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Abstract

With the aim of gaining experimental data on theaseour and performances of the passive
systems of the KERENX reactor design, AREVA NP has built the INKA largeale test
facility situated in Karlstein, Germany. In order support the experimental campaign by
establishing a test matrix and a suitable experatgorocedure for the evaluation of the
performances of the emergency condenser (EC) estesimulations have been carried out by
means of the best-estimate thermal-hydraulic cageA®5/mod3.3. The results have shown
that, in stationary conditions, a single trainteé EC can remove a power up to about 70 MW
at the nominal reactor pressure of 70 bar. Onignéddd region of the operational range of the
EC can be investigated at the INKA test facilitystationary conditions, due to the limited
power of the steam supply to the RPV (up to 24 MWWerefore, a transient experimental
procedure has been designed aimed at the “quasirgtey” characterization of the EC over a
wide range of power levels and pressures, whiclgedar beyond the steady-state power
supply available at the INKA facility. The transigrocedure has been tested and verified by
means of RELAP5/mod3.3, and a data evaluation rdetbgy based on windows-averaging
has been proposed and applied, aimed at derivendield of quasi-stationary characteristics
of the EC. The experimental procedure has beenessfidly employed by AREVA at the
INKA test facility and the experimental results baveen used to validate RELAPS for the
passive emergency condenser. The validated RELAB8&elwill be used to perform an
uncertainty analysis of the experimental resulthwegard to the dynamic measuring errors
originating from the quasi-stationary approach. fgsical insights on the EC behavior
gained by the RELAPS simulations are also presentéte paper.

| ntroduction

Gen-llI+ designs, the latest generation of nucleawer reactors currently available on the
market, feature different types of innovative peasssafety systems. Passive systems are
considered to be a desirable method for increasiageliability of the performance of safety
functions [1], and many research efforts have lushcated internationally to their study (see
for example Ref. [2] and [3]).

KERENA"T [4] is a Gen-lll+ Boiling Water Reactor (BWR) dgsed by AREVA NP.
Among the passive features of the KERENAlesign (previously known as SWR-1000), four
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so-called emergency condensers (ECs) are emplayethd passive heat removal from the
reactor pressure vessel (RPV). Each EC consisishofizontal tubes bundle connected to the
RPV through a steam line (top connection, EC fdad)land a condensate line (lower
connection, EC return line). The EC horizontal sibandle is submerged in the core flooding
pool (CFP) present in the containment. The oparatiothe EC is illustrated in Figure 1. In
normal operation conditions, the EC horizontal tuaee completely filled with water and the
EC does not operate. If the water level in the RIPdps below a certain elevation, steam will
reach the horizontal tubes of the EC bundle andle@ose. The resulting condensate will flow
back into the RPV due to gravity, yielding a passoooling of the primary system and
therefore contributing also to the depressurizabibtine primary system.
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Figure 1 Working principle of the KERENA emergency condenser

1 TheNKA test facility

With the aim of gaining experimental data on thbaweour and performances of the passive
systems of the KERENX reactor design, AREVA NP has built the INKA largeale test
facility [5],[6], situated in Karlstein, Germany. #écheme of the facility is reported in Figure
2, together with a sketch of the KERENAreactor. The facility has been designed to keep a
1:1 scaling for the heights and a 1:24 scale fervitlumes, with respect to the reactor design.
Only one of the four redundancy trains of the KEREN passive systems are modelled in
INKA. All passive systems of the modelled train @gency condenser, containment
condenser, etc.) are represented in original gagniet. scale 1:1). The energy source in the
RPV is modelled by means of a steam injection, dteam being produced in a 24 MW
Benson boiler. A standpipe connected to the RPVesgmts the reactor downcomer. The
emergency condenser is attached to the standpipegtn a steam line (EC feed line) and a
condensate line (EC return line). The EC is subetkig the flooding pool vessel (FPV). At
the top of the FPV, the containment cooling condef€CC) allows heat removal from the
FPV, by heat transfer to the shielding/storage peedsel (SSPV). A drywell vessel,
simulating the reactor drywell, and a pressure seggion pool vessel are also part of the
INKA test facility.
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Figure 2 Scheme of the KERENAreactor (left) and of the INKA test facility (righ

