Nuclear Safety
Information Centre
KWU/INTERATOM NSIC-6610
Report
GERUINY

High Temperature
Reactor Module
Power Plant
XA04N2799
fNIS-XA-N--221

Plant and Safety Concept
June 1986 - 38-07126.2

KMVU
RffD

2
1
Fields

Introduction
of application

The modular HTR power plant
is a universally
source for the co-generation of electricity,
district
heating.

applicable energy
process steam or

The modular HTR concept is characterized by the fact
that
standardized reactor
units
with power ratings
of 200 MJ/s (so-called
modules) can be combined to form power plants with a higher power
rating.
Consequently the special safety features of small high-temperature
reactors
(HTR) are also available at higher power plant
ratings.
The safety features, the technical
design and the mode of operation
are briefly
described in the following, taking a power plant with
two HTR-Modules for the co-generation of electricity
and process
steam as an example.
Due to its
universal applicability
the modular HTR power plant
is
but particularly
on sites
near
populated areas.

and excellent
safety features,
suitable
for erection
on any site,
other industrial
plants
or in densely

The co-generation of electricity
and process steam or district
heating with a modular HTR power plant as described here is
primarily
tailored
to the requirements of industrial
and communal consumers.
The site
for such a plant is a typical
industrial
one.
The
anticipated
features of such sites
were taken into
consideration in
the design of the modular HTR power plant.
Design

features

The principle
safety feature of the HTR-Module is based on the fact
that,
even in the case of failure
of all
active cooling systems and
complete loss of coolant, the fuel element temperatures remain within limits
at which there is practically
no release
of radioactive
fission
products from the fuel elements.
This is
due to the
selected reactor
design.
This guarantees that
the modular HTR power plant
does not present
any hazard to the environment either
during normal operation or in
the case of any accidents.
The most important

design features

are as follows:

The use of spherical fuel elements, which are
capable of
retaining
all
radiologically
relevant
fission
products up to
fuel element temperatures of approx. 1600 0C.
The reactor
temperature

core is designed such that
of 1600 0C is not exceeded

a maximum fuel element
during any accident.

Active core cooling is not necessary for decay heat removal
during accidents.
It is quite sufficient
to discharge tll.
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decay heat by means of passive heat transport mechanisms (such
as heat conduction, radiation, natural convection) to a simple
surface cooler with water flowing through it.
This is
installed outside the reactor pressure vessel in the primary
cell.
Reactor shutdown solely by absorber elements, which, on
demand, can drop freely into boreholes in the reflector.
Graphite which has been successfully tried and tested in gas
reactors is used in core areas with high temperatures (fuel
elements, core internals).
Temperature-incurred failure of
this material is impossible at the maximum occurring
temperature of 1600 0C.
The single phase noble gas helium, which is
chemical and neutron physical viewpoint, is

neutral from a
used as coolant.

Due to the high activity retention in the fuel elements, a
pressure-tight reactor building is not necessary.
The reactor
building is accessible for repair work at any time after
accidents as a result of the low activity release.
Reactor core and steam generator are installed in separate
steel pressure vessels in such a way that there is no danger
of component overheating in the case of failure of the primary
circuit
cooling.
This installation also increases the accessibility of the
components for maintenance and repair.
2

Mode of operation of the Modular HTR Power Plant

The modular HTR power plant consists of the nuclear steam generating
systems (HTR-Modules) and the connected water/steam circuit
(Fig.
1).
Each HTR-Module is made up of a high-temperature
generator and the primary circuit
blower.

reactor,

a steam

The primary coolant helium flows through the reactor core and is
heated by the fuel elements.
It is then transported to the steam
generator where it is cooled and returned to the reactor core for
reheating by the primary circuit
blower.
In the steam generators
the heat from the reactor cooling circuit
(primary circuit) is
transferred to the conventional water/steam circuit
(secondary
circuit).
For this purpose, the feedwater pumps transport water into the steam
generator heating tubes around which the primary coolant flows.
The
feedwater is evaporated and superheated by the heat transferred.
The steam produced in this way is
the turbine generators.

converted to electrical energy in

Steam is removed from the turbo sets to produce process steam.
The
process steam circuit
is separated from the secondary circuit by the
components for process steam generation
The waste steam is condensed in the condenser or in the components for process steam gen-
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eration
and is
returned to the steam generator
feedwater tank.

as condensate

via the

The waste heat from the condenser is discharged to the atmosphere
via the main cooling water system and the cooling tower.
3

Technical

3.1

General

The layout
plan (Fig.

Design

layout

of the modular HTR power plant
2.

is

shown in

the general

The reactor
building is
in the centre of the plant.
In addition to
the two HTR-Modules, it
contains some auxiliary
and ancillary
systems.
Components of the start-up
and cool down systems, the steam
generator fast
discharge system and the intermediate cooling systems
are installed
in the annex to the reactor
building.
The two modular units
are separated from each other by a central
service area.
An outer protective
shell
encloses the inner building
structure.
It
fulfils
the requirements for protecting
the reactor
plant
from external
impacts (e.g. aircraft
crash) (see Fig. 3 and
Fig. 4.
The reactor
auxiliary
building directly
adjoins the reactor
building.
It accommodates the facilities
for helium purification
and for
the treatment and storage of radioactive waste, the ventilation
systems, the store
for new fuel elements, the sanitary
rooms and
other rooms such as laboratories.
The central,
monitored entrance
to the reactor
building is through the reactor
auxiliary
building.
The central
control building contains the control room, the
switching, control and closed-loop control systems, the reactor
protection
system, the emergency power supply and further
installations
such as process computers, air-conditioning
and ventilation
systems.
The machine hall
basically
holds the components of the water/steam
circuit
with the turbo sets
and the components for process steam
generation.
The cooling tower (hybrid design) is positioned at a
distance from the machine hall.
An office
and staff
building, an
intermediate fuel element store
and a gate house are provided as
auxiliary
buildings.
3.2

Nuclear

Construction
The nuclear
of:

steam generating

system

and design features
steam generating

system

(HTR-Module)

basically

The reactor
pressure vessel with core, core internals,
shutdown systems and facilities
for the charging and
discharging of fuel elements
The connecting pressure

vessel with hot gas duct

consists
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The steam generator with the heating tube bundle and the
primary circuit
blower
Each HTR-Module is installed in a primary cell, the concrete walls
of which support the weight of the reactor pressure vessel, the
connecting pressure vessel and the steam generator pressure vessel
and their internals (Fig. 3 and Fig. 4.
Pipes with water flowing through them (surface coolers) are installed on the inside wall of the primary cell near the reactor
pressure vessel.
These surface coolers discharge dissipated heat
during normal operation
and decay heat during reactor shutdown.
As shown in Fig. 3
the reactor and the steam generator are
positioned beside each other.
This characteristic

HTR-Module layout offers substantial advantages:

