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Safety Characteristics of Decay Heat Removal Systems [ 2 ]

1. Design consideration of decay heat removal systems (DHRS) including
power supply systems and final heat sink

Decay heat removal after shutdown of a nuclear reactor system is one of the most
important safety functions which must be accomplished with a very high reliability.
This, of course, is depending on the overall target for a very low occurrence frequency
of s 10-6/year for severe core damage set, for instance, by IAEA. All technical means
being supportive in attaining this ambitious goal have to be included into the design
considerations and thoroughly evaluated. However, not only technical means as, for
instance, good design and quality supported by code development and validation,
adequate material, reliable components and redundancy have to be considered, but
also aspects like diversity, degree of independence from energy supply (passivity),
simplicity have to be taken into account. And last not least, another indispensable
factor is the overall demonstration of functional reliability under all essential
operating conditions on the site during commissioning.

It has been demonstrated on several occasions on running fast reactors that they have
an inherent capability to dissipate the decay heat in a "passive" way. This experience is
the incentive to strive for this goal and the assurance that it can be attained.

A short description of the scheme indicates the technical approach bearing in mind
that EFR is of a so-called pool type design [3].

For EFR, two diverse DHR systems are foreseen:

• one system using the secondary sodium system and the water/steam system, and

• one system independent from the secondary sodium system, named Direct Reactor
Cooling System (DRC)

Water/Steam System [Fig. 1]

The active components of the low load systems and the respective cooling water systems
generally provide a 2 x 100 %-redundancy for DHR purposes. After shutdown, the steam
can be routed to the main condenser or to a special DHR condenser. If the steam flow
rate exceeds the design duty of the DHR condenser, e.g. if it is used at the beginning of
DHR operation, the excess steam is removed through 3 redundant relief valves by
controlled blow-down to the atmosphere.

During DHR via the water/steam system all Steam Generators (SG) are normally in
operation, but to ensure the plant temperatures remain below the defined limits,
operation of only one SG is necessary during DHR. The degree of redundancy of the
equipment is determined by operational and plant availability aspects. No provision for
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electrical energy supply after loss of station service power (LOSSP) events is necessary to
meet the safety requirements.

DRC System [Fig. 2]

The DRC system comprises six sodium-filled loops cooled by ambient air. Each DRC loop
consists of:

• one Na/Na heat exchanger (DHX), immersed in the hot pool of the reactor vessel

• one drum-type Na/air heat exchanger (AHX), at sufficient elevation above the DHX to
accomplish the heat transfer by natural convection

• one Na expansion vessel, integrated within the AHX on top of the DRC loop, with
argon blanket

• pipe-work between the components designed to promote good natural circulation

• one air stack, rising above the reactor building, including air inlet and outlet
dampers, designed to promote adequate natural draught.

Due to reliability considerations, a 6x 50 %-system is proposed, divided into two 3 x 50 %
groups providing for diversity at least in AHX, DHX, and air dampers design.

Some common features for each two adjacent loops (e.g. ventilation, energy supply) can
be tolerated as the deterministic requirement would be fulfilled due to the high degree
of redundancy even if it is postulated that a single failure could affect two of the 6 loops.
The number of and dependence upon common features must be minimized in order to
take maximum advantage of the additional DRC loop subdivision in terms of reliability.

The arrangement of the AHXs takes account of the need for spatial separation: Two
AHXsare located at each sideof the three SG buildings.

Operation of the DRC system

During normal plant operations a small mass flow in the DRC loops is maintained by
deliberate heat loss at the AHX via the insulation and minimum opening of the air
dampers. Overall sodium flow stagnation or even reversal which could occur during
transient situations on the primary side, e.g. reactor trip, is avoided by this continuous
standby circulation.

In the case of a DRC demand, the air dampers are opened slowly, initiated by an
automatic signal from the reactor protection system or by the operator. To prevent
unacceptable cooling and freezing of sodium, the AHX sodium outlet temperature is
controlled by throttling the air dampers.

Investigations are going on to enhance the degree of passivity by keeping the dampers
in 3 loops in a fixed position in such a way that even in case the opening of the other
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loops should fail on demand a sufficient degree of decay heat removal could be assured.
The resulting additional heat loss during normal power operation would be about
30 MW.

