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Abstract

The paper discusses the principal aspects of the mechanical design of the reactor unit
for a nuclear district heating plant. It is reasoned that the design must be specifically tailored
to the characteristics of the application, and that the experience gained with the design
practice of big nuclear power stations must also be incorporated. Some examples of the
design solutions developed for the SIEMENS NRH-200 are presented for illustration.

1. GENERAL

This paper reflects the thoughts and work concerning the mechanical design of a
heating reactor. The design of a small reactor of low specific cost is a great challenge for
the reactor designer. On the basis of the assumption that such a reactor should serve as a
nuclear heat source that provides the base load for heating, low temperature industrial
processes, air conditioning or water desalination, the exit temperature of the distribution grid
can be much lower than that one of the steam cycle of nuclear power plants. This entails in
general low pressure levels in the circuits. The size of heating reactors is limited to the local
demands which are substantially smaller than the economically reasonable size of reactors
for electricity production. Since national heat distribution systems cannot be realized due to
size and capital cost, the size of nuclear heat sources is thus depending on the grain size of
the local demand. Under economical boundary conditions the minimum size can be seen at
a few 100 MW thermal. Under specific circumstances (isolated cities or industrial complexes)
also smaller reactors can be taken into account. In the case that CO2 taxes will burden fossil
fired heat sources, the economic break even tends to smaller units. In general, at the time
being a standard size can be seen at 200 MWth [1, 2, 3, 4].

The design of such reactors requires the consideration of a series of influences, as
shown in Fig.l. The dominating influences are the cost of erection and the required
development.

In total ten basic concepts of heating reactors are known from the literature. Four
of them are at a high degree of development. Two smaller reactors were commissioned and
operated successfully. Unfortunately, the development of heating reactors was slowed down
in the Western countries.

2. DESIGN AREAS OF MAJOR IMPORTANCE AND STRONG
INFLUENCES ON THE DESIGN

Prior to the reflection of design aims and features, some principal trends of thoughts
are summarized hereafter.
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Fig. 1 Influences on the Mechanical Design of Heating Reactors

2 .1 . Reactor shut down

In addition to the self-evident inherent features of a negative reactivity coefficient, two
independent shut down systems are required for a reactor core. One of them is normally a
control rod system, while the second system uses soluble boron acid or comparable materials.

The control rod systems have a rather great influence on reactor designs with pressure
vessels since the drives are located on top or below the active core. A position below the
core increases height and costs. A position above the vessel, or the core, also leads to high
buildings, and needs space for an irradiation protected storage (of said component), and
equipment for handling which also influences costs in a negative way. In-vessel and in-core
drive systems as proposed for the Siemens-NHR, the SHR and the LTHR-200 require high
development costs. Due to their relatively small driving forces and reserves in lifting force,
the control assemblies must be suited for such drives. Since the friction forces are mainly
depending on the spring constants of the guide structure, the control assembly and the drive
piston, the mechanical engineer has to take care for a free insertion path under all
circumstances.

Mechanical systems under water and in-vessel cannot be built so small that they do
not influence fuel handling. Furthermore, electric cables (connectors) for power supply as
well as motors and gears lead to serious concerns and developments. In addition, one has
to take into account that small cores lead to rather light control assemblies which entail the
same problems as mentioned for internal drives.

Problems also arise from the position indication system. Thus, internal drives would
be too big in diameter if solenoid type indicators are envisaged. For the required cables there
is simply no space and the handling problems during fuel handling are serious. Ultra-sonic
transducers behind a stainless steel barrier, incorporated in individual lances have been
developed - but they need a bubble-free flow between the tip of the lance and the top of the
control assembly. This fact lead to designs with a complete and leak-tight separation of
non-boiling water in the control assembly guide structure and the fuel channels over their
entire height of the guide structure.

A free control rod path is mandatory. Mechanical drives increase containment height
and need a shielded space for deposition during fuel handling. In-core hydraulic drives are
burdened by high development costs.
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2.2. In-service inspection

Inspection is mainly a question of access. All welds of the primary boundary must be
accessible for (simple) manipulators. Their flank angles have to be oriented in a way, that
an ultrasonic inspection device can receive the echoes. Adequate irradiation protection, water
or other shielding, is required. Furthermore, a coupling medium between the inspection
device and the inspected surface is needed. Experiences with BWR demand a minimum
handling distance between two components of about 200 mm. It is helpful to draft the tools
early, in order to identify obstacles.