After a reactor shutdown there is no harmful natural
circulation of hot helium through the primary circuit thanks
to the thermohydraulic decoupling of heat source and heat sink
(the "hot" reactor core is higher than the "cold" steam
generator).
Consequently there is no need to cool the steam generator
after shutdown.
Thus it can be shut off and left
in a hot
condition
The positioning of the steam generator beside and lower than
the reactor permits simple and operationally favourable upward
evaporation
The separation of the
the shielding concrete
possible to repair all
or the primary circuit

reactor core and the steam generator by
walls of the reactor cell makes it
defects in the steam generator bundle
blower without accessibility problems

The staggered arrangement leads to a favourable height-towidth ratio of the reactor building. This simplifies verification of its
stability
in the case of loads resulting from
external impacts (e.g. earthquake, explosion blast wave).
The HTR fuel element
Fissionable uranium is present in the HTR-Module in spherical fuel
elements.
Each fuel element has a diameter of six centimetres and
contains approximately 11600 coated particles within the inner
graphite matrix (Fig. 5).
Each of these coated particles consists of a fuel kernel (uranium
dioxide UO2) with a diameter of about 0.5 mm, which is coated with
several layers of pyrocarbon (PyC) and silicon carbide (SiC).
These layers enclose the fuel kernel, thus preventing a fission
product release from the fuel kernel.
One fuel element contains a total of 7g of uranium with a U 235
enrichment of 78
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A fuel-free,
mm thick graphite shell
is pressed on to the inner
fuel-bearing zone of the fuel element which has a diameter of
approximately
cm.
This fuel-free
shell
prevents the coatings of the particles
from
being damaged by mechanical or chemical impacts, e.g. during transport by the charging facility
or in the event of water ingress into
the core area as the result
of an accident.
During normal operation the fuel elements attain
temperature of approximately 850 0C.

a maximum

The evaluation of numerous heat-up experiments has shown that
the
coatings of the particles
are capable of practically
completely retaining
all
radiologically
relevant
fission
products in the intact
coated particles
up to fuel element temperatures of around 1600 0C.
For this
reason, the HTR-Module was designed in such a way that
the
maximum fuel element temperatures limit
themselves (i.e.
without 0the
intervention
of active systems) to values of approximately 1600
C
during all
accidents.
At temperatures of less
than 1600 0C there is only a slight
activity
release from fuel particles
with defective coating.
However, numerous experiments have shown that
the number of
defective coated particles
to be expected is very low.
This fact
also explains the low coolant activity
and the low
environmental exposure in the case of loss of coolant accidents.
Reactor

core

The reactor
core, which is located inside the reactor
pressure
vessel (Fig. 6,
consists
of approx. 360 000 spherical
fuel elements
in a loose pebble bed with a diameter of approx. 3 m and an average
height of approx. 94
m.
It is
cooled by helium.
3
The mean power density of the core is limited to 3 MW/M
and the
mean core outlet
temperature to 700 0C.
The design of the reactor

core

is

based on the following

principles:

In all
accidents and accident combinations, a maximum fuel
element temperature of approx. 1600 0C is not exceeded even
without active removal of the decay heat from the core.
Decay
heat removal can be effected solely by heat conduction, heat
radiation
and natural
convection to the surface coolers
positioned outside the reactor
pressure vessel.
The reactor
can be shut down purely by dropping the absorbers
into
the reflector
boreholes.
Additional shutdown rods, which have to be inserted
into
the
pebble bed using external energy, are not necessary.
The uranium loading of the fuel elements amounting to 7 g of
uranium is
selected such that
water ingress into
the primary
circuit
as the result
of an accident will
cause a lower reactivity
increase than the accidental withdrawal of all
reflector
rods.
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The faulty
withdrawal of all
reflector
rods as a covering
accident is therefore controlled by simply switching off
the
primary circuit
blower, whereby the permissible fuel element
temperature of approx. 1600 0C is not exceeded.
In order to obtain the most uniform possible power density distribution, the spherical fuel elements pass through the core approximately 15 times before reaching their
final
burn-up.
Fig.

6 shows

the constructive

design of the reactor

core:

The ceramic core structure,
which essentially
consists
of side,
bottom and top reflectors,
forms the cylindrical
vessel which holds
the pebble bed.
The ring-shaped side reflector
consists
of 24 individual columns made up of single graphite and carbon blocks.
The top reflector
consists
of several layers of graphite and carbon
segments.
The cold gas plenum is located in the top reflector.
The bottom reflector,
which also consists
of several layers, contains
the hot gas plenum.
A metallic
core vessel, which is supported in the reactor
vessel at a point above the connecting pressure vessel,
supporting structure
for the ceramic core internals.

pressure
acts as

The cover of the core vessel is constructed as a radiation
shield
(so-called
top thermal shield)
to provide access to the area above
the core vessel for maintenance work.
This area is
filled
with stagnant helium during operation.
The drives for the shutdown and control systems are mounted on the
thermal shield.
These consist
of the reflector
rods and the small
sphere shutdown units.
The 6 reflector
rods are for the reactor
control and hot shutdown of
the core.
Each rod consists
of several individual sections holding
the absorber material B4C.
In order to initiate
a reactor
scram, the power supply to the drive
is
interrupted,
thus causing the rod to drop freely
into
its
lowest
position
in the boreholes of the side reflector
due to gravity.
18 small sphere shutdown units
serve to compensate the increase in
reactivity
when running down the reactor
to a cold condition.
Graphite spheres with an approx. 10 %
C content and a diameter of
approx. 10 mm are used as shutdown elements.
The spheres, which are
stored in storage containers located above the top thermal shield
and over the side reflector,
drop freely
into
the reflector
boreholes on demand.
During normal operation the pebble bed is cooled by the primary
coolant flow.
After flowing upwards through boreholes in the side
reflector,
the primary coolant is collected
and deflected in the top
reflector.
It
then flows downwards through the top reflector,
the
pebble bed and the bottom of the core
whereby it
removes the heat
generated in the core, before being collected
in the hot gas plenum
and conveyed to the steam generator via a penetration in the side
reflector.
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Pressure vessel

unit

The reactor
core is located in the reactor
pressure vessel which,
together with the connecting pressure vessel and the steam generator
pressure vessel, forms the so-called
pressure vessel unit.
The arrangement of this
pressure vessel unit
in the reactor
building
is
shown in Fig. 3
Fig. 7 is a section through the primary cell
and the pressure vessel unit.
The vessels of the pressure vessel unit
consist
of forged pieces
which are welded together.
It is planned to use the material 20
MnMoNi 55 for the forged pieces as this
combines good welding
quality
with high toughness and a low tendency towards embrittlement
under neutron irradiation.
The selected
primary coolant guiding system ensures that
the
pressure vessels only come into
contact with cold gas
250 0C).
This permits the application
of the pressure vessel technology
proven in light
water reactors.
The extensive quality
assurance
measures exclude failure
of the pressure vessels during the entire
operating period.
The reactor
pressure vessel is approx. 25 m high with an internal
diameter of approx. 6 m and an empty weight of approx. 760 tons.
The fuel element discharge tube passes centrally
through the bottom
of the reactor
pressure vessel.
Four other connecting pieces supply
the fuel elements and the conveying gas for the small sphere shutdown units.
The cover, which can be removed for inspection or maintenance purposes, is bolted down with prestressed
bolts
and is sealed with two
metallic
sealing
rings.
The reactor
pressure vessel is
supported in the reactor
cell
brackets on a level
with the connecting pressure vessel.

