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1. Introduction

This report deals not only with the latest status of

Siemens/Interatom's HTR-Module but also reflects the latest

engineering and licensing progress of the HTR-Module against

the background of the specified design requirements and of

the discussions on passively safe reactors. Therefore, I

intend to report also about two examples of the accident

analysis - one design basis accident, i. e. the

leak-before-break of the reactor pressure vessel and one

beyond design accident, i. e. massive water ingress.

Before I go into the details I would like to remind you of

the specified design requirements for HTR's (see Figures 

and 2.

2. Engineering Progress

The detailed engineering work on the HTR-Module has been

continued consistently by Siemens/Interatom, with their own

funds for the planning and with additional funds from the

Ministry for Research and Technology (BMFT) in the Federal

Republic of Germany (FRG) for some safety-related R&D work.

Fig. 3 shows a longitudinal section through the primary

circuit. The basic design is unchanged, however, the details

have been further developed. The engineering work was mainly

concentrated on detailed design, stress analyses and

function of the main components and main systems such as

steel pressure vessel and supports, reactor vessel

internals, hot gas duct, steam generator and internals,

blower and drive, fuel handling, confinement design

including ventilation, nuclear auxiliaries, nuclear

instrumentation and safety system, reactor control,

emergency power supply etc.
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Parallel to this engineering work the R&D work at

Siemens/Interatom and KFA JGlich was concentrated on the

safety-related work for the fuel qualification, basic work

on fission product release models and on radiology, analyses

on the startup of the first core etc.

All these engineering packages were strongly related to

the ongoing licensing procedure of the conceptual

design for which a large amount of supplementary detailed

information and of additional reports was requested.

Fig. 4 shows the longitudinal section through the

confinement. As for the confinement the main stress analyses

for the pressure build-up and for the seismic layout, the

design and arrangement of the ventilation system, the layout

and arrangement of the pressure relief system, the redundant

arrangement of the cables and piping etc. had to be considered

in more detail.

3. Licensing Progress

3.1 Survey

Although in April 1986 an application for a licences on the

conceptual design was filed in, only in April 1987 this

application was accepted by the State of Lower Saxony

(FRG). The licensing authority nominated the experts

competent for the different areas in May 1987. The main

expert is the Technischer Uberwachungsverein Nord-

deutschland, who subcontracted parts of the nuclear

steam supply system to the Technischer Uberwachungsverein

Rheinland. The work for the licensing procedure was then

initiated in May 1987 on the basis of the "Safety [Report"

(3 volumes).
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From May 1987 to December 1987 13 workshop meetings were

held between Siemens/Interatom on one side and the

licensing authority and the experts on the other side. By

the end of 1987 58 supplementary reports including detailed

main drawings, stress analysis reports, reports on the

seismic layout etc. were submitted by Siemens/Interatom and

to a smaller extent by KFA JOlich and Hobeg, Hanau In

addition, 26 basic reports on the HTR-technology including

fuel technology, computer codes, material data (metallic and

graphic), and on the seismic layout methods etc. had to be

submitted, too.

The most noteworthy report in this context is a special

detailed report on the beyond design accidents. (In this

context it should be mentioned, that in the FRG the

hypothetical accidents are not officially part of the public

licensing procedure.) I will come back to this subject

later.

In February 1988 the licensing authority and the experts had

completed a first assessment of the submitted documentation

and requested resp. asked for 152 addional reports resp.

answers to questions. Moreover, the workshop meetings were

taken up again in order to deal with this additional

questions and information. In these meetings the hitherto

submitted safety report was checked and considered with

regard to the standpoint of the licensing authority and of

the experts. Adequate changes of the safety report,

taking into account the hitherto achieved results of the

licensing procedure, were agreed and a revised safety report

was submitted in August 1988.
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A survey of the time schedule for this licensing pocedure

and the next steps are shown in Fig. 5. As reported it

shows that the revised safety report was submitted in

August 1988 and that by the end of August the experts

submitted their draft expertise to the licensing athority.

Subsequently, the Federal Ministry for Environmental

Protection (BMU) and the Reactor Safety Comittee hve now

been involved in the licensing procedure, too. The safety

report should be made available to the public in September

to November of 1988 and a public hearing should be organised

still before the end of 1988. After this formal procedure,

the Reactor Safety Comittee, the BMU and the licensing

authority have to give their recommendations and react to

any public interventions. Thus, the conceptual licence can

only be expected by the middle of 1989.

3.2 Design Basis Accidents

Since it is not possible to give in this lecture a survey of

all performed analyses for the design basis accidents I

will report about a typical example for such an accident and

I have selected for that purpose the Justification for

excluding the sudden, catastrophic failure of the :steel

pressure vessel enclosure for the primary system".