All vessel internals must be designed in a way that at least an optical inspection of
the connections and seals is possible (preferably without removing other components). If
components have to be removed, the connections must be designed to be very reliable and
simple, and adequate shielding for transportation is required.

Access to all welds, connections and seals is mandatory.

2.3. Influence of classification of primary circuit components

If, for example, the integrated heat exchangers of the intermediate circuits are nuclear
class 1 components, all welds must be accessible for manipulators. This leads in practice
to U-tube heat exchangers, because this type has no lower plenum (and feed pipes welded
to the latter), and thus no welds which are not accessible for inspections. Class 1 heat
exchangers of the intermediate circuit must be designed as U-tube types.

2.4. Fuel handling

In big reactors, fuel handling including spent fuel storage is solved by deep, lined
channels, and by a spent fuel pool with a capacity of some cores plus the space needed for
a fresh core. Since the cores of heating reactors are rather big due to their low volumetric
power density, a classic refueling scheme would entail a serious increase of the reactor
building and thus increase cost.

Simplified systems are required to achieve the economic aim. In-vessel storage
seemed to be the most attractive solution, but it increases the vessel diameter. Furthermore,
the long term fuel storage at high temperatures and very close to the core is not within the
experience gained up to now. Thus at least the first heating reactors are burdened by an
expensive structure for fuel handling. Pathfinder storage assemblies are requested to
investigate the effects of an vessel internal storage and to provide data for in-vessel storage
for more advanced reactors.

One of the main disadvantages of an in-vessel storage is that in case of a total removal
of the core and the spent fuel plus other internals because of a major defect of, e.g., the core
support structure, only the blow down tank is suited for an intermediate storage.

Even in the case that one substitutes the lined concrete channels by temporarily
installed steel trenches, and the spent fuel pool by a steel tank with compact racks, the
solution is not in the cost optimum.

Other refueling schemes like shielded flasks look in the first moment attractive since
trenches are not required, but they are rather complex in detail and have the inherent risk of
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a drop of the handled fuel assembly or a drop of the heavy flask onto the core. Both events
entail serious damages and radioactivity release.

An in-vessel fuel storage allows the design of simple and small reactor buildings.

2.5. Repair

One has to take into account that components can fail. With a sound design no
adverse effects on reactor safety should occur in said case. In order to reduce personnel dose
and down time, the component must be easy to replace, and there must be a place to which
the component can be transported and stored without exposing personnel.

The blow-down tank which is filled with water for condensation of the primary blow
down steam is a place which fulfills all the demands for a storage of contaminated
components. Also, large pools as shown in the Geyser, the SHR and the Slowpoke NHRs
are suited for long term storage, and are advantageous for the handling of contaminated
components.

Thus, the mechanical design must take into account that components can fail. All
provisions for replacement must be incorporated in the design from the very beginning.
Modular assembly leads to small components and thus facilitates handling.

2.6. Sound design of components and systems

A sound design must take into account a perfect tailoring of each individual part
depending on its boundary conditions as are:

pressure
mechanical load (static and dynamic)
temperature
temperature differences across the wall
medium flow (velocity and temperature)
neutron flux
material properties
dimensional changes during operation

For example, the intermediate circuit inlet is located in the upper area of the RPV.
The vessel wall is at the core exit temperature. Serious thermal stresses burden the wall and
the weld connection. The incorporation of thermal sleeves hinder inspections. Thus it is
worthwhile to design concentric tubes with the exit flow of the intermediate circuit in contact
with the RPV wall. Such a design reduces the stresses substantially.

3. DESIGN AIMS AND SPECIFIC FEATURES

3.1. Low capital cost

Low capital cost can be achieved by minimizing the amount of hard- and software,
development, and the required quality insurance measures by taking advantage of the specific
system parameters. In order to reach this overall optimum, a certain practical experience and
creativity is necessary.
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A minimum hard- (and soft-)ware is easy to define by a minimum size of the reactor
building and a minimum number of components and systems. Such a minimum size cannot
be achieved by a simple pantograph reduction of an existing system. The first step in cost
reduction is the identification of those components and systems which can be omitted by
taking credit of the size and the design parameters of a low temperature (low pressure)
reactor. Typical examples for this are the omission of primary circuit loops, pumps and
safety injection systems. By omitting those systems, the required subsystems and their
control equipment can also be avoided. But the system must be designed as an integral
reactor with a tight fitting containment and natural circulation of the primary circuit.

In order to gain the maximum reduction of building height, an integration of the
control rod drive system in the reactor pressure vessel is very helpful since the required
space for the drive mechanisms can be saved. But on the other hand, such a system needs
a substantial amount of development. If the development cost can be distributed over a
series of more or less identical reactors the penalty becomes tolerable.