by 3

The connecting pressure vessel together with the hot gas duct serves
to guide the primary gas between the reactor
pressure vessel and the
steam generator pressure vessel.
It consists
of a forged ring with no seams which is
reactor
and the steam generator pressure vessels.

welded to the

The connecting pressure vessel contains the hot gas duct comprising
the metallic
gas liner
(through which the hot gas flows from the
reactor
to the steam generator),
a fibre
insulation
and the outer
metallic
support tube.
The cold gas flows back from the steam generator to the reactor
between the support tube and the connecting pressure vessel, thus
cooling the metallic
components.
The steam generator pressure vessel is positioned in the steam
generator cell
which is beside and slightly
lower than the reactor
pressure vessel.
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It consists
of the steam generator pressure vessel section
blower pressure vessel section screwed on top of this.

and the

The upper part
of the steam generator pressure vessel is
a reinforced jacket ring holding the nozzle to the connecting pressure
vessel, the live-steam nozzle and the brackets to support the pressure vessel in the steam generator cell.
The inlet
nozzle for the
feedwater is welded into the lower part
of the vessel.
Steam generation
The steam generator
steam generator.

is

designed as a once-through,

helical

tube

The hot helium is fed into the steam generator above the heating
tube bundle.
While flowing around the steam generator heating
tubes, the helium releases
its
heat to the water/Steam side, whereby
it
cools down from approx. 700 0C to approx. 250
C (Fig. 7.
On leaving the heating tube bundle, the flow is deflected through
180 0.
The cold helium then flows upwards between the steam generator
shroud and the inner wall of the pressure vessel so that
the
pressure vessel is cooled by the cold gas.
The primary circuit
blower returns
the helium to the reactor through
the annular gap between the connecting pressure vessel and the hot
gas duct.
The feedwater enters the feedwater nozzle with a temperature of
170 0C.
The water flows through the helical
tubes from the bottom
to the top, during which process it
evaporates and is
subsequently
superheated.
Via a compensatin 8 bundle above the heating tube
bundle, the steam which is
530
C hot enters the live-steam nozzle
and passes through the live-steam line
to the machine hall.
Primary circuit

blower

The primary circuit
blower consists
of a single-stage
radial
compressor.
A speed-controlled asynchronous motor is provided as
drive.
The motor is cooled with water.
The blower with motor is
installed
in the blower pressure vessel
section
as a slide-in
unit
with vertical
shaft
and hanging impeller.
A blower flap
is
located on the suction side of the blower.
The blower increases
steam generator outlet
3.3

the pressure of the helium sucked in
side by approx. 1.5 bar.

Reactor auxiliary

and ancillary

Some auxiliary
and ancillary
steam generating system.

systems

systems

are assigned to the nuclear

They are necessary to maintain power operation of the plant
basically
perform the following duties:
Pressurization
Continuous

and cleaning

from the

of the primary circuit

charging and removal of fuel elements

and
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Separation

and handling

Removal of dissipated
cell
Conditioning
These
reactor

of

heat and decay heat

the air

systems are installed
auxiliary
building.

Helium purification

of radioactive materials

in
in

from the primary

the rooms.

the reactor

building and in

the

facility

The following duties must primarily be performed by the helium
purification
facility:
Purification
removing

of the primary coolant to specified
chemical impurities (H 20, co, co 2" N2'

Supply of helium to the helium-filled
systems
regulation)
and drainage for maintenance work
Removal of

tritium

values by
CH 4)
(pressure

from the primary circuit

one line
of the helium purification
facility
each of the two HTR-Modules (see Fig. 8).
is available
in the case of fault-incurred
and regeneration operation of the directly
The through-put of a purification
circuit
inventory per hour.

line

is directly
assigned to
A third
purification
line
failure,
maintenance work
allocated
line.

amounts

to 5

of the primary

Each purification
line
must be regenerated after
about 1000 operating
hours.
During this
regeneration period the third
purification
line
is connected to the respective HTR-Module.
This third
purification
line
is
additionally
equipped with a water
separator which can be included in the circuit
when required.
If water has entered a primary circuit
from leakages in a steam
generator heating tube, the third
purification
line
with water
separator is connected to the affected primary circuit.
The complete primary circuit
inventory can be passed through the
water separator once per hour, thus allowing the water which has
entered the circuit
to be removed.
This is
not necessary for accident control.
Rather its
purpose is
to reduce moisture-incurred corrosion in the reactor
core and to
prevent the response of pressure relief
valves in the primary
circuit
and hence the release
of a slight
fraction
of the primary
coolant inventory into
the reactor
building.
Fuel element handling
The fuel elements are continuously fed to and removed from the core
by means of the refuelling
and discharge facility
(Fig. 9.
After passing through the core, the fuel elements are removed via
the fuel element discharge tube.
Broken spheres or fuel elements
which are not geometrically satisfactory
drop into a fragments
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casket, while the intact
fuel elements are transported to a burnup
measurement facility.
This determines whether the fuel element has
reached its
final
burnup and has to be discarded or whether it
can
be returned to the core.
The 360 spent fuel elements obtained on average per day are conveyed
to the fuel element transport
container via the outward transfer
buffer line.
The re-usable fuel elements and the new fuel elements fed in by the
input station
are pneumatically transported to the core via the
charge tube.
Primary coolant at cold gas temperature acts as conveying gas.
To facilitate
the performance of unexpected repairs
to
the primary circuit,
it
is possible to remove all
fuel elements from
the core, to keep these in intermediate storage and to return
them
to the reactor
core on completion of the repairs.
Facilities

for the treatment of radioactive waste

Gaseous, liquid
and solid
radioactive
waste occurs during reactor
operation.
To ensure that
these materials cannot escape uncontrolled
to the atmosphere, the plant is equipped with facilities
for
the collection
and treatment of radioactive waste (Fig. 10).
Gaseous and liquid
waste is primarily obtained during regeneration
of the helium purification
facility.
Radioactive gases are collected in vessels and discharged to the environment in a controlled
manner.
The environmental exposure is much lower than the permissible
limit
values.
Radioactive waste water is collected
and treated
in tanks.
Concentrates
are collected
in vessels.
The purified
waste water is
inspected and measured and, if the values are lower than the specified
limits,
it
is released to the environment.
The environmental exposure in this
case is also much lower than the permissible limit
values.
Radioactive solids
are intermediately
before being converted into
a suitable
Surface

stored in suitable
form for final

vessels
storage.

