined
in post-irradiation tensile and short-term creep tests. As reference ma-
terial a thermo-mechanically treated optimalized version /21/ of 1.4981
(DIN X8CrNiMoNb 16 16) was chosen because of its superior post-irradiation
ductility properties, i.e. total elongation and creep rupture elongation
(Figs 9, 10) /21/. The irradiation tests are continuing to accumulate a
fluence of 10^° m~^, the expected maximum fluence of control rods in large
HTGR plants.

2.4 Continuing research

2.4.1 Constitutive equations

Constitutive equations are the basis for inelastic analysis of the
component behaviour under complex loading and for complex component geo-
metry. Particularly the inelastic analysis at very high temperature is a
large field of theoretical and experimental investigations /12,22/. The
existing estimates for constitutive equations are divided in the two prin-
ciple categories:

models separating time independent plasticity and time-dependent creep
- unified models which define only an inelastic strain.
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In the work for the HTGR beside the analytical approach, Norton's
creep law in the three-dimensional formulation for stationary creep is
used and the applicability of the ORNL-model as well as the Interatom
model is under consideration.

Our theoretical and experimental work is, for example, directed to
combining internal pressure, tensile and torsion load on tube components
(see 2.4.2). Summarizing the results, the multiaxial creep of Alloy 617
tubes can be described mathematically by the von Mises' theory on using
Norton's creep law as the constitutive equation for stationary creep. The
theoretically derived formulas for the stress/strain/time behaviour give
an acceptable approximation to the observed deformation behaviour of tubes
under multiaxial and complex loading conditions.

2.4.2 Multiaxial testing

Creep laws and design values are derived from creep rupture tests on
uniaxially loaded specimens at temperatures between 700 and 1050°C. The
validity of the data and parameters have been proved for tubes under mul-
tiaxial loading. For the tests semi-finished products such as rods,
IHX tubes (22 mm x 2.2 mm) and RSO tubes (120 mm x 10 mm) were used all
fabricated from the same master heat of Alloy 800 H to the same specifi-
cation concerning the final heat treatment and grain size distribution.
The creep properties of standard creep specimens from rod material, of
IHX tubes, and of RSO tubes under constant tensile load are compared in
Fig. 11. For the IHX tubes, the beginning of secondary creep took place at
about 150 h, whereas the two other materials exhibited a very limited re-
gion in primary creep and a similar behaviour in the second stage. Using
Norton's creep law, with n and k values, derived from this experiment, the
creep behaviour of RSO tubes could be sufficiently approximated. For the
IHX tubes, however, the simplified mathematical description is not accept-
able, due to the extended primary creep range.

calculation

X -. rod specimen
• IHX tube
o : reformer tube

X 10 NiCrAITi 32 20

J

I 00 125 150 175 200 225

time / h

FIG. 11. Creep curves for axially loaded rod specimen (x), IHX-tubes
(...), RSO tubes (o) at 950°C, X10NiCrAlTi3220, a = 30 N/mm2

SS4
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The poor approximation of the experimentally obtained creep behaviour
in the case of the IHX tubes may be explained by the fact that in these
tubes (2.2 mm wall thickness) the influence of the surface region may sig-
nificantly influence the deformation behaviour.

In another series of experiment with IHX tubes, the following loading
conditions were applied and the time of failure determined:

internal pressure and tension;
tension and torsion;
tension, torsion, and internal pressure.

In all cases the von Mises' deviatoric stress (stress intensity) was
Oy = 30 N/mm2. The time to failure in short time tests with a failure mode
of deformation rupture of tube specimens under multiaxial loading depended
in the case of IHX tubes on the proportion of main deformation direction.
Figure 12 compares the time to failure of these IHX specimens (failure
means for internal pressure conditions leakage and for axially loaded
tubes fracture.

Summarizing the available data on the deformation behaviour of high
temperature components under upset and postulated emergency conditions, it
has been proved that the deformation of a thick-walled RSO tube can be
well described by the use of the proposed mathematical model, but this is
poor agreement for the thin-walled IHX tube under multiaxial loading,
because the influence of surface effects is stronger as with RSO tubes.