The exclusion of the disastrous failure of the pressure

vessel unit (see Figure 6 and Figure 7 is based o a

staggered safety concept with three groups of safety

measures, each of which able to avoid failure of te

pressure vessel unit over the entire operating period.
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3.2.1 Basic safety code

The basic safety code is determined by:

- High-grade material properties, particularly regarding

toughness

- Conservative stress limitation

- Avoidance of stress peaks by structural measures

- Guaranteed application of qualified manufacturing

and testing techniques

- Knowledge and assessment of possible fault conditions

The essential quality features and principles of the basic

safety code are described in the following:

(1) Design

Arrangement of welds in areas which permit non-

destructive testing both during manufacture and

operation with sufficient delectability of defects

(volume and surface crack test)

Reasonable minimization of weld numbers

Avoidance of unfavourable stress conditions

(2) Calculation

Conservative determination of esign conditions

Conservative determination of load collective
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Consideration of specified transients for the

performance of stress and fatigue analysis

Limitation of primary stresses to the elastic area

Limitation of the sum of primary and secondary

stresses

Limitation of the sum of secondary and peak

stresses

(3) Materials

Use of qualified materials

Toughness properties excluding brittle failure

of the component during all operating conditions

This is considered to be fulfilled, if the

ferritic materials are such that the reference low

pressure temperature for base metal, filter metal

and heat affected zone is, by at least 3 K, below

the lowest operating load temperature and also be-

low the pressure test temperature

Sufficient homogeneity of semifinished poducts

(verification of adherence to admissible maximum

flaw sizes)

(4) Manufacture

Involvement of qualified manufacturers

Application of qualified manufacturing pocesses

(in particular welding processes)

Manufacturing control (manufacturer, eXPE!rt)
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(5) Nondestructive Testing

Inadmissible defects of fabrication are to be excluded

by 100 surface crack test and volume test during

manufacture.

3.2.2 Surveillance of safety by regarding disastrous failure by

nondestructive in-service inspections

Regularly performed in-service inspections of the pressure

vessel unit ensure that assumed growth or generation of

detects due to unforeseen operating load is detected in due

time and that thus disastrous failure of the PVU is to be

excluded.

3.2.3 Leak-before-rupture criterion

A leak-before-rupture proof is made for the connecting

pressure vessel of the HTR-Module. The following measures

are applied to detect assumed leakages:

(1) Leak-before-rupture proof

The stress from the superposition of the load

conditions operation and accident (see Figure 

relevant for the calculation of the critical crack

size has been determined and the load collective

relevant for the crack propagation calculation has

been compiled and substantiated. For the crack

propagation calculation a fault with the parameters

a = 42 mm

2 = 25 mm
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which is still within the range of admissible defects

during manufacture is conservatively assumed.

The fracture-mechanical calculation for the sub-

stantiation of the leak-before-rupture behavior shows

that

a defect which has not been eliminated during

manufacture develops in approx. 70 reactor lives

at 40 years each would grow up to the critical

depth of approx. 90 of the wall thickness, then

breaks thru and forms a stable leak of approx.

I cm'

this stable leak needs approx. 2 reactor lives

to grow very slowly up to the critical crack

length of approx. 370 mm which corresponds to a

critical leak surface of approx. cm'

the leak-before-rupture behavior of the onnecting

pressure vessel is thus given and thus te

disastrous failure is to be excluded

(2) Leckage monitoring

Leakages of less than 10 mm' are safely detectable,

i.e. leak detection is by more than one order of

magnitude more sensitive than required for the reliable

detection of a stable leak of approx. cm'.

Thus the requirement that assumed leakages must be

detectable long before reaching the critical crack size

is met with great safety margin.
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3.3 Hypothetical Accidents

Fig. 9 and 10 show the contents for the already mentioned

report on the hypothetical accidents. All the indicated

accidents have been analysed in detail and the respective

radiological consequences have been investigated, too.

As a typical example of a severe hypothetical accident I

have selected the "massive ingress of water into the primary

system" and the respective consequences for the overall

plant layout.

3.4 Ingress of Water into the Primary Circuit

Large ingress of water into the primary circuit of a

high-temperature reactor constitutes a major hazard. There

are generally two reasons for this: Firstly, the ingress

of neutron-moderating steam could lead to a power excursion

of an appropriately designed core. Secondly, the steam can

react with the hot graphite structures and fuel elements to

produce water gas which may ignite when it comes in contact

with air. Very close consideration was given to both aspects

when designing the HTR-Module and highly effective, specific

measures have been taken to use the inherent characteristics

to keep the consequences of a major water ingress into the

primary circuit to a minimum, even if the active measures

designed specifically to minimize the effects of such an

ingress should prove ineffective.