A reduction of the required hardware also reduces the software by a similar fraction.
A clear, understandable design of each individual component reduces the required work for
quality assurance. If there are experienced suppliers, the individual details should be as far
as possible within their field of experience.

3.2. Fuel design

There are different aspects to consider. The principal requirement is the commercial
availability of the fuel material. Thus only uranium dioxide and, to a certain extent MOX,
in pellet from is tolerable. Size and fuel element structure are of minor importance, they can
be suited to the demands of the nuclear heating source. But, in order to reduce development
cost, it is worthwhile to design the fuel assembly around an existing spacer grid.

It is self-evident to house the fuel rod bundles in channels if a net steam production
is considered. Such channels can be of a small wall thickness because only very small
pressure differences between the channel interior and the space between the channels are
expected. Due to experience in the FR Germany, the life time of the channels for the NHR
can be longer that one of the fuel bundles for power reactors [5] even in the case of high
discharge burnups.

A mechanical separation of the fuel rod bundle and the channel leads in a first step
of design to a core structure consisting of fuel channels which can remain over the complete
service time of the reactor within the pressure vessel. In a second step the channels can be
rearranged to cruciform control rod guide structures, forming together with simple additional
bent sheets a core cell which contains four fuel rod bundles, with a cruciform control rod in
the center. In the case that a hydraulic control rod drive mechanism is applied, this drive
can also be incorporated into said structure. Such heating reactor core cells can serve as a
one-piece guide structure without any interruptions or offsets over the entire control rod
stroke, if the height of the cells is selected to about two core heights plus the necessary space
for mechanical overlappings. Furthermore, such core cells can be used as compact storage
racks for spent fuel within the reactor vessel (see below). The heating reactor core cells
allow refueling without removal of any vessel internals.
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For the required pressure tests, the fuel assemblies can remain within the reactor
vessel. Because of the low working pressure, the test pressure is also low, and the
mechanical stresses are negligible.

In case a heating reactor is designed with core cells, it is advantageous to base the
design on proven BWR fuel assembly technology.

3.3. Fuel handling and fuel storage

As mentioned above, the measures for fuel handling and storage require a remarkable
space in the reactor building and thus burden the system with high cost. Due to the fact, that
heating reactors have a low power density in the core, and because the annual power
generation period is rather small (in Western countries about 5000 to 6000 full power hours),
the total required number of fuel assemblies is rather small if they are designed for a high
average discharge burnup. Due to this fact a vessel-internal storage of spent fuel assemblies
appears to be feasible.

In case the reactor is designed on the basis of heating reactor core cells, an
in-vessel-handling without removal and storage of control rod drives and guide structures is
in principle possible. The core of the SIEMENS NHR-200 with a power density of 20 kW/1
consists of 180 fuel assemblies, housed in 45 core cells. An annulus of additional core cells
provides enough space for a complete core within the vessel if the fuel rod bundles were
stored as two in one channel (two axial layers), which due to the small weight and length of
the bundles is no mechanical problem. Also, the storage at primary circuit temperatures and
pressure may not cause invincible obstacles.

If the space is not sufficient to store the total number of fuel assemblies needed for
the entire life time of the reactor, another (partial) annulus of core cells must be
incorporated. The empty space between and below the heat exchangers of the intermediate
circuit could be utilized for storage positions.

In case that one plans to withdraw the fuel assemblies out of the reactor, the
in-vessel-storage can be used for an intermediate storage of spent fuel. In such a case the
reactor pressure vessel and the blowdown tank which is located close to the vessel can be
connected with a temporarily installed metal trench. The blow down tank is best suited as a
transfer basis for the fuel assembly into a transportation cask for spent fuel. In both cases the
reactor building can be minimized. This procedure can also be applied to gain space for new
reloads if it is planned to prolong the life time of the reactor.

3.4. Primary circuit design

In heating reactors the primary circuit temperatures and pressures are low compared
to BWRs or PWRs. They depend on the end temperature of the distribution grid
temperatures, the size of the intermediate heat exchangers and on the operation mode of the
primary circuit.

Typical values for the operation pressure are 1,5 to 3 MPa. Reactor vessels for such
low pressures can be made from stainless steel or stainless steel-plated ferritic material. Due
to the low pressure, the wall thickness of the vessel is rather low. This fact allows a full
pressure containment which encloses the reactor pressure vessel, even in the case that the
containment is not heat treated after welding.
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The reactor pressure vessel should be suspended in the area of its flange. The lower
part should be free of any penetration.