Generally, the DHR function after planned and unscheduled shutdowns of the reactor is
performed by the equipment of the water/steam-system. In cases where this equipment
is not available due to the consequences of the initiating event or due to failure of the
DHR-equipment, DHR via the DRC system is called upon.

On the basis of the initiating events and the rules for event analysis defined for EFR,
Table I presents the operating conditions for DHR via the DRC system which are relevant
to the assessment of the feasibility of the concept.

Table 1:

Load
Category

2

3

4

Operating Conditions for DHR via the DRC-System
(Primary Pumps not supplied in case of LOSSP)

Event
Characterization

Loss of heat removal via
the steam system

Loss of station service
power for £ 1 h

Loss of station service
power for > 1 h

Loss of heat removal via
the steam system

Loss of station service
power for > 1 h

Main vessel leak

Safe shutdown
earthquake

Number of
available

DRC Loops

6

6

6

4

2

2

3

3

Number of
Secondary

Loops
available
for Heat
Buffering

6

6

6

4

0

0

0

0

Primary
Sodium

Convection
Mode

forced

natural

natural

natural

forced

natural

forced

natural

forced

natural

Occurrence
Number
(Service-
life 40 y)

30

16

2

1

1

1

1

1
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The occurrence number is given for the plant lifetime of 40 years. The convection mode
of the primary sodium is specified fora concept where primary pumps are not supplied
by on-site power in case of LOSSP, the approach which is best adapted to the general
passive concept. If the results of the analyses reveal that some structures would not
tolerate such an approach, an energy supply to the primary pump pony motors from the
stand-by power system will be provided. Then, the main difference with respect to the
operating conditions would be that natural convection iri the primary sodium would not
have to be shown to be acceptable under second category conditions.

Power Supply [Fig. 3]

In normal operation, power is fed from the generator via the generator breaker and the
three single-phase generator transformers to the main grid and to the plant station
service system.

The circuit configuration enables the plant to be started up and shutdown via the
generator transformer and, in the event loss of offsite power, house load can be supplied
directly by the generator.

The high-voltage distribution system can be supplied via an independent second grid
connection, the standby grid. In the event of simultaneous failure of the main grid and
of the turbine generator, the power necessary for safe plant shutdown is drawn from the
standby grid, changeover being effected by an automatic transfer unit. The rated power
of the standby grid transformer should be the same as each station service transformer
(of supply system A). In case of failure of one station service transformer it can be
replaced by the standby grid transformer.

The power supply forthe house loads is arranged in three trains according to the three-
train design of the mechanical systems, each consisting of a normal (A), a spare (B), a
standby (C) and an emergency power supply system (D).

The normal power supply system (A) supplies all non safety related functions. The decay
heat removal components of the water/steam system are connected to this system A (6kV
busbar).. The spare power supply system (B) is foreseen to solely supply functions related
to investment protection. Safety tasks are not included.

Standby power supply system (C) supplies functions to mitigate consequences or to
reduce frequency of fault sequences. This system is directly connected to system A.
Installed diesel generators (not safety related) or transportable ones (connected to
external supplies) will feed in energy in case of loss of station service power. All safety
related consumers which are not immediately necessary, but will be needed after 32 h or
72 h in case of an accidental event, are connected to this system C (graduated safety
concept). In case pony motors will be installed on the primary pumps, which has not been
finally decided at the time being, they will be connected to this system C.

The emergency power supply system (D) supplies functions indispensable to meet safety
design limits. Safety related loads (indispensable consumers) are connected to the
emergency supply which is fed via the standby power supply. Each redundant train
includes a separate battery charger system with a battery capacity of 32 hours to feed
uninterruptedly the safety related I & C loads and protective devices as well as AC loads
(via an inverter).
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The strategy of preferring passive provisions to active safety systems in order to minimize
the emergency power demand leads to the approach of using passive components
(batteries) instead of active components (diesel) in the emergency power supply system.

2. Reliability and passivity

A rather high reliability and an utmost degree of independence from energy supply
(passivity) are goals to be attained in the design of the EFR decay heat removal scheme.