cooler

The surface cooler surrounds the reactor
pressure vessel at a distance of about 1.5 m (Fig. 3 and Fig. 6.
It
is installed
as a
closed tube wall in front
of the concrete walls of the reactor
cell
with a clearance distance of approximately 10 cm.
Water at a temperature of about
40 0C flows through the surface cooler at low
pressure.
Its
task is
to remove the dissipated
heat amounting to
approx. 400 kW to the connected intermediate cooling systems during
normal operation
and to remove the decay heat from the reactor
of
up to approx. 850 kW to these systems in the case of failure
of the
main heat sink.
Nuclear ventilation

system

In the reactor
building
modular HTR power plant,

and reactor
auxiliary
building of the
all
rooms are accessible during normal
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operation with the exception of the primary cells.
Treated outside
air
is
fed into
the rooms to remove the dissipated
heat and to
retain
the necessary quality
of the air
in the rooms.
The desired
subpressure is maintained by regulating the supply air
flow while
keeping the exhaust air
quantity for each module and the service
area constant.
During normal operation the vent air
is released to
the environment unfiltered
via the vent stack due to the low
activity
pollution.
Dust-bound radioactive materials may enter the vent air
during repair
or maintenance work on the primary circuit
or connected systems.
For this
reason, the vent air
filter
system (aerosol filter)
is
switched on during such work as a precautionary measure.
If,
as the result
of leakages in components containing primary coolant, gas-borne activity
manages to enter the reactor
building or the
reactor
auxiliary
building, the facility
is automatically switched
over to the subpressure maintenance system with its
activated
carbon
and aerosol filters
(Fig. 10).
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Steam Power Plant

The steam power plant
(Fig. 11) essentially
consists
of the components of the water/steam circuit
installed
in the machine hall
with
the two turbo sets,
and the components for process steam generation.
Due to the availability
requirements imposed on the generation of
electricity
and process steam, the steam power plant
consists
of two
similarly
constructed half
load plants which are joined together in
a suitable
way.
The steam generated in the steam generators flows via the live-steam
lines
to the two turbo sets.
The usable thermal energy of the livesteam is converted to electrical
energy in the turbo sets.
A fraction
of the steam is
extracted from the high-pressure or backpressure turbine
section respectively
and is used for the generation
of process steam.
The process steam is generated in separate preheaters and steam converters/superheaters.
The water/steam circuit
is
therefore
separated from the process steam network.
The condensate of the pass-out steam is transported to the feedwater tanks.
The surplus steam which is
not required for process steam generation
is
fed to the two low-pressure turbine sections and used for the
generation of electrical
energy.
The waste steam from the lowpressure turbine
sections is condensed in the condensers by releasing the residual
evaporation heat to the main cooling water.
The main condensate pumps transport
the occurring condensate to the
feedwater tanks via the low-pressure preheaters.
The feedwater
pumps then convey the feedwater from the feedwater tanks back to the
steam generators.
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Cooling Water Systems

The basic diagram of the cooling water
12.

systems is

presented in

Fig.

3
Main cooling water

system

The main cooling water system discharges the condensation heat from
the turbine waste steam to the atmosphere via the cooling tower.
The main cooling water flows from the cooling tower basin to the
main cooling water pumps.
These transport
the water via the condensers of the condensation turbines back to the cooling tower.
Via
the wet section it
then reenters
the cooling tower basin in the
course of which it
discharges the heat absorbed in the turbine
condensers to the upward air
flow.
In order to limit
the thickening caused by the evaporation of the
cooling water and to avoid corrosion and deposits, a partial
flow of
the circulating
main cooling water is drawn off.
The evaporation
losses and the drawn-off quantity are compensated by additional
water.
Auxiliary
Separate
dissipated

cooling water
auxiliary
heat

systems/intermediate

cooling systems

cooling water systems are provided to remove the
from the different
intermediate cooling systems.

The purpose of the conventional auxiliary
cooling water system is to
remove the dissipated
heat occurring in sections of the conventional
power plant area, which is at first
transferred
to the interim conventional intermediate cooling system.
During start-up
and shutdown operation, the auxiliary
cooling water
system for the start-up
and shutdown circuits
removes condensation
waste heat from the condenser coolers via an upstream intermediate
cooling system.
A separate auxiliary
and intermediate cooling system is available
for removal of the dissipated
heat from operational cooling points
of the nuclear sector.
The auxiliary
cooling water systems named above are recooled via the
cooling tower.
A double-loop auxiliary
cooling water system with
upstream intermediate cooling system is additionally
provided for
important safety-relevant
cooling points (e.g. surface cooler).
The
consumers of this
system are connected to the emergency power
supply.
Recooling is effected
via separate wet cooling cells.
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Electrical

Engineering

The power plant
generators feed into
the 110 kV high-voltage network
via one generator transformer per generator and cover the power requirement for operation of the plant
via an auxiliary
power transformer
A further
power supply possibility
via an external network
transformer is
also provided.
In the event of failure
of the existing
auxiliary
service) supply, a double-line network is
available
gency power supply of some important consumers.
The emergency

power

supply is

provided by two diesel

power (station
for the emer-

aggregates.

Consumer groups which are to continue uninterrupted operation in the
case of failure
of the normal auxiliary
poor
-ipp;
(e.g. reactor

4
protection system, measurements,
resp. 24 V batteries.
The emergency power supply is
building.

monitoring)

located in

are supplied by 220 V

the central control

The monitoring instrumentation of the emergency control room in the
reactor building is equipped with its
own battery system for the
improbable failure of the emergency power supply.
Operation of the power plant is controlled and monitored
control room in the central control building.
7

Safety of the Modular HTR Power Plant

7.1

General

from a

The aim of the safety design of a nuclear power plant is the inplant retention of the radioactive materials which unavoidably form
due to nuclear fission such that any danger to the environment can
be excluded both during normal operation and after accidents.
The modular HTR power plant is designed in such a way that all
accidents based on physically and technically plausible assumptions
do not lead to inadmissible radioactivity releases.
This is primarily due to the optimum exploitation of the favourable inherent
features of small high-temperature reactors.
Inherent safety
"Inherent (i.e.
intrinsic)
safety" is a specialized term used in
this case to describe the fact that the reactor itself
reacts to
certain malfunctions without the actuction of active systems or
external controlling interventions in such a way that no inadmissible or even dangerous situations can be reached.
These reactions
are governed by the laws of nature, i.e.
they always function regardless of the condition of active systems.
This means that they
cannot malfunction or fail.
The technical and nuclear physical design of the HTR-Module is such
that the fuel0element temperature always stabilizes itself
at
approx. 1600
C even in the case of assumed failure of all
active
shutdown and decay heat removal systems.
On the one hand this is achieved by the fact that, in the HTRModule, there is a temperature span of approx. 700 K between the
maximum permissible fuel element temperature and the maximum operating temperature of the fuel elements.
This temperature span
ensures that the reactor core shuts itself
down via the negative
temperature coefficients of reactivity, even after accident-incurred
introduction of the existing surplus reactivity, before the above
limit temperature of 1600 'DC is reached.
on the other hand, the selection of a low mean power density in the
reactor core, the selection of a suitable geometry for the reactor
core and the surrounding core internals, and the use of appropriate
materials ensure that the decay heat can escape from the reactor
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core to the surrounding components and structures
physical processes (heat conduction, radiation,
Activity

release

solely by means of
convection).