Extensive reactivity excesses due to steam in the reactor

core can be inherently prevented by increasing the

moderation ratio and thus reducing the content of heavy

metals in the fuel elements.
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It would be unrealistic to claim that ingress of water into

the primary circuit can be prevented, for leaks in the

heating tube bundle cannot be excluded entirely despite the

highly stringent quality control tests performed during

manufacture of the steam generator tubes. However, a

specifically geometric design of the primary circuit can, to

a large extent, inherently minimize or obstruct the ingress

of water and steam into the core and thus also the formation

of water gas. This is one of the reasons why the steam

generator for the HTR-Module is housed in a separate

pressure vessel beside and below the reactor core.

In addition, the specially designed flow of cold gas in the

reflector boreholes inherently prevents any natural

convection in the primary circuit, making it impossible in

the long term for steam to flow from the pressure vessel

of the steam generator to the core and effectively

prohibiting the reaction between graphite and steam for

this reason alone. Finally, the limited heat capacity of the

metal structures in the pressure vessel of the steam

generator means that only a limited amount of watei can be

evaporated, inherently limiting the maximum amount of water

gas produced in the HTR-Module and making it independent of

the amount of water entering the primary circuit or assumed

to enter the primary circuit when analysing hypothetical

accident sequences.

These inherent characteristics of the HTR-Module wll be

explained in more detail below. Particular attention will be

paid to the consequences for the plant when a seqUE!nce of

increasingly hypothetical accident scenarios are pstulated

until finally the entire 90 tonnes from the feedwater tank

burst into the primary system. So that the accident,

sequences are more easily understood and the hypothetical

nature of many of the assumptions can be assessed ore

accurately, the sequence and the effects of the maximum

credible water ingress in the design area will first be

outlined briefly.
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3.4.1 Design basis accident

The worst design basis accident is assumed to be a 2A-rup-

ture of a heating tube at the most unfavorable point in the

superheater. In this case, water and steam will flow into

the primary system from both ends of the heating tube at a

rate of approx. 6 kg/s. The orifice integrated into the

perforated plate of the feedwater nozzle keeps this flow

rate to roughly one third of the amount that would flow out

without this inherent limitation. The accident is detected

by the diverse moisture sensors in the triple redundancy

reactor protection system which triggers the following pro-

tective measures:

- Insertion of the shutdown rods

- Disconnection of the blower

- Isolation of the steam generator on both sides

- High-speed drainage of the steam generator

High-speed drainage of the steam generator is accomplished

on the feedwater side via four dual-train relief valves with

a clear cross-section corresponding to DN 50. The redundant

relief lines are designed to DN 180.

A maximum water ingress of 600 kg is assumed for the design

basis accident, taking safety margins into account. It is

furthermore assumed that this water is entirely present as

steam, leading to a spontaneous pressure increase of approx.

3 bar, although only approx. 180 kg steam are available in

the steam generator. Evaporation of the ingressing water

need not necessarily be assumed, due to the temperature and

pressure conditions prevailing in the steam generator.
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Two precautions are taken in the modular plant S01E!ly in

order to minimize the effects of this accident. First of

all, the plant is equipped with an emergency cooler with

moisture separator capable of cooling the entire pimary gas

of approx. 2700 kg helium from 250 'C to 50 'C within one

hour and thus condensing the penetrated water before the

temperature of the graphite fuel elements can rise

sufficiently for the graphite to convert to water clas. The

gas purification system has been so dimensioned that it can

at least continue to purify the primary gas and transfer

purified gas to the purified-gas store via the pressurizing

system for two or three hours after the accident. This

ensures that, even if the emergency cooler fails, the

pressure in the primary circuit can be reduced by 6 to 9

bar, thus preventing the overpressure valves in the primary

circuit from beeing activated; these valves are trapped at

approx. 70 bar and open into the reactor hall.

The following Figures show that it is possible to ondense

the penetrated water out within an hour using an eergency

cooler and thus prevent it from reacting with the raphite

structures:

Fig. 11 shows the maximum corrosion rate of te fuel

elements in steam as a function of the fuel element

temperature. At a temperature of 800 'C, the fuel

elements corrode at a rate of approx. 0.01 %/h. If we

take an extremely conservative estimate and asume a

constant temperature of 800 'C for all 360,000 fuel

elements, for instance, no more than 72 kg gaphite

would react with 10.8 kg water in the first hour.

Figure 12 shows that if the main heat sink fails, the

temperature of the fuel elements will at first rise

only relatively slowly; indeed, the maximum tmperature

will remain virtually constant in the first hour,
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allowing enough time to condense the penetrated

water before the temperature and thus also the rate of

corrosion can rise to any significant extent.

