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Introduction

In addition to accidents resulting in chemical reactions in the

core, accidents lea dng to a core heat-up are the key accidents

for HTGR and have been investigated using available data /I/.

Recent results of experiments concerning the verification of

values for the effective heat conductivity in a pebble-bed at

high temperatures /2/ and the failure limits of coated particles

including failure phenomena /3/ have made it necessary to re-

vise the interpretation of these effects on the safety poten-

tial of HTGRs with pebble-bed cores. The available time delay

before reaching critical states of the system provides a major

safety potential with respect to repair and recovery measures as

recent abnormal occurrences at HTGR's have indicated. The effects

produced by core heat-up accidents become far less serious with

respect to the occurrence of significant activity release.

Features such as the high thermal capacity of graphite structures,

the low power density, and the structural integrity of the core

which remains as a unit capable of being cooled become even more

relevant. .

The transient temperatures remain for several hours below the

failure limits of components, so that in the case of core heat-

up accidents an additional potential will be available for coun-

ter measures.

In this connection it is in fact of relevance to determine the

possibilies of repair for safety-systems. Both the allowed delay

periods before starting the after-heat removal, and the measures

to enable the extension of such periods of delay are investige-

ted below.
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Discription of the plant

In the.FRG a project has been established to prepare a design

which adapts a HTGR of commercial size for process heat produc-

tion. The prototype plant is expected to be of the order of

500 MW thermal output using a core similar to the THTR-300.

The techniques for modelling the transient temperature behaviour

and the reliability of the safety systems require a quite detailed

design, which is not yet available for this PHP application.

That is why the present study relates to high temperature reactor

design of 500 MW thermal output which was designed for electrical

power and process heat generation (PR 500) /4/. the core is of

3
the pebble-bed type with a power density of 5 MW/m and the fuel

is cycled in the OTTO-mpde whereas the prototype PNP-plant will

have a power density of 4 MW/m . The arrangement is non-integrated

and made up of three loops which means that the cooling gas con-

nection between the core and the steam generators is provided by

three coaxial ducts.

The after-heat removal (AHR) system uses components of the opera-

tional system of the primary and secondary circuits and can be

operated as three closed or open loops on the secondary side,

with the turbine tripped (Fig. 1). After-heat removal in acci-

dents is demanded in the cases of loss of main loop cooling or

depressurisation of the primary circuit. Due to the non-integra-

ted design, the states of the system can be categorised into three

cases leading to heat-up accidents, which are:

A - Depressurisation with failure of one primary-loop

B - Depressurisation without failure of one primary-loop

C - Failure of one primary loop without depressurisation.
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Reliability analysis

The failure behaviour of the AHR-system on demand and in opera- :

tion, as well as the possibility of repair within a permissible

period of delay after failure are analysed. Admissible periods of

delayed after-heat removal are determined by the failure of pri-

mary loop components*due to exessive temperature load. The fault-

tree method was used for the reliability analysis of the AHR-

system, taking into account failures of mechanical components

(pumps, values, heat-exchangers) and of electrical components

(circuit-breakers, diesel generators, transf omers) as well as

the actuators of the pertinent part of the reactor protection

system. Measuring channels and components of the logic of the

reactor protection system have not been considered because of

lack of detailed design information. Common mode failures were

considered by only taking into account those failures which were

caused by failure of common components. The derived fault-trees

were evaluated by means of a Monte-Carlo-simulation programme.

For each accident category the mean non-availability of the AHR-

system on demand was calculated as well as the failure probabi-

lity during operation (Fig. 2).

The most unfavourable condition occurs within accident category A,

in which one AHR-Ioop has failed and cannot be repaired during

the whole period of operation. This is considered as the worse

case for further reliability analysis.

The probability of repairing the system within a tolerable fai-

lure period, assuming that the system had broken down at the

moment of accident commencement, was investigated. Only those

components which are situated outside the containment were re-
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garded as being repairable because of the accident atmosphere

inside the containment. The repair peniods of component failures

are based on general literature data and are related to expe-

riences in connection with repair work under operating conditions

/5/. The probability of repair calculated by simulation is illu-

strated in Fig. 3 as a function of the permissible time of re-

pair, and is compared to the probability of repair used in the

AIPA-study /6/ for the HTGR-1160 AHR-system. The latter proba-

bility was determined by an exponential distribution with a mean

time to repair of 5 h.

It is shown by the results of the simulation calculations that

there is only a 10 % repair probability in connection with a per-
it

missible failure period of 3 h, and there are only few modes of

failure which can be repaired within this period. Such types of

failure are, for instances, those of fuses and connection lines

for motorised valves. However, at the end of 5 hours after the

commencement of an accident, the repair probability of the after-

heat removal system will be approximately 65 %, because of many

failure modes, particularly on electrical components, which can

be repaired within this period (e.g. the failure of circuit brea-

kers to open or to close, the failure of control modules for

motorised valves and circuit breakers). Within 20 h a probabili-

ty for repair of about 95 % will be reached.