barriers

A characteristic
safety feature of the HTR-Module is to be found in
the fact
that,
in all
operating and accident situations,
the radioactive materials formed during nuclear fission
are enclosed in the
coated particles
in such a way that
a significant
activity
release
from the coated particles
can be excluded.
This safe activity
enclosure is guaranteed by the design of the fuel
particle
coatings and the inherent limitation
of the maximum possible
accident temperature of the fuel elements to approx. 1600 0C.
The radioactive
materials
are partly
retained
in
fraction
is
transferred
the primary circuit.

escaping from the few defective particles
the fuel element matrix.
The non-retained
to the primary coolant and is distributed
in

The gas-borne activity
in the primary circuit
is reduced by radioactive decay, by separation in the helium purification
facility
and
by deposition on the surfaces of the primary circuit.
The primary circuit
therefore acts as a further
barrier
to prevent a
release
of radioactive
materials.
The components of the pressure
vessel unit
are designed such that
failure
can be excluded. Leakages
in the connecting pipes which cannot be isolated
are very improbable
due to the planned quality
assurance measures.
In a nonetheless postulated leakage, in principle
only the vcry low
gas-borne primary coolant activity
and a small fraction
of the activity
deposited on the primary circuit
surfaces could be released
into the reactor
building.
For this
reason, and basically
because
of the high retention
capability
of the coated particles,
no tightness requirements are imposed on the reactor
building of the HTRModule for adherence to the permissible accident dose limit
values
of Article
28 of the German Radiation Protection Ordinance
i.e.
the released activity
can be discharged to the environment without
any danger.
7.2

Protective

Shielding of direct

measures
radiation

The greatest
source of radiation
is
the reactor
core. The neutron
and gamma radiation
from this
is
shielded by the reactor
pressure
vessel internals
and the approx. 25
m thick walls of the primary
cell
to values which are generally recognized as being insignificant.
Radiation from other systems holding radioactive
materials, e.g.
fuel element charge tube, vessels in the helium purification
facility
etc. are shielded by suitable
materials such as concrete or
steel
in such a way that
access to the reactor
building is guaranteed and that
there is no radiation
exposure in the vicinity
of
the power plant.

6
Discharge

of radioactive materials

As the result
of the activity
release barriers
described above, the
discharge of radioactive
materials from the power plant with exhaust
air
or waste water during normal operation is much lower than the
permissible limit
values.
Consequently operation of the modular HTR
power plant
does not have any negative effects
on the environment.
The following discharge values
and aerosol form were given in

for radioactive materials
the licence application:
Bq/a

Noble

gases

of these argon
Iodine

41

131

Long-lived

aerosols

Tritium
of these via the machine
hall
roof
Carbon

14

in

gaseous

(Ci/a)

7.4

10 13

(2000)

1.2

10 13

(320)

2.2

10 7

(0.0006)

3.7

10 7

(0.001)

3.7

10 12

(100)

8.9

10

(24)

8.9

10 11

(24)

11

The actual discharges to be expected will
than these application
values.

generally be much

lower

The radiation
exposure was calculated on the basis of the guideline
to Article
45 of the German Radiation Protection Ordinance with the
conservative assumptions contained in this.
Thus, e.g.
(for their
within the
foodstuffs

it
is
assumed that
the individuals reside continuously
entire
life
duration) at the point of maximum exposure
vicinity
of the power plant and that
they consume only
originating
from this
point.

In addition, the calculation
of radiation
exposure due to waste
water activity
also takes account of potential
exposure pathways
such as swimming, boating or recreational
activities
on the
shoreline.
The simultaneous application
of all
factors
listed
in the guideline
leads to living
and dietary
habits which far
exceed those of the
average individual.
Thereby contradictory living
and dietary
habits
can result
but these are nevertheless taken into
consideration in
the calculation.
The radiation
exposure obtained using these calculation
rules
is
therefore
to be taken as a maximum, theoretical,
upper limit.
The following table
contains the radiation
exposure caused by a modular
HTR plant
calculated from licence application
values.
It
is
evident that
these extreme values are still
much lower than the

7
permissible annual limit
values according to Article
German Radiation Protection Ordinance.
Critical
organ

Sum of
exposure
pathways
(adults)

Sum of
exposure
pathways
(infants)

pSv/a
(mrem/a)

pSv/a
(mrem/a)

pSv/a
(mrem/a)

10.6
(1.06)

14.1
(1.41)

300
(30)

Skin

11.0
(1.10)

14.5
(1.45)

1800
(180)

Bone

35.3
(3.53)

13.8
(1.38)

1800
(180)

Liver

10.6
(1.06)

14.1
(1.41)

900
(90)

Thyroid

11.4
(1.14)

19.1
(1.91)

900
(90)

Gastrointestinal
tract

10.6
(1.06)

14.1
(1.41)

900
(90)

Total

body

Table

1:

7.3

Accidents

Measures

Maximum annual radiation
exposure
relevant
organs due to the release
with the vent air

for accident

45 of the

Permissible
annual limit
value after
J45 RPO

of the
of activity

control

Even though the nuclear power plant is designed and constructed in
accordance with the highest quality
requirements, it
is impossible
to completely exclude failure
of technical
systems.
Due to the selected design of the HTR-Module, only a few protective
actions have to be taken after
accidents to shut the reactor
down
and to keep it
in a safe condition.
After being shut down, the HTR-Module can be left
standing in a hot
condition as, in this
condition, the 0maximum fuel element temperatures
only increase to approx. 1100
C at a normal operating pressure even without active core cooling, and to approx. 1600
C after
loss of pressure.
The steam generator need not be cooled due to the thermohydraulic
decoupling of reactor
and steam generator after
shutdown.
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The HTR-Module can be left
standing in a hot condition until
causes and consequences of the accident have been repaired.

the

As there is
no need to remove the decay heat by means of forced
circulation
within the primary circuit,
no separate decay heat
removal circuits
are necessary.
In the case of an accident, the decay heat is removed from the HTRModule via heat conduction and heat radiation
to a surface cooler
installed
outside the reactor
pressure vessel.
This cooler is capable of protecting
the core internals,
the shutdown systems, the
reactor
pressure vessel and the concrete structure
of the reactor
cell
from inadmissible temperatures during all
accidents.
During normal operation, the surface cooler removes the dissipated
heat from the reactor
cell.
It
is therefore continuously in operation
and need not be specially
started
up when the accident occurs.
The water through-put and water temperature of the surface cooler
are so low that,
for an assumed failure
of all
pumps or recooling
chains, water supplied by a hose pipe after
approx. 15 hours (e.g.
by the fire
department) would suffice
to ensure adequate cooling of
the reactor
cell
and the reactor
pressure vessel without any damage
having been caused in the plant
that
would not allow further
operation.
In principle,
in the case of a postulated primary circuit
leakage,
it
is possible
to directly
discharge the primary coolant unfiltered
to the environment.
Nevertheless,
in the case of depressurization
accidents with leakage cross-sections
of up to DN 10, it
is planned
to pass the leaking primary coolant through the subpressure maintenance system and to discharge it
filtered
via the stack in order
to minimize the radiological
exposure of the environment.
In the
case of larger
assumed leakage cross-sections
which would cause a
notable pressure increase in the reactor
building, the building is
shortly
depressurized with direct
discharge to the environment.
Reactor

protective

actions

Accidents cause characteristic
changes in the process variables
which are detected by the reactor
protection
system (an electronic
monitoring system which is
independent of the other instrumentation
and control systems) and which initiates
shutdown of the modular HTR
plant
if
the specified
limit
values are exceeded.
Regardless of the accident, the same three protective
always performed for plant
shutdown:
Dropping

of the reflector

Shutdown

of the primary

Isolation
The first
two
lation
of the

actions

are

rods
circuit

blower

of the steam generator
actions are for nuclear shutdown purposes, while isosteam generator (i.e.
closure of the feedwater and