Figure 13 illustrates the pressure change in the

primary circuit over time following a steam ingress of

600 kg. Since it is assumed both that the emergency

moisture separator has been switched on by the reactor

operator and that the gas purification system

(including the pressure control system) is in

operation, the excess pressure of approx. 3 bar will

rapidly be reduced, preventing the pressure relief

system from being tripped. Only about 40 kg water will

be converted and the maximum graphite corrosion will

not exceed approx. 03 .

The most unfavorable sequence for the design basis accident

"water ingress" is shown in the following diagrams. It is

assumed that both the pressure control system and the

emergency moisture separator are out of operation and that

the blower flap cannot be closed. Consequently, the

penetrated water is converted in its entirety (Figure 14).

The maximum graphite corrosion max. reach approx. 33 in

places.

Figure 15 shows the time profiles for the volume fractions

of the core with more than 1 % 2 and 3 corrosion. The

corrosion would have to reach a level of 40 before the

fuel-less graphite layer on the fuel elements is removed

altogether. Even then, however, the fuel particles in the

inner fuel element zone would still be protected by their

multiple coverings of pyrocarbon and silicon carbide, thus

ensuring retention of the fission products.
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On account of the penetrated water and rising temperature in

the primary circuit, the overall pressure profile (Figure 16)

starts at approx. 64 bar and increases as water gas is

produced and the temperature of the primary coolant

continues to rise. After about hours, the safety valve in

the pressure relief system is tripped at 69 bar and blows a

mixture of primary coolant, water gas and steam totalling

approx. 400 kg into the reactor hall for around 30 minutes.

Water gas accounts for approx. 9 of the total. Such a gas

mixture cannot be ignited, no matter how much air is added

(Figure 17).

If the ventilation system is not switched over to the

secured subatmospheric pressure system manually at some point

during the foreseeable accident sequence lasting several

hours, it will be switched over automatically when helium or

radioactivity is detected in the reactor hall; the vented

gas mixture is then filtered and emitted via the exhaust

stack.

3.4.2 Failure of the high-speed steam generator drainage

Failure of the dual-train high-speed steam generator

drainage system following a heating tube rupture is;

classified as a hypothetical event.

There are 6000 kg water between the two quick-closing

valves tripped by the reactor protection system on the

feedwater and steam sides. Theoretically, this watE!r could

ingress into the primary circuit via the postulated leak

when the reactor has been shut down. Only about 180 kg of

this water are present as steam. How much of the rmaining

water can be converted into steam and thus be transported to

the radioactive core to form water gas depends very largely

on the size of the assumed leak.
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Large leak

In this case, it is assumed that several heating tubes

rupture near the perforated plate in the feedwater line. Up

to 5,800 kg water will then flow into the primary circuit

within a short time and accumulate at the bottom of the

steam generator pressure vessel, as the water cannot

evaporate on account of the pressure of 60 bar in the

primary circuit and the calotte temperature of 250 OC.

When the reactor has been shut down, a natural convection

starts up in the primary circuit. It streams across the

water at the bottom of the steam generator and transports

water vapor into the reactor core, unless the blower flap

has been closed. A number of volatilization models have

been developed, all of which yield roughly the same result.

The natural convection in a circuit with open blower flap is

illustrated in Figure 18. As can be seen, the initial flow

rate of approx. 4 kg/s drops to around kg/s after an hour

and to around 04 kg/s after hours. The natural convection

virtually comes to a halt after about 10 hours. It is thus

clear that, assuming a large leak, no more than about

230 kg + 180 kg = 410 kg steam will be generated from the

61000 kg water.

If the accident is made more serious by assuming that the

emergency moisture separator is out of operation, then no

more than these 410 kg steam will be converted into water

gas in the core. That is less than the 600 kg assumed for

the design basis accident.
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Small leak

Assuming a very small leak in the superheater, for example,

it would not be inconceivable for the water slowly seeping

into the primary circuit to absorb the energy necessary for

evaporation from the hot structures in the steam generator.

In this case the maximum amount of energy available in the

hot structures of the 121 tonne steam generator is decisive.

Assuming a primary system pressure of 60 bar and a corres-

ponding boiling temperature of Ts = 3275 C this yields

an energy content of approx. . 10 MWs in the structure

over 275 C. No more than 3120 kg water can consequently

evaporate at 60 bar. If we add the 180 kg steam present in

the steam generator, the maximum amount of steam potentially

available to corrode the reactor core equals 3300 kg. The

ingress of 3300 kg steam into the primary circuit will

initially increase the pressure in the primary circuit by

approx. 16 bar; as the safety valves are tripped, ,some of

the steam will consequently be blown out into the eactor

hall before it can chemically react with the graphite It

would be plausible to initiate countermeasures at this

point, if not before, in order to prevent to creation of

large quantities of water gas. One possibility wou'Ld be to

depressurize the primary circuit if the emergency ooler

cannot be repaired within one hour.