To put it in more quantitative terms, the overall frequency target has been cautiously -
and ambitiously as well -set at a level of 10-7'yearforthe loss of decay heat removal
function. One of the most important prerequisites to achieve this target is a thorough
evaluation of common mode failures, which is still going on. First of all, however, a
design has to be provided, in which an utmost, butsenseful degree of diversity has been
realized, in order to make common mode failures as rare as possible, thus escaping a
strong dependence on too sophisticated calculational models, where too much
judgment and arbitrariness is involved.

The general design approach is therefore to provide a safety classified direct reactor
cooling (DRC) system with immersed Na/Na-heat exchangers on the primary and Na/Air
heat exchangers on the secondary side in order to close the gap to the overall reliability
target after having assessed the decay heat removal capability of the main water-steam
heat transfer system. Thus, the decay heat removal equipment in the water-steam system
contributes to the safety case for the overall decay heat removal plan even though it is
not to be formally safety classified and its failure will lead to a category 2 operating
condition. Therefore, the DRC system has to keep the plant within the design basis (up to
category 4 limits) and must fulfil all deterministic design criteria relevant in licensing
procedures. DRC system operation and decay heat removal by the water-steam system
are independent and diverse. However, the diversity approach is taken further into the 6
x 50 % DRC loops. The diversity approach will be settled very soon on the basis of a
reasonable degree of diversity in the selection of individual components, especially the
heat exchanging ones and the mode of operation. This is still under discussion. It is to
some degree depending on another optimization target, namely to realize a complete
"passive" functioning of decay heat removal relying solely on natural convection under
all conceivable circumstances.

A preliminary assessment of the failure probability of the DHR function was performed
based on fault tree analyses. For the DHR via the waater/steam system a failure
frequency of some 10-' per year was assessed (0,2 -s- 0,5/year depending on the
conservatism of data assessment).

This figure includes the unavailabilities of the DHR equipment in the water-steam system
after normal scrams as well as initiating events leading to partial or complete failure of
the DHR equipment in the water-steam system.

To reach the overall frequency target of 10-7 per year for loss of DHR function the DRC
system has to meet an overall unavailability of less than 10-6 per demand.

The results show that for the DRC concept proposed, the target can be met for normal
scrams as well as for events requiring a long lasting DHR function (assumed frequency:
1/year). There is still some margin available for the auxiliary systems which are not
represented in the system modelling and for data uncertainties. The results show that
the 6x 50 % concept can take large benefit from the effect of decreasing decay heat as
the success condition switches over after about three days from 2 out of 6 to 1 out of 6.
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For the active components of the DRC system it is assumed that diversity is provided
within the loops. For the passive components a rough assessment of potential common
mode failures (CMF) is included, using the R-factor method and neglecting the possibility
of repair. The value calculated, for instand, fora 500 h mission time is about 10-7 .With
the assumption of 2 perfectly diverse and independent subgroup of 3 loops each, a value
of less than 10-8 could be reached. Further work is required to assess the necessity and
possibilities for additional diversity within the DRC loops and their effect on DRC system
reliability.

3. Role and reliability of natural circulation heat removal

As already indicated, natural circulation is an ambitious design goal for EFR. Not only a
lot of R + D efforts are devoted to this topic, but also the design work of the respective
systems has to take account of this overriding goal, e.g. by providing for low pressure
resistance of flow paths and for a differential height between heat source and heat sink
as large as reasonable. Passivity is, however, not only a safety improvement, it could also
have a positive effect on economics, since a reduction in number and importance of
safety relevant systems could result from these considerations.

The heat removal capacity proposed for the DRC system is 6 x 15 MW. The figure of 15
MW is normalized to a DHX sodium inlet temperature of 530 °C and an air inlet
temperature of 35 °C.

To show the adequacy of the 6x15 MW-concept, thermal-hydraulic calculations with the
ID-system code DYANA were performed for the LOSSP-casewith primary sodium natural
convection and for the case of loss of feedwater supply (LOFWS) with forced convection
(25 % of nominal flow) of the primary sodium. The DHR capacity was varied according to
the number of available DRC loops to be assumed for the different categories.

For the hot and cold structures the design criteria are largely respected in category 2 and
category 3 operating conditions. In category 4, the highest temperatures in the upper
(hot) plenum are reached with natural convection in the primary system, whereas the
forced convection mode yields the highest temperatures in the cold collector.

