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(57) Abstract: Passive system with increased reliability for decay-heat re-
moval from nuclear reactor comprising heat exchanger (11), chimney (12)
formed by two-channel pipe, and flow-redirection device (2) with inner chan-
nel (21) equipped with valve separating segment of channel (21) adjacent to
reactor from segment of channel (21) adjacent to heat exchanger (11) and outer
channel (22) equipped with at least one valve in partition separating segment of
channel (22) adjacent to reactor from segment of channel (22) adjacent to heat
exchanger (11), wherein segment of channel (21) adjacent to heat exchanger
(11) is connected to segment of channel (22) adjacent to reactor by at least one
connecting channel and segment of channel (22) adjacent to heat exchanger
(11) is connected to segment of channel (21) adjacent to reactor by at least one
connecting channel, wherein each of connecting channels is equipped with at
least one valve.



WO 2022/122057 PCT/CZ2021/050112

Description
Title of Invention: Passive system with increased reliability for
decay-heat removal from a nuclear reactor and method carried out

on the system
Technical Field

[0001]  The invention relates to emergency cooling devices for nuclear reactors comprising
multi-way valves with fluid-actuated pin-rotating shut-off members for changing the

direction of fluid flow.

Background Art

[0002]  Decay-heat removal is a key safety issue for all nuclear reactors, as, unlike other
types of thermal power plants, heat production is not zero after the nuclear reactor has
been shut down. This is the so-called residual power, which in the first seconds after
the shutdown of the reactor reaches units of percent of nominal power and further
decreases exponentially. It is therefore produced over a long period of time and must
be removed from the active zone itself to prevent it from overheating.

[0003]  There are many methods for different types of nuclear reactors and systems for
decay-heat removal related to them. Extreme demands are placed on these systems in
terms of reliability and robustness, as their failure can lead to a severe accident of a
nuclear reactor, in which there is a risk of deterministic or large-scale leaks of radiation
and radioactive substances. The modern trend is to produce these systems in a so-
called passive fashion, which means that the principle of their function is based only
on the action of laws of physics (e.g., gravity, magnetism, or pressure difference), and
do not need outside interventions such as motor drives, manual opening, or manual
launch. The major disadvantage of most of these systems is that it is very difficult to
determine whether and to what extent they worked, as their impact is derived from
indirect data.

[0004] Removal of decay heat from a GFR (Gas-cooled Fast Reactor) nuclear reactor is a
very difficult task, because these reactors, unlike other gas-cooled reactors, require an
order of magnitude higher thermal power density, i.e. producing the same amount of
heat in much smaller volume to function, and gases are generally characterized by a
low density. Thus, during the operation of the GFR, a relatively large amount of heat is
generated in a small space and the coolant present in said space in any moment has an
almost negligible heat capacity. The clear conclusion is that in order to cool the reactor
in an emergency situation, it is absolutely necessary to maintain a constant flow of
coolant through the active zone.

[0005]  Prior-art decay-heat removal (DHR) system is known for example from US4382908
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[0006]

[0007]

or DUMAZ P. et al. Nucl. Eng. Des. 2007, vol. 237, pp. 1618-1627. It is a partially
passive system relying on a combination of natural convection, i.e. gravity, and an
active element in the form of a compressor. The whole system contains three key
components: a heat exchanger to remove decay heat from the reactor primary circuit,
shut-off valves to control the flow of cooling gas through a loop containing said
exchanger, and a compressor to improve decay-heat removal in the most severe
situations. During normal operation, the main cooling circuit is active, while the DHR
system is shut down by valves operating passively on the principle of a pressure
difference above and below a sealing surface of the valve. In the event of a failure of
the primary cooling circuit, two emergency cooling systems are present: an emergency
compressor on the DHR branch being put into operation, which is unavoidable in some
situations, and high DHR chimneys passively moving the coolant via a mechanism of
natural convection.