Nevertheless, in order to ascertain the potential hazard we

shall assume that all the steam in the reactor core is

converted into water gas over a period of about 10 hours,

causing the pressure to increase by a further 16 bar.
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The maximum amount of water gas produced is made up of 366 kg

H2 and 5133 kg CO. At the end of the chemical reaction,

this water gas and the 2700 kg helium constitute roughly

the atmosphere of the primary system. For the remainder of

the accident sequence, we shall conservatively assume that

the safety valves in the primary circuit do not open until

all the water has been converted.

Since the two safety valves in the first trip open at a

pressure of 69 bar and reclose at the latest when the

pressure drops to 60 bar, the gas mixture blown into the

reactor hall will at most be made up of 53 kg H 21 733 kg CO

and 385 kg helium.

Extending this hypothesis for determining the maximum

potential amount of steam, it may be postulated that a small

leak combined with failure of the steam generator drainage

system will only occur following and additionally postulated

depressurization accident. Assuming a primary system

pressure of bar, the structures in the steam generator

pressure vessel over the boiling point of 100 'C will have

an energy content of 19 . 104 MWs. That is sufficient

energy to evaporate no more than 8450 kg water. This is the

maximum attainable, physically plausible amount of steam

that could be created following an ingress of water into

the primary system.

How much of this steam will reach the hot core via a

pressure-less primary circuit and react with the graphite in

the fuel elements to produce water gas depends very largely

on the position of the postulated leak in the primary

system? For geometrical reasons, however, it cannot be more

than half the total escaping steam, as it can always flow to

the leak via the core or the tube bundle; even from the most
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pessimistic point of view, it is still not possible for more

than 4000 kg water to be converted. In view of the assumed

pressure of no more than bar, however, such small steam

quantity will be present in the core (namely 15 kg) that

only a small water gas quantity will consequently be

generated and hazard posed by the mixture of water gas and

steam slowly seeping through the leak may be asSUME!d to be

zero, quite apart from the fact that there is sufficient

time available for countermeasures.

3.4.3 Steam generator isolation failure

if, following a heating tube rupture, we assume total

failure of both the high-speed steam generator drainage

system and, in the longer term, of the steam generator iso-

lation system by the main steam and feedwater valVE,�S it

would be theoretically possible for large amounts of steam

and water to flow into the primary circuit unchecked.

If the feedwater valves cannot be closed, the entire

contents of the feedwater tank can ultimately flow into the

steam generator pressure vessel. However, the feedviater tank

capacity of approx. 90 tonnes has been chosen deliberately

so that the entire contents can flow into the steam

generator pressure vessel without water flowing into the

reactor pressure vessel via the connecting pressure vessel

at the same time. Consequently, it is impossible fr the hot

graphite structures or indeed the hot fuel elements to come

in direct contact with the water.
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Another major ingress of water could occur if neither the

quick-closing live steam valve nor the live steam gate

valves can ultimately be closed following a tube rupture and

a check valves also fail. Assuming extensive rupturing in

such a case, large quantities would flow into the primary

system from the neighbouring module. The second train of

safety valves has been designed so that even if steam enters

at a rate of 25 kg/s for a longer period (which presupposes

that about 15 tubes have ruptured totally), the design

pressure of 77 bar allowed for the pressure vessel will

still not be exceeded. In the long term, the primary helium

would be replaced by steam in this scenario and the primary

circuit, with a volume of 460 M3 , eventually filled entirely

with steam. The maximum amount of steam introduced into the

primary circuit would then total 16,000 kg. It is virtually

impossible for a large amount of water gas to be generated in

the course of this accident sequence, for when the infeed of

steam ceases - which it must within one hour at the most,

due to the loss of water in the water/steam circuit - the

primary circuit will rapidly be drained via the large

postulated leak in the steam generator.

However, water gas will be produced if it is then postulated

that the primary circuit is maintained at 60 bar by closing

the steam gate valves after it has been filled with 16,000 kg

steam. The safety valve will be tripped after a few hours

and discharge part of the mixture in the primary circuit

into the reactor hall as already mentioned. Taking into

account that there was, by definition, no helium in the

circuit, approx. 16 kg hydrogen will flow out when the valve

is first opened.
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Since the production of water gas is by no means complete

when the valves first open, the valves will continue to open

at hourly intervals over a long period until all the steam

has been converted. The proportion of hydrogen will increase

every time the valves open until it reaches the maximum

value of approx. 255 kg when they open for the seventh and

last time.