Temperature transients

In the following section the tolerance of the system to delayed

starting of the AHR-system after successful repair in the case

of depressurisation accidents is discussed. Under operating



-5-

pressure heat will be dissipated by natural convection which

gives rise to longer periods of delay.

During the failure of the entire AHR-system an axial temperature

profile is produced according the power density distribution.

The maximum temperature is reached in the top area of the pebbel-

bed (Fig. 4). Thermal capacity, heat conduction and heat radia-

tion give rise to a limitation of core temperatures to below

2000 °C after about 20 hours, temperatures which are well below

the failure limits of coated particles given in /3/ as about

2400 to 2500 °C, so that coated particles are not the critical

components.

After 3 hours it will be possible by restarting the after-heat

removal to keep the temperatures in the as designed primary

circuit below the critical limits of sensitive components such as

rods, hot gas insulation and the hot gas side of the steam gene-

rator. After 5 h, when putting the AHR-system into operation

again, the primary circuit remains intact, if a certain distri-

bution of the coolant flow rate is reached through the core and

through a non-operated loop acting as a bypass (Fig. 5). This

will result in a decrease of hot gas temperature as cold gas is

mixed with the hot gas. The tolerable times of delayed AHR-start-

up can be even prolonged if certain components of the circuit

could be modified from their present design and a controlled

bypass to the core of cold gas can be provided.

Even at increased circuit temperatures of 1300 °C hot gas tempe-

rature which may occur in hot gas streams,.the after-heat can

be removed in the steam generator. The steam generator consists

of an economizer, evaporator and superheater. The temperature

characteristic for the steam generator is shown for the maximum
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helium inlet temperature of 1300 °C (Fig. 6). Due to the small

mass flow of 2 kg/s and the massive cooling on the secondary

side with 8 kg/sec, the hot gas is cooled down below 600 °C

already within a short distance after entering the superheater.

Consequently the maximum tube wall temperatures in the tube

bundles, remain below the normal operating values. However, lo-

cal temperatures of 800 °C occur at the inlet end inside the hot

gas plenum of the steam generator, i.e., temperatures which can

be tolerated for high-temperatur alloys in a depressurized state.

Recriticality

i

The new fa i lu re data of coated-particles have strongly affected

the modelling of phenomena which are relevant to reac t i v i t y .

While former models with the coated part ic le fa i lu re in the

range from 1600 °C - 2000 °C resulted in a combined effect of

d%cay and release of Xe-135, i t is now evident that only the

decay mods is essential because the coated particles remain gas-

t igh t up to temperaturesof 2400 °C. During the f i r s t 10 h the

Xenon bui l t -up essentially governs the react iv i ty balance of the

system. So r e - c r i t i c a l i t y is of no concern while repair measures

are under way. In the subsequent cool ing-down phase react iv i ty

must be controlled by the primary or secondary shut-down systems.

Reflections on PNP

Final ly some aspects have to be mentioned when transposing the

results of this analysis to a reactor of the PNP-prototype. As

the power-density w i l l be reduced from 5 MW/m for the PR-500
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to 4 MW/m for the PNP-prototype plant, the temperature tran-

sient will be less pronounced and this will lead to longer ad-

missible periods of delayed after-heat removal, so that repair

measures become even more relevant.

On the other hand, the PNP-prototype is expected to have only

two production loops, with the consequence that a separate AHR-

system has to be provided in order to meet the German safety

criteria. This AHR-system can be specially designed for the con-

ditions in the case of AHR being demanded and can be run in one-

phase cooling on the secondary side, while the production loops

can be designed for normal conditions. Although it is a stand-by

system, its overall availability is expected to be better than

when using components of the operational loops for AHR, because

they have to be put into a state different to the normal one and

stand-by subsystems have to be introduced into the AHR-procedure.

Also the loss of a production loop as an initiating event of an

accident does not imply the loss of one AHR-system.

Another advantage is the introduction of an emergency shut-down

system /7/ which provides diversity of control in the event of

the Failure of the primary control system. This system specific

to pebble-bed HTGR's consfsts of small neutron-absorbing spheres

which are dropped on the upper surface of the core and then enter

the pebble-bed and become distributed. The shut-down margine is

designed for cool dow» ireactivity changes.



-8-

Summary

The analysis has made it quite clear that it is possible to

design a reactor which is not only able to tolerate the design

base accident conditions, but is also capable of coping with ex-

treme situations. This is especially significant in connection

with accidents when safety systems cannot be actuated on demand,

even though occurrence probabilities are extremely small. Failure

periods of the AHR system can be tolerated in such a range that

repair work on a failed system can be taken into account realis-

tically.
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