In order to reduce the height of the pressure vessel, and thus of the containment and
the reactor building, the location of the core should be as close as possible to the bottom of
the vessel. The core support structure is advantageously to be affixed by welding to the wall
of the vessel. From there, a core shroud and a riser are required to channel the primary
water to the inlet openings of the intermediate circuit heat exchangers.

The downward channeling of the fluid must be provided by the individual shells of
the heat exchangers. In order to limit the activity level at the loops of the intermediate
circuit, a certain distance between the lower edge of the heat exchanger bundles and the tip
of the core is required.

It is advantageous to support the heat exchanger bundles at their connections at the
(top) headers. Furthermore, it was found that a concentric connection with the cold feed
water inlet in a central (removable) tube reduces both the numbers of penetrations (cost) and
thermal stresses. A grouping of two bundles at one penetration reduces the number of
penetrations to the feasible minimum, but complicates the flow guide structure in the headers.
In total, such a design saves cost, however.

Since the sum of the diameters of the heat exchanger bundles is smaller than the
perimeter of the annular space in which they are located, space can be gained by grouping
of the heat exchangers in two groups. The resulting empty space is well suited for an
in-vessel-storage of defective parts, spent fuel and for instrumentation lances during
refueling.

The mechanical design of a heating reactor must be influenced mainly by safety,
reliability and cost. To fulfil all the requirements, several steps of optimization are required.
A consideration of the experience gained with big reactors is mandatory.

3.5. Aspects concerning the intermediate circuit and reactor control

Nuclear reactors for low temperature heat generation can take credit from the
demands of the heat distribution grid. Thus the temperature and pressure levels in the
primary circuit are much lower than for electricity producing power stations. On the other
hand, they are burdened by the fact that radioactivity can be transported by all circuits. In
order to prevent leakages to enter the heating grid all designs have an intermediate circuit
between the primary circuit and the latter. Most of the concepts show a higher pressure level
in the intermediate circuit, thus leakages increase the water content of the primary system.
Depending on the requirements of the local temperature demand and the size of heat transfer
areas, the pressure level of the primary circuit has to be selected. Typical values are 1,5 to
2,5 MPa for the primary and about 0,5 MPa higher for the intermediate circuit. For the
pressurization of the primary circuit different modes are possible, self-pressurization by a net
steam production in the core or with single phase circuits by a cover gas such as nitrogen.
Furthermore, individual steam producing fuel assemblies or electrically heated inserts can
serve as a steam source.

With all steam pressurized reactors, a pressure control by condensation is required.
Some of the concepts show heat exchangers which project into the steam plenum and thus
provide a sufficient condensation area. Furthermore, separate control condensers are
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feasible. In the latter case an additional degree of freedom for control is gained and the
pressure control becomes easier. From the mechanical design such a control condenser is
comparable to the other heat exchangers of the intermediate circuit. If in nuclear class 1,
they have to be designed as U-tube bundles, but with the header at the bottom. For the
penetrations it is also worthwhile to follow the same philosophy as for the heat exchangers.

For reactivity control in single phase reactors boron acid and control rods can be
applied, whilst for boiling systems only control rods are feasible. It is self-evident, that for
both cases burnable poisons can be used. Since for economical reasons the nuclear heat
sources are designed for the base load of the distribution grid, long down times are expected
in most of the applications. The time constants of the grid are rather big, thus fast load
changes are not expected. This facilitates the design of the components because the load
cycles are mild and limited. Also the number of control rod motions is small. Depending
on the local requirements only some 100 000 steps over the entire lifetime are expected.

4. SPECIFIC EXAMPLES OF THE DESIGN OF THE SIEMENS NHR 200

4.1. Heating reactor core cell

The key design feature of the Siemens NHR is the heating reactor core cell. This
component is a novel design element which was developed for small natural circulation
reactors. The base structure of the heating reactor core cell consists of a cruciform control
rod guide structure which is rigidly connected to the core support grid. It consists of thin
bent zircaloy sheets, at their ends welded together with straight zircaloy bars. This structure
is located in the center of a square and subdivides said square into four small squares
arranged in the corners of the large one. The small squares accommodate the fuel rod
bundles. In order to facilitate fuel handling (and to provide an adequate flow guidance) these
smaller squares are wrapped with additional bent zircaloy sheets. To gain space for the
hydraulic control drive, in the center of the cruciform guide structure the sheets show an
outward bow, thus reducing the four peripherical squares to pentagons with the fifth small
side in the center of the hole structure. Fig. 2 shows a schematic artist view of the core cell
arrangement.