3.4.4 Potential hazard posed by H 2/CO combustion in the reactor

hall

Theoretical and experimental investigation of the explosion

phenomena of flammable gas mixtures in enclosed spaces began

at a very early stage on account of the potential hazard

posed by explosive gases in industrial plants.

Investigations taking into particular consideration the

nuclear-specific boundary conditions have for a long time

been conducted in order to assess the residual risk of

nuclear plants.

This phenomenon has been the subject of still more intense

international study, in particular, following the explosion

of a mixture of hydrogen and air in the containment of the

TMI reactor, in which approx. 370 kg hydrogen ignited and

the containment pressure rose to 29 bar. The results in

this field are now so well-founded that the maximum pressure

peaks following the ignition of an explosive gas mxture in

a cubical space can be determined with great certainty using

relatively simple methods.
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Estimation of possible pressure increase

The maximum peak overpressure Ap can only be reached if

the composition of the mixture is of a stoichisometric

nature and the molecules are well mixed, and

the entire space is filled by this mixture

Any deviations from the stoichisometric composition will

cause the pressure to stop increasing towards the ignition

point and drop to zero. If the mixture occupies only a

fraction of the space, the pressure increase after

ignition will correspond to only a fraction of the

potential increase. This is illustrated in Figure 19, the

continuous line representing the hydrogen values obtained

experimentally.

While the peak pressure basically does not depend on the

composition of the flammable gas, the rate of pressure

increase depends very largely on the igniting gas. Figure 20

shows, for example, that the value for hydrogen, which

yields the highest rate of pressure increase of all gases,

is greater than the corresponding value for methane.

The rate of pressure increase also depends largely on the

volume of the space in which the gas ignites. Values of

55 mbar/s and 550 mbar/s were respectively determined for a

staguant methane mixture and a staguant hydrogen mixture.
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Pressure build-up following an explosion of local ixtures

in the reactor hall

If the facts set out above are applied to the hypothetical

accident involving a small steam generator tube rupture (the

small leak aggravating the accident) with failure f the

dual-train high-speed steam generator drainage system

coupled with prolonged failure of the emergency cooler, the

result will be as follows:

When the safety valve opens after several hours, 3 kg H 2Y

733 kg CO and 385 kg helium will flow into the reactor hall

(the reactor hall has a volume of approx. 25,000 m') In

other words, there will then be 960 k/mol air and n

equivalent amount of hydrogen, namely 30 k/mol, in the

reactor hall.

This corresponds to a hydrogen equivalent of 31 The

mixture could not ignite if it were uniformly homogenized.

However, assuming that hydrogen and air must be prE�sent at a

ratio of 30 70 in order to obtain a locally explosive

mixture, the maximum excess pressure possible in te reactor

hall is calculated as being approx. 07 bar, yielding a

brief maximum pressure of 17 bar. As the buildings are

designed to withstand a permanent pressure load of 13 bar,

they will not suffer any impermissible damage as a result of

this short pressure peak. Above all, it may be assumed that

the primary cell will not suffer any consequential damage.

The maximum rate of pressure increase possible in the

reactor hall is estabished as being approx. 19 [bar/s]

This value must be corrected in proportion to the volume

filled with the stoichisometric mixture, i.e. approx.

1.9 [bar/s] .
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Hydrogen yields a reaction heat of 227 KJ/mol. The energy

input due to combustion thus equals approx. . 10 9 J; with

purely adiabatic heating, this causes the temperature of the

air in the hall to increase by 670 K.

However, since the amount of heat generated by combustion is

very small in comparison with the heat capacity of the

walls, the rise in temperature will be eliminated within

seconds and the excess pressure will also drop rapidly

(refer to Figure 21). The surface temperature of the

components in the reactor hall will increase by approx. 20 'C.

Evaluation

Although the above postulations could be refined at will,

the methods employed yield relatively well-founded results,

as has been proved by recalculating numerous experiments.

The pressure peak of 07 bar assumed for a hypothetical

major water ingress in the HTR-Module doubtlessly does not

present any serious problems for a reactor building designed

to survive an aircraft crash. Experience with the TMI

reactor makes it seem totally impossible for the primary

circuit or the primary circuit enclosure to suffer any major

damage in the event of an explosion in the reactor hall;

serious consequential damage following the explosion, such

as a massive ingress of air into the primary circuit is

therefore not to be expected.