2. The RELAP5 nodalization

In order to estimate the behaviour and the perfaoes of the emergency condenser, the
following components of the INKA test facility havmen modelled with RELAP5/mod3.3
[7]: the pressure vessel; the standpipe, inclutiiegconnecting piping to the pressure vessel;
the horizontal U-tubes of the emergency condensexing plena and connections to the
standpipe, namely steam and condensate lines;ldbdirig pool vessel. A scheme of the
RELAP5 nodalization is illustrated in Figure 3 ity together with a sketch of the
corresponding INKA components (Figure 3, left).

All components walls have been modelled in RELAR%n@ans of heat structures, in order to
correctly represent heat losses to the environntieatheat stored in the metallic structures, as
well as the heat transferred between fluid andcgires during transients.

The EC consists of 61 heat exchanger tubes whigh ttee shape of U-tubes arranged in a
horizontal tube bundle. The tubes are arrangedseparate rows (1a, 1b, 2 - 6) connected to
the EC bundle plate at 6 different elevations {the internal rows, 1a and 1b, are connected
to the bundle plate at the same elevation, but leagsightly different horizontal length).
Within each group, the geometry of the pipes isidal. The longest pipes are the one
belonging to group 6. In the RELAPS input deck, réups of pipes are modelled: the EC
bundle groups 1la and 1b have been modelled asgke giroup in RELAPS5, with a length
equal to the average tube length representatiibese two groups of tubes. All other EC
groups are modelled by an individual tube elemdihis simplification does not lead to
significant modelling errors, since the characteriseights of groups 1a and 1b are identical,
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i.e. their depletion is equally dependent from weder level in the reactor vessel. 26 axial
nodes are employed in the RELAP5 nodalization efElC tubes. The EC pipes are connected
to the FVP nodalization by means of heat structtgpsesenting the EC pipes walls. The heat
transfer correlations package, implemented in REbAI®d3.3 for horizontal bundles, has
been selected to describe the convective boundargitton on the outer surface of the EC
walls. The FVP pool is modelled by means of twdigal pipes, representing the downcomer
and riser sections respectively. Baffle bladesaurding the EC bundle are located from node
3 to 6 (humbering from bottom to top). Thereforacte axial node of the two pipes is
connected by means of cross-flows with the excaptmf nodes 3 to 6. This nodalization of
the FVP allows reproducing the natural circulatibat establishes in the pool when the EC
enters in operation.

All friction factors have been determined on thsibaf Ref. [8]. The valves, present in the
EC outlet line and in the condensate line conngdtie RPV with the downcomer, have been
included in the RELAP5S nodalization as well. As aédsed in chapter 4, the local friction
factors associated with these two valves has betmrdined experimentally.
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Figure 3 Scheme of the part of INKA facility incled in the model (left) and RELAPS model
(right)

2.1 Determination of EC power

The power B transferred from the primary circuit to the FP\égimated in three ways:

0 By integrating the heat flux along the lengtleath tube row of the EC bundle:
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Note, that the power can be measured either anhtiez or the outer surface of the EC tubes,
which are not equal in transient cases due to teraulation of energy in the wall. In the
following comparisons, the power was calculatedtte outer surface, e.g. the power
transferred to the secondary side is given.

o] By multiplying the enthalpy change across thesig§tem with the condensate mass flow-
rateGc in the EC return line:

R(t) G (O t) - ho t)]

o] By multiplying the enthalpy change across thesig&tem with the steam mass flow-rate
Gsin the EC feed line

P(t) =G5 (t)]ns () - e (1)

WhereN is the total number of tube rows in the EC burftlle= 7), Nk is the number of tubes
in the EC bundle k-th rowyli is the number of axial nodes in which the k-th dierrow is
nodalizedq  is the outer surface heat flux in the j-th axiatla of the k-th tubes rouZy is
the length of the corresponding axial node, Bgds the outer tube diametdd: andGs are
the mass flow-rates in the EC return and feed liespectively, whilds andhc are the steam
and condensate enthalpies respectively. Note wiate Pec(t) is the exact time-dependent
power exchanged through the EC bundie(t) and Pg(t) are only approximate values. The
two latter estimations are however based on melaleurguantities (flow-rates and
temperatures at the inlet and outlet of the ECesy¥stand are therefore of importance for the
evaluation of the experimental results.