The system mentioned in the previous paragraph has several disadvantages which are
critical to the safety of the operation of a nuclear reactor. The heat exchanger has a
very limited outlet and the cooling gas is forced to flow through the compressor, the
presence of which already contradicts the principles of a passive system, i.e. the
criteria of inherent safety. If the compressor starts failing in a situation where its use is
necessary, the DHR loop will be practically blocked, as the high hydraulic resistance
of the stopped compressor effectively stops the natural convection. Another element
that is problematic from the point of safety and reliability is the overpressure-operated
shut-off valve. The requirement for a complete tightness of passive valves is not
realistic at high temperatures occurring in GFR. During normal operation conditions,
any pressure drop in the active zone leads to a change of flow direction in the DHR
line, i.e. any leakage of the valves will cause cooling of the entire DHR system and gas
flowing in the opposite direction than desired. At the same time, in case of a rapid de-
pressurization of the circuit, for example in the event of an accident with a coolant
leak, such a valve can open even when this is not desirable, because pressure
conditions in the circuit change abruptly.

The use of passive cooling alone utilizing the height of the chimneys of the DHR
system is problematic in the presence of the above-mentioned risk elements. The flow
start-up time is likely to be dangerously long, partly due to an obstacle posed by the
compressor and partly due to the fundamental shortcoming of this system — there will
be either zero flow throughout the DHR system or even flow in the opposite direction
due to valve leaks. In both cases, there is going to be a collision between hot helium,
which is used as a cooling gas, flowing upwards from the active zone and cold helium
currently inside the DHR system. This can overheat the DHR system piping and the

active zone itself.
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[0008]

[0009]

[0010]

[0011]

[0012]

The object of the present invention is to provide a system and a method for removing
decay heat from a GFR-type nuclear reactor which uses only passive decay-heat
removal, does not contain the above-mentioned critical safety shortcomings, and has
high reliability. The use of a valve known from document CZ306907, which makes it
possible to change the direction of gas flow in a DHR system consisting of two
mutually rotatable disks containing annular segments, while rotation of one of the
disks changes the flow direction, seems to be relevant for the construction of the
proposed system. However, the valve construction poses a significant safety risk, as
due to the size of the contact areas, it would be problematic to ensure complete
tightness and there would be a risk of leakage of cooling gas outside the reactor space.
Given the size of the moving elements, the valve could also seize up causing a
blockage of the whole decay-heat removal circuit.

Summary of Invention

The present invention describes a system for the removal of decay heat from a
nuclear reactor meeting the requirement of nuclear safety for a practically excluded
event, which means a condition, state, or event whose occurrence is considered im-
possible in terms of laws of physics or which is highly unlikely with a high degree of
reliability. This critical advantage is achieved by a construction based on a completely
passive system, by a specific setting of physical conditions in the DHR circuit when it
is to begin to dissipate heat, by minimizing the possibility of a pressure loss in the
circuit, and by eliminating safety risks that could be caused by a pressure loss in case it
occurs. Furthermore, the present invention describes a method carried out on the
system which is based on a constant flow of coolant through the DHR circuit where
only the intensity of this flow is regulated and the characteristic of the flowing coolant
is changed.

The system consists of three construction elements: a two-channel—preferably
coaxial—piping, a heat exchanger, and a device for redirecting the coolant flow.

According to the invention, a two-channel piping—piping arranged such that an
inner pipe, through which the refrigerant flows in one direction, is located inside an
outer pipe, through which the refrigerant flows in an opposite direction—is constructed
in a way that the coolant flows from the reactor to the heat exchanger through the inner
pipe and from the heat exchanger to the reactor through the outer pipe. The reason for
this arrangement is to eliminate any situation where a high temperature and an over-
pressure accumulate in any of the pipes at the same time.

The heat exchanger, which is a part of the system according to the present invention,
is able to dissipate heat by a natural convection at high temperatures and represents a

minimum possible pressure loss in the circuit. From this point of view, the ar-
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[0013]

[0014]

[0015]

rangement of the heat-exchange part is absolutely essential to maximize the effect of
natural convection, where a hot medium rises through the middle chimney up to the
upper edge of heat-exchange pipes, thus maximizing the height difference between hot
and cold part of the circuit. The middle chimney is insulated from the rest of the heat
exchanger by a layer of thermal insulation to prevent overheating of its supporting
parts.

The flow-redirection device is constructed with three types of interconnected shut-off
valves, which are controlled by a pressure difference generated on the main circuit by a
blower (sometimes also referred to as a compressor). During normal operation
conditions of the reactor when the main-circuit blower is in operation, valves providing
a parallel uncrossed flow of the coolant through the outer and inner pipes are closed
and valves providing a crossed flow of coolant are open. In an emergency state when
the main-circuit blower is shut down, the system passively sets itself to a position
where the valves providing the parallel uncrossed flow of the coolant through the outer
and inner pipes are open and, vice versa, the valves providing the crossed flow of the
coolant are closed.