3.4.5 Emission of radioactive fission products following a hypo-

thetical water ingress

Radioactive fission products can only be emitted following a

rupture of the steam generator tubes if the operating

systems fail at the same time, as the pressure in the

primary system can only then rise to such an extent as to

trip the safety valves.
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The radioactivity blown off by the relief valves cnsists of

the stationary radioactivity of the primary coolant;

the radioactivity remobilized from the surfaces of the

primary system, particularly in the steam generator by

the water and steam; and

the radioactivity of the fuel-less cladding of' the fuel

elements released as the moisture entering thE! core

reacts with the graphite in the fuel elements

(corrosion).

The stationary radioactivity of the primary coolant is so

small as to be negligible here.

Long-lived fission products which escape into the oolant

through the damaged coating on the fuel particles ccumulate

on the relatively cold surfaces in the primary circuit and

thus represent the maximum potential radioactivity that can

be remobilized by washing out in the event of water ingress.

If the experimental data are also taken into account we

will find approx. 63Ci Cs137 on the steam generator, surface

after 32 years.

The accident sequence will largely determine how mch of the

63Ci will be washed out in the design basis accident or a

hypothetical water ingress and then escape via the safety

valve into the reactor hall and possibly into the

atmosphere.
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For the design basis accident, it was conservatively

estimated that the 600 kg water would decontaminate an area

of 10 m' simply through the force of the water; it was

further assumed that cesium hydroxide could be formed as a

result of the reaction between water and cesium during the

60 seconds in which the water escapes. It is also assumed

that steam will react with cesium during the subsequent 

hours until the safety valve opens. The analyses carried

out to date are based on experimental results and yield a

value of approx. 0.5 Ci for the washed out cesium 137. After

emission of 0.05 Ci into the reactor building, followed by

filtration and emission via the exhaust stack, the maximum

dose for a young child is calculated as being 126 mrem.

Larger washouts are conceivable in conjunction with a hypo-

thetical water ingress; in the case of the small leak, for

instance, it is assumed that the water seeps through the

leak so slowly that it can absorb structural heat and

evaporate. However, this means that the steam generator

surface is wetted with water for very much longer than the

60 seconds mentioned above. For geometrical reasons,

however, no more than one sixth of the steam generator

surface and thus approx. 10 Ci can be washed out, as the

steam generator is subdivided into six sections by the

supporting structure. For the small leak discussed above, it

was also assumed that the safety valve opens when all the

water has reacted with the graphite and blows out one tenth

of the gas mixture in the.primary system. Approx. lCi Cs137

will enter the reactor hall with this gas mixture. Even

assuming that the radioactivity is released at near ground

level in this extreme case, the dose would still not exceed

the limit value specified for design basis accidents in

Section 28.3 of the Radiological Protection Ordinance. This

naturally also applies in conjunction with all the other

isotopes washed out together with the cesium.



- 27 -

The contribution due to corrosion of the fuel elements has

not been considered so far in this assessment. Approx.

700 Bq/g is a representative, experimentally secured value

for the radioactivity of Cs137 from the fuel-less cladding

of the fuel elements. No more than 2200 kg matrix graphite

can react in the small leak accident described above.

Consequently, the maximum CsI37 released through corrosion

totals 004 Ci.

This makes it evident that, even in the event of a major

water ingress, the radioactivity release as a result of

corrosion does not significantly increase the radioactivity

in the environment and that only the washout effect

mentioned above is consequently of significance.

4. Summary

I would like to summarize:

The detailed engineering of Siemens/Interatom's HTR-

Modul has been further proceeded

The licensing procedure is continuing according to

the agreed time schedule

We expect that the licensing procedure will cnfirm

officially the high degree of passive safety eatures

of the HTR-Module
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W Status of already achieved quality standard,
safety standard and degree of proveness f LWR's
is the minimum requirement and scale for the
HTR - layout

e.g.:

• Verification of calculation methods

• Experimental proofs on components, systems
and safety - related equipment

• Full accessibility for inspection, repeated tests,

repairs, replacements etc. strongly related
for maintaining reactor safety

• Low dose rates at inspections repairs

W Only proven technology (e.g. vessels, materials

- Safety concept must be simple and transparent

M Calculational proofs must be transparent nd simple

M Free failing - in absorber rods for quick shutdown

Conditions and Layout Criteria
for HTRs (1) Fig. 
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Utmost high degree of passive safety features

e.g.:

• Limitation of maximum fuel temperature at all
disturbances: 1600 OC

• Passive decay heat removal from reactor

• No safety - related redundant and diverse
emergency power supplies and cooling chains

Exclusion of any evacuation requirements

- Prevention of direct water ingress

- Standardisation of reactor unit;
Series production

W Conventional BOP with no requirements regarding
safety - related tasks

- Guaranteed time schedule, foreseeable costs for
investment, low technical and commercial risks