2.4.3 Fracture mechanics investigation

The fracture mechanics calculation is used to evaluate a detected or
postulated flaw in the component. The analysis should result in the proof
that at least within the next inspection period or the total service life,
the crack will not grow to a critical size. In order to clarify the prob-
lems of transferability of fracture mechanics data from small specimens to
tubes in the temperature regime above 700°C, creep crack growth and fa-
tigue crack growth experiments have been performed with standard specimens
(1"CT, 1/2"CT, 1/2"CCP) and with reformer tubes (120 mm o.d. and 10 mm
w.t.) /25/. The tubes were stressed by cyclic tensile load or by static
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tensile load and, additionally, superimposed internal pressure. The crack
growth was monitored by the DC potential drop technique. Figure 13 shows
the fatigue crack growth data for the different standard specimens and
steam reformer tubes of Alloy 800 H. The average curves for different spe-
cimens geometries are in good agreement. Above an initial build-up range
the curves follow the Paris relationship

= C • AKT
m

dN

Depending on the change in the material properties produced by dif-
ferent load conditions during pre-cracking, major deviations between tubes
and CT specimens were found for the threshold values.

Summarizing, the fatigue crack growth in Alloy 800 H can be describ-
ed by the linear elastic AK approach, up to temperatures of 850°C.

Studies of the creep crack growth properties for steam reformer tubes
show that the crack propagation is definitely C*-controlled /25-27/'. This
means that creep crack growth can be described by the C* integral.

1E-02T

6 7 1E+01 2 3 4
4K1[MP«m1/2J

FIG. 13. da/dN vs. AKj-curves for different specimen geometries of
X10NiCrAlTi3220

3. THE INTEGRITY CONCEPT

A basic principle in every nuclear safety philosophy envisages a
staggered system of fission product and activity barriers so that in the
case of an accident no release of fission products and radioactive waste
occurs /28/. The barriers are of different significance for different
types of reactor. Figure 14 shows the fission product barriers of the
HTGR.

In the light-water reactor, LWR, emphasis is placed on the pressur-
ized enclosure of the primary circuit (reactor pressure vessel, large pip-
es, etc.) and on the reactor containment. In order to satisfy the string-
ent nuclear safety requirements, the concept of basic safety was developed
for the LWR, particularly for the pressurized enclosure. This ensures a
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FIG. 14. Fission product barriers of the HTGR and retention properties of
the fuel element

high quality level for the pressure-retaining components of the primary
and secondary circuits, ranging from the choice of material, design and
calculation up to including fabrication. Corresponding to basic safety, a
similar protection concept was to be created for high-temperature reactors
/12/. The pressurized containment of the HTGR differs to a greater or
lesser extent, depending on the reactor concept, from that of the LWR. In
the case of the THTR 300 and HTGR 500, for example, the containment con-
sists of the prestressed concrete reactor pressure vessel, with large
cavern closures. The walls of the steam generator tubes are operated at
high temperature (above 400°C) so that time-dependent materials behaviour
(creep processes) must be taken into consideration. In particular for the
heat-exchanging components, it must be remembered that the secondary side
of all reactor concepts operates at the higher pressure so that leakages
lead only to an ingress of foreign matter (water, process gas), which may
affect the reactor core by chemical reactions or reactivity changes. How-
ever, the fact that the spherical HTGR fuel element has proved to be very
resistant under accident simulation situations has to be borne in mind.

On the basis of these facts, an independent HTGR integrity concept is
being formulated, taking the special properties of the HTGR into consider-
ation. Having a heterogeneous structure, the pressurized containment of
the HTGR primary circuit no longer represents the most important factor in
safety considerations. In contrast, the fission product barriers in the
fuel element have become more prominent. Even in the case of a consider-
able leak in the pressurized containment (e.g. rupture of the largest
helium duct), not only the fuel elements but also the core geometry remain
intact. Coolability is ensured even if a complete depressurization re-
sults. An increased release of fission products is - if at all - imagin^
able only in hypothetical core heat-up accidents of medium-sized HTGR in a
depressurized state after prolonged downtimes.
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The HTGR integrity concept includes the following groups of components:

components with a barrier function;

components whose failure would impair the barrier function;
components whose failure would result in an ingress of foreign matter
into the primary circuit.

The integrity concept requirements for the component groups are to be
differentiated as follows.