Under normal operation conditions, the coolant flows from the outer channel of the
coaxial piping connecting the flow-redirection device with the reactor pressure vessel,
in other words from a cold branch of the main circuit, into the inner channel of the
coaxial piping connecting the flow-redirection device with the heat exchanger. Fur-
thermore, the flow-redirection device leads the coolant flow from the outer channel of
the coaxial piping connecting the heat exchanger with the flow-redirection device into
the inner channel of the coaxial piping connecting the flow-redirection device with the
reactor pressure vessel, in other words into a hot branch of the main circuit. The flow-
redirection device is passively set to this position by an overpressure on the reactor
active zone and passes through at most units of percent of the nominal coolant flow
provided by the main-circuit blower. Due to the overpressure in the active zone and
partly by a natural convection, the coolant flows from the outer channel of the coaxial
piping into the inner channel of the coaxial piping and further into the heat exchanger
where it is cooled. From the heat exchanger, the coolant flows into the outer channel of
the coaxial piping and further into an outlet of the active zone where it mixes with the
hot coolant of the main circuit. Therefore, the DHR is always in operation, and thus its
functionality can be continuously monitored, which in principle increases the re-
liability of the system even more.

In an emergency event where the main-circuit blower fails, and thus cooling of the
active zone by the main circuit is lost, the overpressure in the active zone disappears,
passively setting the flow-redirection system to a decay-heat-removal mode by

changing setting of the valve set in the flow-redirection device. Due to natural
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[0016]

[0017]

[0018]

[0019]

[0020]

[0021]

convection, the coolant from the outlet of the active zone now flows through the inner
channel of the coaxial piping to the heat exchanger where it is cooled. From the heat
exchanger, the coolant flows into the outer channel of the coaxial piping and further

into an inlet of the active zone.
The system according to the present invention and the method carried out on the

system are thus completely passive and meet the requirement of increased reliability.
The coolant flow is caused solely by a mechanism of convection without the use of any
active elements, such as a compressor, and therefore the system meets the requirement
of nuclear safety for a practically excluded event. Such a decay-heat-removal system is
always in operation, so there is no need to physically connect it to the reactor pressure
vessel by means of active or passive elements, which contributes to the increased re-
liability of this system. Since there already is a minimum flow of coolant through the
system flowing in the right direction during normal reactor operation and no flow
reversal takes place when the decay-heat-removal mode is activated, the start-up of this
mode is fast, as there is no need to wait for the natural flow of the coolant to the heat
exchanger to start. From the principles of the method of coolant flow through the flow-
redirection device, the invention provides a further advantage in the form of an
elimination of heat losses of the reactor power during normal operation while
maintaining the coolant flow through the DHR circuit.

Brief Description of Drawings

Fig.1

[Fig.1] depicts a schematic embodiment of the system under normal operation
conditions.
Fig.2

[Fig.2] depicts a schematic embodiment of the system in the decay-heat-removal
mode.
Fig.3

[Fig.3] depicts an axonometric sectional view of the flow-redirection device.
Description of Embodiments
Example 1

Example 1 describes a system for decay-heat removal from a nuclear reactor with
increased reliability.

Chimney 12 formed by a coaxial piping ending with a heat exchanger 11 is
connected via a flow-redirection device 2 to a coaxial piping exiting an active zone 31
of areactor. The heat exchanger 11 contains 810 straight heat-exchange pipes 111
arranged around an opening of an inner channel 21 and inside an opening of an outer

channel 22 and connected to a heat sink in a form of a water tank placed on a roof of a
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[0022]