9
live-steam valves)
plant.

separates

the reactor

plant

from the steam power

In the case of a loss of pressure accident and a steam generator
heating tube rupture, the primary circuit
isolation
valves are
additionally
closed resp. the steam generator is quickly drained.
7.4

Accident courses

In order to assess the efficiency
of the safety design and the
planned protective
measures, the occurrence of accidents is assumed
in analyses and the resulting
accident courses are examined.
The analysed accident courses are characteristic
and applicable with
respect to the possible release
of radioactive materials as well as
the requirements on and the loading of components and systems.
Reactivity

accidents

In order to define a covering reactivity
accident it
is postulated
that
all
6 shutdown rods withdraw with maximum speed during full
load operation due to an assumed fault
in the control system.
The reactor
protection
system detects the accident due to the change
in the neutron flux or the increase in the hot gas temperature and
shuts the reactor
down once it
reaches the corresponding limit
values.
This does not result
in any notable fuel element temperature increase in the core.
No activity
is released to the reactor building or the environment.
All other events, in which a reactivity
increase is possible, e.g.
faulty
operation of a small sphere shutdown unit,
water ingress,
erroneous raising
of the primary coolant through-put or erroneous
lowering of the cold gas temperature, are covered by this
accident.
Disturbances

in

the primary heat transfer

system

This covers all
events leading to a disturbance of the heat transport from the reactor
core via the primary circuit
and the water/
steam circuit
to the condenser or the process steam converter.
Such events can be caused e.g. by an interruption
of the flow
through the primary circuit
(e.g. failure
of the primary circuit
blower) or through the secondary circuit
(e.g. pump failure)
or by
possible changes in the heat balance (e.g. faults
in the live-steam
or process steam extraction).
Loss of power (emergency power case) also leads to a disturbance of
the heat transfer,
as the primary circuit
blower and the feedwater
pumps simultaneously lose their
driving energy.
The mass flows of the primary and secondary circuits
are monitored
by the reactor
protection
system.
If
the values exceed or fall
short of a given flow ratio
the plant is automatically shut down.
Sudden changes in the heat removed are also made evident by an
increase in the cold gas temperature.
once a specified
limit
value

2
is reached,
system.

the plant is

also shut down via the reactor

protection

The sole consequence of all
these disturbances and accidents is
temperature loading of components, but these loadings are lower
the permissible limit
values.
The shutdown reactor
remains in a hot condition until
the disturbance is
eliminated.
The maximum fuel element temperatures are around 1100 0C.
None of these events results
building or the environment.

in

Leakages and ruptures

secondary side

on the

an activity

release

These events include all
leakages and ruptures
water/steam circuit.
The rupture of a live-steam line
in the reactor
covering accident.

in

the
than

to the reactor

tubes of the

building is

the

The rapidly
sinking live-steam pressure due to the rupture causes a
fast
increase in the feedwater transport
and, as a result,
the flow
ratio
between primary and secondary circuit
is disturbed.
The reactor
protection
system initiates
the protective
actions dropping of
the reflector
rods, shutdown of the primary circuit
blower and isolation
of the steam generator once the limit
value has been reached.
In the case of a leakage which cannot be isolated,
the steam generator
slowly steams out.
The outflowing steam escapes from the building via the pressure
relief
openings.
There are no inadmissible pressure or temperature loadings of the
reactor
building or its
internals.
The steam generator and its
internals
are designed to withstand the
loadings resulting
from this
event.
Consequently a heating tube
rupture is not to be assumed as a subsequent failure.
Leakages and ruptures on the secondary side therefore only lead to
temperature and pressure loadings of the components and the
building.
There is no activity
release
to the reactor
building or
the environment.
Steam generator

leakages

(water ingress)

In the assumed rupture of a steam generator heating tube water or
steam forces its
way into
the primary circuit
due to the overpressure on the secondary side
190 bar to 60 bar).
The water ingress is
detected by means of a moisture measurement.
If
the reactor
protection
limit
value is exceeded, the reactor
is
shut down and, in addition, the steam generator is rapidly drained
to limit
the quantity of water entering the primary circuit.
The water which has leaked into
the primary circuit
it
using the third
line
of the helium purification
water separator.
This is
switched on manually.

is removed from
facility
with the

Water entering
the primary circuit
can cause corrosion of the fuel
elements due to the reaction
H 20
C -" H2+
CO.
Of the approx. 600 kg of water, which at most enter the primary
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circuit
during this
accident sequence, approx. 100 kg convert to
water gas in the course of the counter-measures described above.
The remaining quantity of water and the forming water gas are
removed from the primary circuit
by the helium purification
facility.
The maximum graphite burnup at the fuel elements as a
result
of the water gas reaction amounts to approx. 07
%.
This is
non-problematic both with regard to fuel element corrosion, stability
and fission
product release.
If
failure
of the water separator is postulated, the primary circuit
pressure control
alone is also capable of preventing an increase in
pressure resulting
from the additional
formation of water gas.
Consequently the pressure relief
system of the primary circuit
is
not actuated in this
case either.
The sequences described above which take place due to the ingress of
water do not result
in any activity
release
from the primary circuit
to the reactor
building or the environment.
If
the improbable accident combination:"Failure of the water separator
and failure
of pressure control" is assumed, a pressure rise
in the primary circuit
can occur.
This actuates the pressure relief
system after
about
hours.
As a result,
some of the primary coolant mixed with steam and water
gas is blown off
into
the reactor
building.
It
is then filtered
and
released to the environment from this
building.
The radiological
consequences are covered by the consequences
described for the accident "Loss of pressure in the primary
circuit".
They remain under the values stipulated
in Article
28 of
the German Radiation Protection Ordinance by approximately four
orders of magnitude.
Loss of pressure

in

the primary circuit

with

subsequent core heat-up

Possible events initiating
this
accident can primarily be leakages
in a system connected to the pressure vessel unit,
as the result
of
which primary coolant can flow into the reactor
building resp. the
reactor
auxiliary
building.
Primary coolant leakages are detected by the reactor
protection
system by way of the decreasing primary circuit
pressure.
The
reactor
protective
actions dropping of the reflector
rods, shutdown
of the primary circuit
blower, closure of the live-steam and feedwater isolation
valves and closure of the primary circuit
isolation
valves are initiated
as counter-measures.
Closure of these primary circuit
stalled
in the connecting lines
the primary cells,
prevents a

isolation
valves, which are into the pressure vessel unit
outside
further
discharge of primary coolant.