Conditions and Layout Criteria
for HTRs 2 Fig. 2
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0 9400 mm

5900 m
1 Pebble Bed
2 Pressure Vessel
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-4 4 Small Absorber Balls
5 Reflector Rod

6 6 Fuel Loading
7 Steam Generator: Pipe Assembly
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Primary Circuit of an HTR Module
Fig. 3
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YEAR/MONTH 1987 1988 1 989

4 5 6 7 9 11 12 2 3 4 5 6 7 9 1 12 2 3 4 5 6

START OF THE LICENCE PROCEDURE

PREPARATION OF TCHNICAL
REPORTS

PREPARATION OF SUPPLE-
MENTARY DOCUMENTS TO THE
SAFETY REPORT

REVISION OF THE SAFETY REPORT

MEETINGS WITH LICENSE
AUTHORITIES DRAFT EXPERTISE

EXPERTISE OF TOV COMMENT OF FISK

COMMENT OF RSK

PUBLIC ACCESS TO SAFETY REPORT

PUBLIC HEARING COMME dBMU'

COMMENTOFBMU CONCEPTUAL
LICENSE

ISSUANCE OF CONCEPTUAL
LICENSE

Time Schedule for the Conceptual License
of the HTR - Module Power Plant Fig. 5
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3
3

2

2

4
5,6

U

1 Connecting Pressure-Vessel Nozzle (1 x)
2 Supporting Claws (3 x)
3 Tangential Support (4 x)
4 FE Discharge (1 X)
5 FE Charging (1 X)
6 Small Absorber Ball Connection (3 x)

Reactor Pressure Vessel

Fig. 6
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3 4
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2
66

1 Connecting. Pressure-Vessel ozzle (1 x)
2 Feedwater Nozzle (3 x)
3 Main Steam Nozzle (4 x)
4 Supporting Claws (I )
5 UpperTangential Support (1 X)
6 Lower Tangential Support (3 x)

Steam Generator Pressure Vessel

Fig. 7
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1 Differentiation between design accidents and
hypothetical accidents

2. Failure of surface cooler

2.1 Temperature development of components
subsequent to failure of cell cooling effects
on fission product release

2.2 Behaviour of concrete and integrity
of reactor cell

2.3 Integrity of pressure vessel support structure

3. Reactivity accidents

3.1 Design basic accidents

3.2 Hypothetical changes in reactivity due to
malfunctioning absorbers

3.3 Hypothetical changes in reactivity due to
steam ingress into the core

4. Failure of scram actions

4.1 Failure of circulator disconnection

4.2 Failure of steam generator isolation

Investigated Hypothetical
Accidents for the HTR - Module (a)

Fig. 
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5. Water ingress into primary circuit

5.1 Design basis accident

5.2 Failure of fast drainage of steam generator

5.3 Failure of steam generator isolation

5.4 Danger potential of H2/CO - burning

in the reactor hall

5.5 Release of radioactive fission products
in case of hypothetical water ingress

6. Air ingress

6.1 Design basis accident

6.2 Possibilities of hypothetical air ingress

6.3 Effects of large quantities of ingressing air

6.4 Radiation level in the reactor building
subsequent to hypothetical air ingress

Investigated Hypothetical
Accidents for the HTR - Module (b)

Fig.10
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System Pressure [bar]

70- Opening Pressure of the Safety Value!

Ingressed Water Quantity 600 kg
Max. Fuel Element Corrosion 0.3%
Environmental Impact no

60

0 2 3 4
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Primary Gas Pressure as a Function of Time
after Water Ingress
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Ingressed
Water Quantity 600 kg
Safety Margin +100 K

Mass [kg] Blower Glap open_
Water Separator no
Pressure Regulation no
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Transferred Mass as a Function of Time in
Case of Water Ingress (without Water
Separator and without Pressure Regulation)
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Ingressed
Water Quantity 600 kg

Relative Safety Margin +100 K
Volume VNT Blower Glap open

Water Separator no

0.20- Pressure Regulation no

Burn-up > %
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0.10-

Burn-up > 2%

0.05-

rr" Burn-up > 3%
0
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Fuel Element Corrosion as a Function of Time
in Case of Water Ingress (without Water
Separator and without Pressure Regulation)
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System Pressure [bar]

Ingressed Water Quantity 600 kg

Max Fuel Element Corrosion 33%
Environmental Impact low

(Relief via Filter)

70 - Opening Pressure of the Safety Value

60

0 1 2 3 Time [h]

Primary Gas Pressure as a Function of Time in
Case of Water Ingress (without Water
Separator and without Pressure Regulation)

Fig.16
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