3. Behaviour of the emer gency condenser

3.1  Stationary characterization

About 300 simulations have been carried out witH.RE5/mod3.3 by controlling the RPV

water level, and the RPV and FPV pressures, inrdocdeharacterizing the power that the EC
would transfer to the FPV pool in stationary coiwtis. Each code run was executed in
transient mode for 5000 s process time, in ordeallmwv the establishment of stationary
conditions. The last 50 s of transient were rurhvatfiner resolution (0.01 s) in order to
ensure the possibility of analysing the occurreaténstabilities, if any. The results of the

steady-state conditions are obtained by averagi@golution over the last 200 s of transient.
A standard deviation around the average is compagesell.

The results are reported in Figure 4 and Figurasbfunction of the RPV water level and
pressure drop across the EC system respectivelgjfferent pressures in the RPV and in the
FPV. The FPV is assumed to be filled with watesatturation conditions. It is found that the
power might exhibit an oscillatory behaviour, dwethe instability of the condensations
within the horizontal bundle of U-tubes. The bansthe figures represent the standard
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deviation of the power fluctuations. As expectdw power increases with decreasing RPV
water level, as more surface of the EC bundle tub@svolved in the heat exchange process
through condensation. The maximum power is founa atimary pressure of 7.5 MPa and a
secondary pressure of 0.1 MPa, i.e. in correspargdenth the highest primary pressure and
the lowest secondary pressure. With decreasingapyimressure or increasing secondary
pressure, the emergency condenser power decrddsesesult has to be expected, due to the
decreasing temperature difference between theasatuitemperatures on both sides of the EC

pipes.
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Figure 4 EC power as function of RPV water levet,different RPV pressures (5 to 75 bar), and
a pressure in the FPV of 1 bar (left) and 3 bah()irespectively.
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Figure 5 EC power as function of the pressure @Gropss the EC system, for different RPV
pressures (5 to 75 bar), and a pressure in thedfR\bar (left) and 3 bar (right) respectively.

There are two peculiarities observed in the povetsof Figure 4 and Figure 5: (a) in some
of the operational conditions, the calculated E@gois significantly below the trend (e.g. in
Figure 4 left, at a primary pressure of 7.5 MPa andPV water level below 6 m), (b) for
some operational conditions, quite strong fluctuadi of the EC power are observed (points
with large bars). The power oscillations are prdpabused by instability of the water level in
the RPV downcomer coupled with the water inveniarthe tubes of the EC. The nature of
the abrupt decrease of the emergency condenser powtead, was found to be a result of a
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departure from nucleate boiling (DNB) close to thiet of the heat exchanger pipes, where
the heat flux is at maximum. The heat transfericrég the outer surface of the EC heat
exchanger tubes can be suppressed by decreasiegttiepy of the fluid on the secondary
side. The possibility of reaching DNB conditionsnoat be completely excluded during
transient processes for which the EC is designadik&the DNB in fuel elements, the film
boiling on the outer surface of EC heat exchangeggpdoes not pose any risk to the integrity
of the EC, since the maximum temperature is fixgdséturation temperature at the given
reactor pressure. Therefore, the pipe material aaheat up to harmful temperatures. The
deterioration of the EC power due to DNB, if it sltbappear at all, is quite limited in effect
and duration, since the reactor pressure, andhegeiith it the EC power, rapidly decreases
during the transient in case of an accident. Indaecds, situations with high reactor pressures
nearly always coincide with low temperatures infloeding pool vessel, i.e. saturation at the
EC secondary side is reached only after the presauthe RPV has significantly decreased.
For this reason, DNB at the EC heat exchanger tishesry unlikely to occur in real accident
scenarios.