If helium resp. activity
is measured in the vent air,
the plant
is
automatically switched over to the subpressure maintenance system to
ensure that
small leakages are released in filtered
form.
This
measure is
taken to minimize the environmental exposure.
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In order to determine the maximum consequences, a total,
nonisolable
rupture of the largest
connecting line
(DN 65) directly
the pressure vessel unit
is
assumed as covering accident.

at

Rupture of the line
is
followed by the complete depressurization
of
the primary circuit
until
it
has reached the same pressure as the
environment.
In order to prevent an inadmissibly high internal
pressure in the reactor
building, the primary coolant is discharged
to the environment via pressure relief
openings with flaps in the
reactor
building.
The environmental exposure caused by the radioactive materials
released with the escaping primary coolant is much lower than the
permissible accident limit
values given in the German Radiation
Protection Ordinance.
After depressurization,
the core slowly begins to heat up.
After
approx. 32 hours, a maximum fuel element temperature of approx.
1600 0C is reached in one small sector of the reactor
core, as shown
in Fig. 13.
Less than 2
of all
fuel elements are exposed to a temperature
exceeding 1500 0C.
The temperatures of the other fuel elements
much lower (see Fig. 14).

are

Due to the heating up of the core and the related
expansion of the
cooling gas, radioactive
materials can be released into
the reactor
building from the primary circuit.
However, as the limit
temperature for fuel elements of approx.
1600 0C is not exceeded, there is no massive fission
product release
from the core.
If
activity
is measured in the vent air,
the subpressure maintenance
system with its
filters
is
automatically started.
Consequently the
radiological
consequences of the activity
release
are kept at a
level
which is much lower than the limit
values given in the German
Radiation Protection
Ordinance (see Table2 ).
In addition,
the fact
that
the core only heats up slowly provides
adequate time for the implementation of counter-measures.
Thus, e.g. the non-pressurized reactor
can also be run down to a
cold condition and core heat-up can be prevented.
The reactor
building can always be entered
both during and after
core heat-up.
Table2.
shows the maximum radiation
comparison to the limit
values listed
Radiation Protection Ordinance.

to start

repair

measures

exposure of single organs in
in Article
28 of the German
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Organ

Critical
population
group

Accident doses

Sv

rem

Limit values
after
Art.28
RPO
Sv
rem

Bone

Adults

0.000081

0.0081

0.30

30

Liver

Adults

0.00012

0.012

0.15

15

Total
body

Adults

0.00012

0.012

0.05

5

Thyroid

Infant

0.0047

0.47

0.15

15

Kidneys

Adults

0.00012

0.012

0.15

15

Lungs

Adults

0.00012

0.012

0.15

15

Gastrointestinal
tract

Adults

0.00018

0.018

0.15

15

Skin

Adults

0.000034

0.0034

0.30

30

Table2

Accident doses after
a loss of pressure
accident with core heat-up

The table
shows that,
even in this
covering accident with activity
release, the values are much lower than the limit
values of the
German Radiation Protection Ordinance and that
there is no danger
the population.
8

Protection

against External

to

Impacts

General
In addition to accident events, which are caused by operation of the
reactor
itself,
other events are observed.
These have an external
impact on the plant
and can cause damage.
Earthquake
Important safety-relevant
systems of the modular HTR power plant are
designed for a maximum seismic intensity.
According to scientific
knowledge it
is extremely improbable that
this
intensity
will
be
exceeded.
The maximum possible loading as the result
of an earthquake is taken
into consideration in the design of the reactor
building and the
central
control building.
Inside the reactor
building basically
the pressure vessel unit
with
primary and secondary circuit
isolation
valves, the surface coolers
with safeguarded recooling and all
systems required for correct
functioning of the reactor
protection
system are designed to withstand an earthquake.
The systems installed
in the central
control
building such as the reactor
protection system, the emergency power
system, the control room etc. also function after
an earthquake due
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to suitable
dimensioning.
minimization of the activity
Aircraft

This means that
all
measures
release
can be taken.

required

for

crash

The reactor
building is constructed such that
a crashing aircraft
cannot penetrate the roof and the outer walls.
The pressure vessel unit
including the primary circuit
isolation
valves and the surface coolers are designed to withstand the vibrations
transferred
to the building as the result
of a crash and
remain intact.
If defects arise
in the systems connected to the primary circuit
after
the aircraft
crash, the reactors
are automatically shut down
and isolated
by the reactor
protection
system as the result
of the
disturbance, and the decay heat is removed via the surface coolers.
If recooling of the surface coolers were to fail,
water could be
supplied to the surface coolers via fire
department hose pipes.
More than 10 hours time is
available
for the initiation
of this
measure.
If
the central
control building is destroyed by the aircraft
crash,
the necessary reactor
protective
actions will
nevertheless be
actuated due to the design (e.g. closed circuit
current principle)
and the reactor
will
be brought to a safe condition.
The plant
can subsequently be monitored from an emergency control
room located in the reactor
building.
Explosion

blast

wave

The reactor
building together with the safety-relevant
systems such
as pressure vessel unit
with primary circuit
isolation
valves and
surface coolers is designed to withstand the loadings resulting
from
an explosion blast
wave.
If other parts
of the plant are damaged the reactor
is automatically
shut down by the reactor
protection system.
If the central
control building is
inoperative as the result
of the
explosion blast
wave, the plant
can be monitored from the emergency
control room located in the reactor
building.
In the case of failure
of the recooling of the surface coolers,
water can be supplied to the surface coolers via fire
department
hose pipes.
More than 10 hours time is available
for the initiation
of this
measure.
9

Fuel Element

Fuel element

Storage and Waste Disposal

storage

The waste disposal concept for the HTR-Module is as follows.
The
spent fuel elements are to be filled
into
transport
and storage
containers inside
the reactor
building.
First
of all
these are to
be stored on the site
of the power plant,
then they are to be stored
in an intermediate store
and finally
the fuel elements are to be
transferred
to the final
storage point.
Reprocessing of the fuel
elements is
not planned.
Safe activity
enclosure and projection of the environment are guaranteed by the containers.
These containers which are manufactured

2
from cast
iron and have a height of approx. 7 m and a diameter of
approx. 25
m can hold approximately 30 000 to 60 000 spent fuel
elements per container depending on the model.
Around 360 fuel elements with an average unloading burnup of 80 000
MWd/tU are transferred
out of each module per day and are filled
into
the containers.
The radioactive
radiation
of the fuel elements is
shielded by the
walls and cover of the container
40 cm wall thickness).
Under consideration of the activity
inventory in the fuel elements
to be stored and the related
decay heat output, the maximum heat
production in the containers is
19 kW/container immediately after
filling
of the container.
The following temperatures therefore result
for the upright
container positioned in freely
circulating
air
immediately after
filling
and closure:
Fuel elements, max.:
Container surface:

250 0C
70 0C

The containers are designed in such a way that
they are not
destroyed by external impacts (e.g. fire,
explosions, crash,
collisions,
earthquake etc.).
As the cast iron containers fulfil
all
protective
low requirements are imposed on the intermediate

functions, only
fuel element store.
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Main Data

Overall

plant

2 reactors)

Reactor

thermal

power

Generator terminal power
for max. process steam
generation
for min. process steam
generation
Quantity of process
max.
min.