The components with a barrier function include the fuel element, the
pressurized containment of the primary circuit, and to a lesser extent the
reactor building, to which a retentive function is attributed. As far as
the fuel element is concerned, it is required that the barrier function
should be maintained during normal operation and upset conditions. As far
as the pressure vessel is concerned, the pressure-retaining and sealing
function must be ensured in normal operation. Under upset conditions,
large-scale failures must be avoided: the structure must remain intact and
leakages must be restricted to such an extent that other components are
not unduly influenced.

The reactor building does not have such a great significance as the
containment of the LWR. Its major tasks involve protection against extern-
al impacts (aeroplane crashes, explosion shock waves).

Components whose failure would impair the security of the barrier
function (e.g. shut-down and residual heat removal components) must remain
operational and structurally stable in normal operation and during upset
conditions.

In the case of components whose failure could result in ingresses of
foreign matter, large-scale failure must be ruled out, and it must be pos-
sible to keep small leaks under control.

4. GUIDELINES AND DESIGN CODES

4.1 Status for the High Temperature Regime

The objective of a structural design code is to establish a common
understanding of basic principles as a guidance for the designers and
manufacturers of components and as a help for the users, inspection insti-
tutions, and local authorities. Most of the industrial countries have
their own tradition and legal status with regard to structural design
codes, design regulations, material selection and specifications, and re-
quirements to meet the specific service condition and assurance of high
reliability /29,30/. For conventional power stations and pressure vessels
there are many different material codes, which differ slightly in the de-
finition of

- design pressure;
design temperature;
time and temperature dependent design stresses;

- stress and geometrical design safety margins.

The chemical and petro-chemical industries use in the design rules
for pressure vessels. Design in the steam and gas turbine field is based
on internal specification of the manufacturer. All these rules are based
on a considerable background of experience and performance in the past.

The planning, construction, commissioning and operation of nuclear
facilities must proceed in accordance with a nuclear design code. The
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German Atomic Energy Act /32/ and the ordinances based upon it, e.g. the
Radiation Protection Ordinance /33/, are also strictly applicable for HTGR
(see Fig. 15). The basic safety principles for the environment and facil-
ity are laid down in the Safety Criteria for Nuclear Power Plants issued
by the Federal Ministry of the Interior (BMI Criteria /34/). They apply to
all reactor types, but have been formulated especially for LWR. Only part-
ial aspects of the guidelines of the Reactor Safety Commission /35/ for
pressurized water reactors or the accident guidelines /36/ are applicable
to HTGR, for example, the design of the reactor pressure vessel of the
HTGR Modul.

/Atomic^
/ Energy \

/ Act \
/ e.g. Radiation ^

/ Protection %
/ Ordinance ^

/ Safety Criteria for %

/ Nuclear Power Plants ^

/ RSK-Guidelinesfor ^

/ PWR/BWR V

/ e.g. TRD / AD / DIN / KTA-Rules \

/ Specifications for
/ Components and Systems

Law

Ordinances

Safety Codes and

Administrative

Regulations

. Technical Rules

^ ^ Specifications
^ for Licensing

FIG. 15. Legal safety standards and design codes for nuclear power
stations

The analogous application of BMI Criteria to HTGR largely refers to
regular examinations, the shut-down systems, the residual heat removal
systems, the pressurized containment of the coolant, and the safety con-
tainment. In order to avoid the problems involved in analogous application
in the licensing procedure for the THTR 300, a draft of safety criteria
for HTGR /37/ and a redraft of the BMI Criteria /38/ which is to include
the HTGR, were prepared in the early 80s.

Planning principles /39/ have been drawn up especially for the
THTR 300 licensing procedure which were approved by the relevant authori-
ties involved in the licensing procedure. Experience with this interim
solution has been on the whole positive. However, this positive experience
should be converted into clear, generally valid criteria, rules and guide-
lines.

The rules of the Kerntechnischer AusschuB (KTA - Nuclear Safety
Standards Commission), which pay little attention to HTGR, are used for
the detailed design of nuclear power stations. In the licensing procedure,
aspects of the HTGR not included in the nuclear design code are laid down
in specifications which may be orientated towards the conventional design
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code, e.g. towards DIN standards^-) or AD codes of practice^). For nuclear
power plants with service temperature ranges in which time-dependent prop-
erties and creep must be considered, the American ASME Code, Case N 47
/40/, the French "RCC-MR Code" /41/ and the codes recently developed in
Great Britain /42/ have been applied, mainly for the liquid metal fast
breeder reactors.

These foreign design codes have to some extent been consulted.