The core cell is extended over the entire height of the fuel assembly. The control
assembly stroke and about 500 mm for necessary overlappings of the control assembly and
the drive piston, as well as the position indicator lance and the guide structure are fully
accommodated.

In order to center and orientate the individual core cells, square frames are pinned to
the bars of the guide structure at their upper end and directly above the active core. Those
frames are made of stainless steel. To allow differential thermal expansion between
individual core cell frames, the outer surface of the frames are equipped with keys. These
keys of adjacent frames fit one into the other. Thus the complete core arrangement consists
of interlinked individual frames which allow only very small displacement from their initial
position but do not hinder any differential growth.

At the periphery of the complete arrangement, a former is located which interferes
with the edge frames in the same manner as between the frames themselves.

152



Fuel assembly in
withdrawn position

Control rod guide duct

Radial pin

Element duct

Keys

Frame
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4.2. Hydraulic control rod drive

As mentioned above, the control rod drives are located in the centers of the core cells.
Fig. 3 shows a cross section of a core cell with inserted fuel rod bundle, control assembly
and control rod drive.

A hydraulic control rod drive was selected since such a mechanism is fully compatible
with the primary circuit and core conditions. The drive unit consists of a thin hollow piston
and a cylinder which serves also as the spine of the control assembly. This drive unit is fed
with primary circuit water. In order to hold defined positions, and to move defined steps
upward or down, the piston is equipped with indents. The same is provided at the lower end
of the cylinder also, as is schematically shown in Fig. 4. There are wide or narrow gaps
depending or their relative position. Fig. 5 shows the related mass flow and Fig. 6 the flow
scheme of the drive. Since the regular mass flow for maintaining a certain position is
adjusted by a throttle in a control unit. An additional mass flow provided by an opening of
the withdrawal valve results in an outward motion of the control assembly. A bypass
(controlled by a second valve) between the drive unit and the exit of the throttle reduces the
mass flow in the drive unit and initiates an (stepwise) insertion of the control assembly.

Such a full size drive system was tested at the Siemens facilities in Erlangen, under
primary circuit temperatures and pressure over more than 500 000 steps and some thousand
scrams. The test results showed no adverse function even under a high content of iron
oxides and other dirt added purposely to the circuit (part of the tests). There was also no
interference with second other drive in the rig. Furthermore, a fluidic ejection protector was
tested with great success and incorporated into the design. The complete drive system was
assessed by the TUV Bayern [6, 7].

Figures 7 and 8 show the lower and the upper end of the core cell with integrated
control rod drive.

Together with the core cell, the hydraulic drive forms a module. Each individual part
is removable for service. The core cell entity allows a free and straight access to the fuel
assemblies after removing the closure of the reactor pressure vessel.

4.3. Heat exchanger

As mentioned under 2 and 3, the number of the required penetrations can be reduced
to % if two of the bundles are grouped together and a concentric connection is applied. With
U-tube heat exchangers (which allow a complete in-service inspection) the central inward
flow of the secondary circuit must be channelled to the downward branch of the U-tube
which are at the outer side of the bundles (lower thermal stresses). Fig. 9 shows a cross
section through the header of such a twin bundle.

4.4. Refueling scheme

In Fig. 10 the refueling scheme of a NHR with an intermediate spent fuel storage in
the reactor pressure vessel is shown. The pressure vessel is equipped with a refueling
annulus. A U-shaped trench, temporarily mounted between the refueling annulus and the
blow down tank provides a shielded channel between the reactor and the spent fuel cask,
which is inserted into the blow down tank. After closing and decontaminating, this tank is
ready for transportation to a reprocessing plant or to a central storage of spent fuel.
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2 Sreuerelement / Control Rod Assembly
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Fig. 3
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Fig. 4
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Control unit

Fig. 6 Hydraulic Control System Circuit Diagram
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1 Oberteil- Steuerelement / Top section control element
2 Hohtkolben / Hollow piston
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Fig. 8 Drive Unit/Core Cell, Mechanical Design
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5. CONCLUSION

The mechanical design of a heating reactor must be influenced mainly by safety,
reliability and cost. To fulfil all the requirements several steps of optimization are required.
A consideration of the experience gained with big reactors is mandatory.

The utilization of core internal hydraulic control drives in connection with heating
reactor core cells are a sound and already developed basic for a very attractive heating
reactor concept which is distinguished by the potential of low capital cost.
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