400

MW th

72

MW

124

MW

115
47

kg/s
kg/s

steam

Process steam pressure/
temperature

0
17 bar 272

C

Reactor
Number of fuel
Fuel element

elements

diameter

360

000

6

cm

Charging process

Multiple passage

Primary coolant

Helium

Helium
power

flow at

100 %
85

kg/s

Helium temperatures

250/700

0C

Mean helium pressure

60

bar

Mean power

3.0

MW/m3

190

bar

density

Steam generator
Live-steam pressure
SG outlet

at

Live-steam temperature
at SG outlet

530

Live-steam mass flow

77

kg/s

Feedwater

170

0C

inlet

temperature

0
C

27
References
D. Bedenig
GasgekUhlte Hochtemperaturreaktoren,
Verlag K. Thiemig, Munich 1972
J. Mertens et al.
Sicherheitstechnische Untersuchungen
Modul
Jul-Spez-335, November 1985
H. Reutler, G.H. Lohnert
Advantages of going modular in HTRs
Nuclear Engineering and Design, Vol.
No. 2
April 1984

zum Stbrfallverhalten

des HTR-

78,

H.J. HUbel, G.H. Lohnert
The Safety Related Properties of Future HTR-Module Power Plants
Atomkernenergie-Kerntechnik,
Vol. 47, No. 3
November 1985
H. Frewer, W. Keller
The Modular High-Temperature Reactor
Nuclear Science and Engineering, 90,

1985

H. Reutler
Konzept des modularen HTR in Zweibehdlterbauweise
Atomwirtschaft, August/September 1985
W. Jdger, W. Steinwarz
HTR-Modul-Reaktor
Chemieanlagen + Verfahren,

December

1984

M. Andler, W. Jdger
Anwendung und Aussichten des HTR-Moduls
Atomwirtschaft, August/September 1985
I.
Weisbrodt
Von der Kommune bis zur Dritten Welt
Energiewirtschaftliche Tagesfragen, 36 Jg.,
Vol. 3
1986
P. Schmidt, G. Lohnert
Das Schutzkonzept des HTR-Moduls
Jahrestagung Kerntechnik
86
Proceedings ISSN 0720-9207

gegen Einwirkungen

von auBen

electricity

HTR-Module

5

6
process steam

7
2

cooling tower

10
8
13

12 High
temperature reactor
Steam generator
3 Primary circuit blower
4 Back pressure turbine
5 Condensing turbine

6 Generator
1-1Feed water pump
7 process steam
12 Cooling tower
8 Condenser
13 Main cooling water pump
9 Condensate pump
10 Feed water tank

Abb 1 Scheme of an HTR-Module power Oa nt

Reactor building
2 Reactor building annex
3 Reactor auxiliary building
4 Spent fuel element storage
5 Helium storage
6 wet-cooling cells
7 Turbine building
8 Central control building
9 Office and staff building
10 Passage
1 1 Transform er
12 Cooling tower
13 Pum p house
-transform er
15 Deionat tanks
6 Gate house
1

8
... .......

.....

13

.........................
.......... ............
........
. ... ......
... .....
....
........
...
........... .....
.... .. .... .
. . ......... .

...... .

...........
............
........ .. . ....
9
101
. ... . .. .. . .. ... .. ... .

5

..........

.........

F
X M.:
..........
. .
..
.:.,
...........
.. ........

:,r....... ......
.......
.::: X

.. ........ ........

..................
............

.. ....

...............
..........
..........

.......

2
.......

4

5

...........

:ff ............
...........

. ........ ..
.... ......

.......... .. . ..

.1

Y

..........
.....................

....

......
..........
.............

...

. ...............
.................
3

..... ...

6 El El

6

Abb 2 Site plan

6

00-

C

.,r Q C)

I

T

5
9c C)

oO
Q

23

00C10
0

Q-'.

4

0.0

0

P

OD
a
WQ

2

,..3 6 .6. POIZ.
-.O0

1

2
3
4
5
6
7

O0.14
F

6 "b.4%
ID

O

O WO

Reactor pressure vessel
Steam generator pressure vessel
Connecting pressure vessel
Primary circuit blower
Primary cell
Protective shell
Surface cooler

Ab b 3 Vertical cross section of the reactor building

5

Ad

a

O"V
Od

3

3

0

4

I!Z

L

1Reactor cell

2
3
4
5

Steam generator cell
Primary cell
Central service area
Reactor building annex

Abb 4 Horizontal cross section of the reactor building

0

00
0 a00000
00 0 0 O

fuel element
fuel-free graphite s e

000 00000 0Ca1.
000
0

00
0 00

60 mm
0 O000

coated particle
U02-kernel
buffer layer
1 mm

inner pyrocarbon
layer
--

silicon carbide
layer

outer pyrocarbon
layer

Abb 5 HTR fuel element

1 Pebble bed
2 Reactor pressure vessel
3 Side reflector
4 Bottom reflector
5 Top reflector
6 Cold gas plenum
7 Hot gas plenum
8 Cold gas collector
9 Cold gas borehole
1 0 Core vessel
1 1 Thermal shield
12 Small sphere shutdown unit
3 Small sphere conveyer pipe
14 Small sphere borehole
15 Reflector rod
16 Reflector rod borehole
7 Fuel element conveyer pipe
18 Fuel element discharge
9 Hot gas duct
20 Connecting pressure vessel
21 Surface cooler
22 Small sphere conveying
gas pipe
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Abb 6 Reactor pressure vessel with internals

18
17

-- 4

1 Pebble bed
2 Pressure vessel
3 Fuel element discharge
4 Small sphere shutdown unit
5 Reflector rod
6 Fuel element loading
7 Steam generator tube bundle
8 Steam generator shroud
9 Feed water line
10 Live steam line
1 1 Primary circuit blower
2 Hot gas duct
13 Surface cooler
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Abb 7 Primary circuit of an HTR-Module
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Abb 8 Helium purification facility (scheme)
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Abb 9 Fuel element handling facility (scheme)
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Abb 10 Flow diagram of radioactive materials

waste water
(turb. bldg.) 00

IL

reactor
building
10

L

IL

Abb 11 Steam power plant (scheme)
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1 High temperature reactor
2 Steam generator
3 Primary circuit blower
4 Steam turbo set
5 Condenser
6 Main condensate pump
7 Feed water tank
8 Feed water pump

9 Cooler for nuclear components
10 Intercooler
1 1 Surface cooler
2 Intercooler
13 Cell cooler
4 Condenser cooler
(start up/cool down system)
1 5 Intercooler

6 Cooler for conventional components
7 ntercooler
18 Cooling tower
9 Main cooling water pump
20 Secondary cooling water pump
21 Steam generator fast discharge
22 Relief silencer

Abb 12 Cooling water systems
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Abb 13 Temperature variations after
depressurization accident
with core heat up
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Abb 14 Ti medependent fraction of fuel
element for various temperatures
(depressurization with core heat up)