It can also be noticed in Figure 4 that the operatf the emergency condenser does not
terminate (null exchanged power) for the same RBWagsed water level, for different
primary and secondary pressures. This is becauseR#V level is only an indirect
measurement of the water level in the EC chambelsch is instead the determining
parameter for the establishment of heat exchangdéh whe secondary side. For a
characterization of the EC power, therefore, tresgure drop across the EC system is a more
significant parameter. As a matter of fact, a qslag of all the power curves around a
pressure drop of about 0.55 bar can be observEdyure 5. At null power, the pressure drop
across the EC corresponds approximately to theitgteonal head of the liquid column
present in the RPV standpipe between the conneciuith the EC feed and return lines.

The characteristics shown in Figure 5 can sensetop a simplified lumped parameter model
of the EC. The pressure difference between inldtautlet is corresponding to a unique value
of the EC power for given primary and secondare gidessures, and secondary side fluid
temperature. The use of the pressure differencaoi® appropriate than the use of the RPV
water level as independent variable, because inather case the performance of the EC is
then additionally influenced by the axial densitgfpe in the RPV.

3.2  Quas-stationary characterization

3.2.1 Design of a transient operation procedure

In order to characterize the behaviour of the emsr@ry condenser for power levels above 24
MW, a transient operational procedure has beensaged at PSI for the INKA test facility
[9]. In the conditioning phase of the experimemadcedure, it is proposed to pressurize the
facility at high pressure (e.g. 88 bar), to filletrdowncomer with water at saturation
conditions, with level above the connection of H@ feed line. The valve between RPV and
downcomer (valve V3 in Figure 3, left) is closeddahe RPV is filled at the desired level.
The RPV is then isolated. The transient is initdaby opening valve V3. Alternatively, the
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valve V3 could be kept open in the conditioning ghawhile keeping the valve in the EC
return line close (EC valve in Figure 3, left).tms case, the transient would be initiated by
opening the EC valve. Once the transient is stattezl water level in the downcomer will
adjust to the level in the RPV. This will leave tpar all of the EC tubes uncovered, bringing
the EC in operation, and leading therefore to hesatsfer to the FPV and to the primary
system depressurization.

The typical evolution of collapsed water levelsRRV and downcomer, EC power, and RPV
pressure, are reported in Figure 6 and Figure 7.s@@n as the connection between
downcomer and RPV is open (at 3000s in Figureh®) water levels in the two components
stabilize around an “equilibrium” value which degemmainly on the initial water levels in
the two components (a small effect is given bydbgree of subcooling at the exit of the EC
bundle). Consequently to the rapid uncover of tRetébes, a sudden increase in the power
transferred by the EC bundle to the FPV is regestéFigure 6, right). The exchange of power
with the secondary side leads to a fast depresgimiz of the reactor pressure vessel, as
illustrated in Figure 7 (left). Due to the contimusosystem depressurization, the power
released to the FPV through the EC bundle decreaesme.

It is worthwhile noticing that the steam enteririge tEC feed line, initially at saturation
conditions, might get superheated with the progoessf the transient, as shown in Figure 7
(right). This is due to the release of the heatiaedated in the walls of the RPV during the
depressurization. Especially in the upper parhefRPV, where the RPV walls are in contact
with steam only, the wall temperature remains veglbve the saturation temperature (see
Figure 7, right).
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Figure 6 Collapsed water level in RPV and downcoftedt) and EC power (right), during the

transient procedure. The transient is started Bnimg valve V3 after a conditioning phase of

3000s.

At the INKA facility, the EC power will be evaluateon the basis of the enthalpy change
across the EC bundle. Therefore it is importantdmpare the different estimations of EC
power as described in chapter 2.1, noticing thati®the correct estimator, whilgsBnd R

are approximations. In the comparison reportediguré 8, it is clear that estimating the
experimental EC power on the basis of the mass-faie/ in the EC feed line should be the
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preferred solution. This in view of the strong twations of liquid mass flow-rate in the EC
return line, which are caused by the condensatioogss in the EC horizontal bundle.
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Figure 7 RPV pressure (left) and steam temperatueE feed line vs saturation temperature and
RPV wall temperature (right) during the transierdgedure.
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Figure 8 Comparison between the exact EC powematir Rc and the approximate
estimators based on the steam EC flow (left) arcctindensate EC flow (right).