The design criteria for the hot structures can be met. The cold structures determine the
DHR capacity required. The proposed target of 630 °C is met, but only a limited margin
for delayed DRC-loop initiation by the operator is available. It is recalled that the value of
630 °C is a preliminary design target and not a fixed maximum upper limit.

The cladding temperatures of the fuel, breeder and store subassemblies in the core do
not exceed the proposed design limits for any category during either LOSSP or LOFWS
transients.

DYANA/ATTICA calculations for fuel elements [Fig. 4] which include the effect of
interwrapper flow show that the maximum clad temperatures will reach 700 °C for 2nd
category events with natural convection in the primary system for any core.

Those in the store and breeder will not exceed 600 °C. Thus, the proposed conservative
temperature limits are met in all cases.
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A number of sensitivity calculations and experiments have been carried out in order to
define the weak points of a DRC system relying exclusively on the use of dip coolers
immersed in the hot collector.

The transient behaviour from forced convection steady state conditions to natural or low
forced convection flow have been, and will be analysed very carefully. For such
investigations the behaviour of the IHX is very important because it is loosing its heat
sink function with time.

A detailed set of data (temperature and flows) for the thermal loadings of the primary
system and DRC system structures during LOSSP has been elaborated.

It has turned out that interwrapper flow (IWF) has a strong temperature peak reducing
effect particularly in the core periphery.

The influence of parameter variations regarding the IWF modelling on the temperature
predictions was found to beonly little sensitive.

The boundaries of the components, in the hot collector, core outlet, above core
structures (ACS), and DHX inlet and outlet are of special interest in future investigations.

Investigations regarding the flow stability of the hot pool at steady state power
operation upon different standby heat losses of the DRC loops are in preparation.

In addition, the freezing risk during onset of decay heat removal in the AHX will be a
main point of investigation.

A lot of progress has been achieved in code validation work by pre- and recalculations of
RAMONA, COLCHIX 3, SPX 1, and Phenix tests.

The main experimental proof for the theoretical prediction of the performance and
thermal-hydraulic behaviour of the DRC system will come from differently scaled models
like

AQUARIOUS (2D, 1:20)
RAMONA (3D, 1:20)

NEPTUN (3D, 1:5)

all at KfK, and from tests performed at PHENIX and SUPERPHENIX.

For the interpretation of these experiments the following codes will be used:

TRIO-DYN (CEA), DYANA-ATTICA (Siemens), COMMIX-2 (KfK), ASTEC (UKAEA),
PHOENICS (Siemens).

The ILONA and JANUS loops will serve as experimental validation of the expected
standby and startup behaviour of the DRC loop in natural circulation. First results are
already available.

The interaction of all parts of the DRC chain will be demonstrated in the KIWA mock-up
at KfK (2D, 1:10).

4. Testability of natural circulation, function and verification of passivity

These topics are clearly indicated in the EFR project as indispensable. Therefore the
detailed planning will include them with respect to the provision of an adequate
instrumentation, data processing, evaluation procedures and special equipment for the
commissioning phase. At the time being, however, it is still to early to give any detailed
information.

5. Other relevant items

It might be of interest to note that considerations within the frame of the risk
minimization approach are devoted to a further improvement of the DHR function.
Decisions, however, have not been'taken. Two aspects seem to need, at least
provisionally, additional thoughts: firstly, there is the common mode failure aspect as
already mentioned above, especially on the reactor roof, where the tight concentration
of safety relevant components might be sensitive against load drops or large sodium
leaks in the secondary circuits. A common mode failure would affect all decay heat
removal redundancies. Therefore design considerations are not only directed to the
reliable avoidance of potential common mode failures, but also to the possibilities of a
roof independent decay heat removal system within the reactor vault. The outlook
seems to be encouraging. Secondly, there is the long term decay heat removal mission
time which might be susceptible to simultaneous failures in the various redundancies of
the DRC systems, whose repairability in due time might be questionable. Therefore
calculations have been performed which show that the decay heat can be passively
dissipated via the surface of the secondary system including steam generators, where an
annular gap between component surface and insulation would have to be provided. This
flow path at the SGs for ambient air could be manually opened if need arises, since
enough time is available.

These considerations, however, gathered under the common heading of Ultimate DHR
are exclusively related to the risk reduction domain. This must be stressed. Whether they
have to become part of EFR design, depends on the still ongoing analyses related to the
overall risk minimization strategy.
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