The KTA design code is well advanced. It contains nuclear rules sole-
ly applicable for LWR, rules applicable to all types of nuclear power
plant, and a few rules specially compiled for HTGR facilities. The latter
refer to the thermal and thermohydraulic reactor design. In order to
accelerate the inclusion of the HTGR in the KTA design code, the KTA sub-
committee "High Temperature Reactors" was established in 1984. The first
step undertaken by this sub-committee, namely the examination of existing
rules and draft rules for their applicability to the HTGR, has been comp-
leted.

4.2 Research Project "Design Criteria"

The lack of nuclear rules and guidelines described above led to de-
lays in the licensing procedure for the THTR 300. There is therefore a
need for KTA design rules for the wide range of typical HTGR components.
Endeavours aimed at forming the basis for an HTGR design code stretch back
to 1979 /43/. In a special research programme sponsored by the Ministry of
the Inferior /44/, the experience gained from the PNP (Nuclear Process
Heat) and HHT (HTGR with direct cycle helium turbine) projects was con-
sidered with the emphasis on metallic components operating at temperatures
above 800°C. At the same time, a probabilistic risk study /45/ was carried
out to provide a survey of the HTGR accident topology, which revealed the
safety properties of the HTGR. On the basis of this preliminary work, a
comprehensive research programme was initiated in 1984 on "Design Criteria
for High Temperature Metallic and Ceramic Components, and for Prestressed
Concrete Pressure Vessels of Future HTGR Plants" /12,46/, and sponsored by
the Federal Ministry of Research and Technology.

The above mentioned research programme was divided into four areas:

Part A: Technical Safety Boundary Conditions
Part B: Metallic Components

- Part C: Prestressed Concrete Reactor Pressure Vessel
Part D: Graphitic Reactor Components

In Part A, the HTGR integrity concept is formulated, which is based
on the special properties of the HTGR. The role of the fuel elements that
remain stable up to the highest temperatures was especially important.

Proposals for the safety classification of components were developed
taking into account the radiological effects of a failure.

DIN = p_eutsches Institut fur Normen
AD = Arbeitsgemeinschaft Druckbehalter
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Part B deals with metallic components for service at temperatures
above 400°C, based on information from the initial project /44/. This
opened up new aspects since the range of applications for the HTGR in-
cludes components operating at temperatures up to 950°C. The time-de-
pendent behaviour of the materials has to be considered here. An analysis
of the mechanical behaviour requires detection methods no longer covered
by elastic calculation procedures. Inelastic verification methods are re-
quired to evaluate the various loading conditions, which means a procedure
of design by analysis. The decisive phenomena have been recognized, and
methods for their treatment indicated. As mentioned above, in other count-
ries there are design codes going beyond LWR applications, in which comp-
onents operating at temperatures above 400°C are treated. However, the
ASME-CC-N-47 (USA) and the RCC-M (France) are designed to cover fast bree-
der reactor components and therefore only involve partial aspects of HTGR
components.

HTGR plants of limited power capacity up to about 200 MWel can still
make use of steel pressure vessels which may be designed for the most part
according to the LWR pressure vessel principles.

For larger capacity plants, a prestressed concrete pressure vessel is
more advantageous (Part C of the programme). Its special feature is the
separation of enclosure and pressure-retaining functions. Its safety bene-
fits have already been presented. In the formulation of design codes, ex-
tensive regulations in the civil engineering sector may be utilized, and
in particular experience with the British advanced gas-cooled reactors
(AGR).

The state of the art concerning graphitic and ceramic core components
(Part D of the programme) permits the formulation of a design code since
studies undertaken in the sixties with respect to stress calculations, in-
fluence of neutron irradiation and corrosion by foreign media in accident
and normal operating situations have been comprehensively evaluated.

These investigations carried out in a total of 24 sub-groups have
been documented in more than 200 individual contributions. The programme
ran from 1984 to early 1988. From these investigations, the following HTGR
design code titles were derived:

Metallic HTGR components (KTA 3221)
- Safety requirements for the design of prestressed concrete pressure

vessels for HTGR (KTA 3231)
Ceramic components in an HTGR pressure vessel (KTA 3232)

The prepared reports /I2/ have been submitted to the Nuclear Safety
Standards Commission which will decide in the near future whether drafting
of the code rules may begin. A workshop was held in early 1989 presenting
the results at an international level /46/.
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