3.2.2 Data evaluation for the transient operation procedu

In order to estimate the quasi-stationa 10
characteristics of the emergency condenser

the basis of the transient data, first the RF 8
pressures of interest have to be selected. Arol'’s
those pressure, an averaging window = 6
determined, having a certain pressure band £
the present work, a £ 1% amplitude is select% 4
around 7.5 and 6.5 MPa, and + 3% is seleci™
around all other pressures; see Figure 9). |
each interval [pAp; p+Ap], with p the i-th
pressure of interest, the corresponding tir 3000 3500 4000 4500 5000
interval [tin; tiend Of the transient can be o Timels]
identified. Within this time interval, the averagE'gure 9 Selection of averaging windows
value of each given quantity of relevance for tffound the pressures of interest. In red is the

o
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guasi-steady state evaluation is performed. eidertd the averaging windows around
the selected pressures.

The average value can be extracted by a simplegivey procedure within the time interval or

by extracting the middle point of a linear fit betdata contained within the time interval. Both

methods are identical, as long as a linear regnessiused for fitting the experimental data.

3.2.3 Comparison with steady-state results

The transient procedure described in the previduapter can be repeated for different
collapsed water level in the RPV. By applying treraging windows, as explained in chapter
3.2.2, the EC power can be characterized as funaifoa “quasi-stationary” operational
condition. It has to be noted that the first fewem®ls during the transient procedure are
needed to reach an equilibrium level in the RPV.addition, in the initial phase of the
transient the depressurization of the system lgeraast. As a consequence, the first part of
the transient procedure is not suitable for theadavaluation. For this reason it is
recommendable to start the transient from the Ilsigpessible primary pressure, so that the
EC can be characterized over a widest pressurerang

In order to investigate the feasibility of the pospd transient procedure for a stationary
characterization of the EC, in Figure 10 the resolbtained with the transient procedure
(Figure 10, circles) are presented together wighstieady-state results already presented in 3.1
(Figure 10, lines). The bars indicate the standdediation of the EC power fluctuations
around the average value.
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Figure 10 EC power as function of the pressure @wpss the EC system, for different RPV
pressures (5 to 75 bar), and a pressure in thedfR\bar (left) and 3 bar (right) respectively.

It can be concluded that (a) the experimental mhoe proposed in 3.2.1 is suitable for the
determination of the quasi-steady-state charatiterisf the emergency condenser; (b) in view
of the initial transitory effect of the opening thie valve between RPV and downcomer and
because of the large gradients (in time) of theayed quantities (pressure, power, etc.), the
higher deviations of the EC power estimated with titansient procedure with respect to the
stationary values are found at the higher press@tgs characterization of the EC power as
function of the pressure drop across the EC syswimer than the RPV water level is

recommendable, as in this way it is possible tmiglate the influence of the axial temperature
profiles in the RPV and in the downcomer. This $pexially visible for high RPV water

levels (i.e. low EC powers) for which a relativglisubcooling at the exit of the EC bundle is
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observed, which leads to a large effect on thdivelavater level difference between RPV and
downcomer. In this case, a large scatter in thep&@er characteristic is observed (Figure 10,
left). This scatter is practically eliminated whte pressure drop across the EC bundle is
taken as independent variable (see Figure 10, ge(dgthe approximate EC power estimator
Ps defined in chapter 2.1 can be employed for théuewian of the EC power (see Figure 10,
right), within the limit of the uncertainties of@lexperimental instrumentation.

In Figure 10 only the results obtained for a FP¥sgure of 1 bar are shown. However, similar
trends are observed in the entire range of FP\spres investigated.

4, Comparison with experimental results

The transient experimental procedure describedhapter 3.2 was successfully applied by
AREVA NP at the INKA test facility. Several testsexe performed for different RPV

collapsed water level, and different conditionstive FPV. In the following, one of such

experimental tests is presented, together with tesults of the corresponding

RELAP5/mod3.3 simulation.