[0023]

containment building with submerged water—water-type heat exchanger cooling a
pressurized water flowing from the heat-exchange pipes 111 of the heat exchanger 11.
The flow-redirection device 2 comprises an inner channel 21 equipped with a butterfly
valve 211 separating a segment of the channel 21 on the side 3 adjacent to the active
zone 31 of the reactor from a segment of the channel 21 on the side 1 adjacent to the
heat exchanger 11 and an outer channel 22 equipped with four butterfly valves 221
equally distributed in a partition 222 separating a segment of the channel 22 on the side
3 adjacent to the active zone 31 of the reactor from a segment of the channel 22 on the
side 1 adjacent to the heat exchanger 11, while axes of rotation of the butterfly valves
221 are rotated by 90° relative to the axes of two adjacent valves in the case of each in-
dividual valve 221. Furthermore, the segment of the channel 21 on the side 1 adjacent
to the heat exchanger 11 is connected to the segment of the channel 22 on the side 3
adjacent to the active zone 31 of the reactor by two transversal connecting channels 23
and the segment of the channel 22 on the side 1 adjacent to the heat exchanger 11 is
connected to the segment of the channel 21 on the side 3 adjacent to the active zone 31
of the reactor by two transversal connecting channels 24. The two transversal
connecting channels 23 are placed opposite to each other in mirror symmetry and the
two transversal connecting channels 24 are also placed opposite to each other in mirror
symmetry. The two transversal connecting channels 23 and the two transversal
connecting channels 24 are each equipped with a butterfly valve 234. The butterfly
valve 211, the four butterfly valves 221, and the four butterfly valves 234 are each
operated by a pressure change in the active zone 31 of the reactor, so that in case of an
overpressure in the active zone 31 of the reactor, the butterfly valve 211 and the four
butterfly valves 221 are in a closed position and the four butterfly valves 234 are in an
open position, and in case of a pressure loss in the active zone 31 of the reactor, the
butterfly valve 211 and the four butterfly valves 221 are in an open position and the
four butterfly valves 234 are in a closed position. The control by a pressure change in
the active zone 31 of the reactor is provided by a movement of a lever actuated by a
piston equipped with a spring located in a cylinder 254 connected via a signaling tube
255 to the active zone 31 of the reactor.

Example 2

Example 2 describes a method carried out on the system for decay-heat removal from
a nuclear reactor with increased safety.

Pressure in the active zone 31 of the reactor acting on the piston via the signaling
tube 2535 decreases, thereby reducing a value of compressive force acting on the piston
below a value of compressive force exerted by the spring on the opposite side of the
piston. By moving the piston, the lever controlling the butterfly valve 211, the four

butterfly valves 221, and the four butterfly valves 234 simultaneously moves, whereby
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[0024]

the valve 211 and the four valves 221 open, and conversely the four valves 234 close.
This changes a helium—which is used as a coolant—flow from 2 % of a nominal
helium flow through a main-circuit blower to a value orders of magnitude higher,
while natural convection actuates the flow, so that the helium flowing from the
segment of the outer channel 22 on the side 1 adjacent to the heat exchanger 11 into
the segment of the inner channel 21 on the side 3 adjacent to the active zone 31 of the
reactor redirects to the segment of the outer channel 22 on the side 3 adjacent to the
active zone 31 of the reactor and the helium flowing into the segment of the inner
channel 21 on the side 1 adjacent to the heat exchanger 11 from the segment of the
outer channel 22 on the side 3 adjacent to the active zone 31 of the reactor redirects so
that the helium flows into the segment of the inner channel 21 on the side 1 adjacent to
the heat exchanger 11 from the segment of the inner channel 21 on the side 3 adjacent
to the active zone 31 of the reactor. Hot helium flows through the inner channel 21 by
a mechanism of convection through the chimney 12 to the heat exchanger 11 up to the
upper edge of the heat-exchange pipes 111 to maximize the height difference between
the hot and the cold part of the circuit. The helium flows downwards through space
between the heat-exchange pipes 111 while pressurized water flows upwards inside the
heat-exchange pipes 111. Cooled helium descends through the outer channel 22 by a
mechanism of convection through the chimney 12 from the heat exchanger 11, then
enters the active zone 31 of the reactor and cools it.
Industrial Applicability

Passive system with increased reliability for decay-heat removal from a nuclear
reactor and method carried out on the system are industrially applicable especially in
gas-cooled fast reactors used in nuclear energetics and nuclear research while meeting

the requirement of nuclear safety for a practically excluded event.
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[Claim 1]

[Claim 2]

[Claim 3]

PCT/CZ2021/050112

Claims

Passive system with increased reliability for decay-heat removal from a
nuclear reactor, characterized in that it comprises a heat exchanger
(11) connected to a chimney (12) formed by a two-channel piping
comprising an inner and an outer pipe and a flow-redirection device (2)
separating a two-channel piping of the chimney (12) from a two-
channel piping connected to an active zone (31) of the reactor, while
the flow-redirection device (2) comprises an inner channel (21)
equipped with a valve (211) separating a segment of the channel (21)
on the side (3) adjacent to the active zone (31) of the reactor from a
segment of the channel (21) on the side (1) adjacent to the heat
exchanger (11) and an outer channel (22) equipped with at least one
valve (221) in a partition (222) separating a segment of the channel
(22) on the side (3) adjacent to the active zone (31) of the reactor from
a segment of the channel (22) on the side (1) adjacent to the heat
exchanger (11), wherein the segment of the channel (21) on the side (1)
adjacent to the heat exchanger (11) is connected to the segment of the
channel (22) on the side (3) adjacent to the active zone (31) of the
reactor by at least one connecting channel (23) and the segment of the
channel (22) on the side (1) adjacent to the heat exchanger (11) is
connected to the segment of the channel (21) on the side (3) adjacent to
the active zone (31) of the reactor by at least one connecting channel
(24), wherein each of the connecting channels (23) and connecting
channels (24) is equipped with at least one valve (234).

Passive system according to claim 1, characterized in that each of the
valves (211), valves (221), and valves (234) is controlled by a pressure
change in the active zone (31) of the reactor, wherein in case of an
overpressure in the active zone (31) of the reactor, each of the valves
(211) and valves (221) is in a closed position and each of the valves
(234) is in an open position, and in case of a pressure loss in the active
zone (31) of the reactor, each of the valves (211) and valves (221) is in
an open position and each of the valves (234) is in a closed position.
Passive system according to claim 2, characterized in that the control
by a pressure change in the active zone (31) of the reactor is provided
by a lever actuated by a piston equipped with a spring located in a
cylinder (254) connected via a signaling tube (255) to the active zone
(31) of the reactor.
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[Claim 4]

[Claim 5]

[Claim 6]

[Claim 7]
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Passive system according to any of claims 1 to 3, characterized in that
each of the valves (211), valves (221), and valves (234) is a butterfly
valve.

Passive system according to any of claims 1 to 4, characterized in that
the heat exchanger (11) comprises heat-exchange pipes (111) placed
around an opening of the inner channel (21) and inside an opening of
the outer channel (22), wherein the heat-exchange pipes (111) are
connected to a heat sink.

Method for removing decay heat from a nuclear reactor carried out on a
system according to any of claims 1 to 5, characterized in that a
pressure in the active zone (31) of the reactor acting on the piston via
the signaling tube (255) decreases, thereby reducing a value of com-
pressive force acting on the piston below a value of compressive force
exerted by the spring on the opposite side of the piston, by moving the
piston, the lever controlling valves simultaneously moves, whereby
each of the valves (211) and valves opens, and conversely each of the
valves (234) closes, thereby changing a coolant flow in the system to an
order of magnitude higher by a mechanism of convection so that the
coolant flowing from the segment of the outer channel (22) on the side
(1) adjacent to the heat exchanger (11) into the segment of the inner
channel (21) on the side (3) adjacent to the active zone (31) of the
reactor redirects into the segment of the outer channel (22) on the side
(3) adjacent to the active zone (31) of the reactor and the coolant
flowing into the segment of the inner channel (21) on the side (1)
adjacent to the heat exchanger (11) from the segment of the outer
channel (22) on the side (3) adjacent to the active zone (31) of the
reactor redirects so that the coolant flows into the segment of the inner
channel (21) on the side (1) adjacent to the heat exchanger (11) from
the segment of the inner channel (21) on the side (3) adjacent to the
active zone (31) of the reactor.

Method according to claim 6, characterized in that the coolant rises
through the inner channel (21) by a mechanism of convection through
the chimney (12) to the heat exchanger (11) up to the upper edge of the
heat-exchange pipes (111), then the coolant flows downwards through
space between the heat-exchange pipes (111) while pressurized water
flows upwards inside the heat-exchange pipes (111) and the coolant
further descends through the outer channel (22) by a mechanism of

convection through the chimney (12) from the heat exchanger (11) and
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enters the active zone (31) of the reactor.
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[Fig. 1]

[Fig. 2]




WO 2022/122057 272 PCT/CZ2021/050112

[Fig. 3]
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