First, two tests were performed in single-phaseditmmms, aimed at measuring the pressure
losses at the locations of the EC and V3 valveghénfirst test (test 1), the EC valve was
always open, and the V3 valve was open after caedplélling the downcomer. The friction
factor at the V3 location was adjusted in the REBARbdalization in order to correctly
reproduce the time-dependent rise of the RPV whaeel. A second test (test 2) was
performed, where both the EC and the V3 valves wetially closed, with downcomer and
EC bundle filled with water. At first the V3 valve open, followed by the opening of the EC
valve, once the RPV water level had reached equifib with the downcomer level. While
the first rise of the RPV water level gives indioatonly on the friction losses of the V3 valve
(and was therefore used only as a confirmatiomef3 loss adjusted on the basis of test 1),
the second rise of the RPV water level is an imtlirreasure of the pressure loss introduced
by the EC valve. The comparison between the exgariah RPV water level and the RELAP5S
results are presented in Figure 11 for test 1)(#efd test 2 (right) respectively.
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Figure 11 RELAPS results vs experimental RPV wheel

The friction factors at the locations of the EC ar@l valves are the only adjustments that
have been made to the nodalization, before carmuighe post-test analyses for the INKA
depressurization tests.
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The depressurization test reported in the followsgharacterized by a conditioning phase in
which the RPV is brought to a pressure of 85 bad, the RPV water level is set to 7.55 m.
The FPV is filled with water at 35C and is kept at atmospheric pressure. During the
conditioning phase, the valve V3 (see Figure 3) lsfkept open and the EC valve is kept
closed. The transient is initiated by opening tikev&alve.
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Figure 12 RELAPS results vs experimental EC pouedt)(and RPV pressure (right)

Initially, the power exchanged by the EC to theoselary side (i.e. to the FPV) is null, since
the bundle is completely filled with cold water,thé same temperature as the FPV water (35
°C). As soon as the EC valve is open, the EC buradfains partially uncovered and the EC
power rises. This is clearly visible in Figure 12ftf) where the measured EC power is
compared to the RELAP5/mod3.3 results. In the #guvoth the RELAPS & and R
estimators of the EC power are presented. SincBsghstimator is the one that can be directly
compared to the measurements (the experimental d&rpis measured based on the P
approximation), the good agreement with the expemimproves the high quality of the
modelling. On the other hand, the comparison whih teal EC power estimatogdallows
assessing the dynamic error of the balance methodear overestimation of the true EC
power is observed especially in the first parthaf transient, due to the energy accumulated by
the heat-up of the structures. The corresponding Rssure decrease is shown in Figure 12
(right). In Figure 13 the comparison between expental and RELAPS results is presented
for the EC feed line flow-rate (steam) and EC meture flow-rate (condensate).
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Figure 13 RELAPS results compared to experimental-fates in EC feed line (left) and EC
return line (right)

The prediction of the temperature in different loma of the primary side is shown in Figure
14. Here, the measured temperatures are reportgdhty with the values calculated by
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RELAPS5 and the corresponding saturation temperafure thermocouple locations T1 to T7
are indicated in Figure 3 (right).
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Figure 14 RELAPS results compared to experimeetalperature measured in the location T1 to
T7 indicated in Figure 3.

The initial temperature values, before the EC vavaepen and the following depressurization
process is started, depends on the way the coniditiophase of the experimental test is
carried out at the INKA facility. Therefore, somisaepancies between the experimental and
RELAP5 temperature distributions might exist beeausf the difference between
experimental conditioning phase and initializatioh the RELAP5 model. Overall, the
depressurization transient is well captured by REELAP5 model for the entire transient
duration, indicating that the code can be usedHerinvestigation of the EC behaviour and
the estimation of the EC power.

5. Conclusions

With the aim of investigating the behaviour of tKERENA emergency condenser and
support the establishment of a test matrix for KA experimental facility, a RELAP5
nodalization has been developed at PSI, which deduall necessary components of the
INKA facility. The RELAP5/mod3.3 pre-test simulati® have shown that in stationary
conditions the emergency condenser can reach pawets about 70 MW at the nominal
pressure of 70 bar, when the FPV is kept at atnegplpressure and filled with water at
saturation conditions. The power that can be teansfl to the secondary side through the
emergency condenser is strongly dependent on thmapr pressure and on the water level in
the RPV. As expected, the power decreases wite@sang secondary pressures.

A transient experimental procedure has been prophose order to investigate the
performances of the emergency condenser over anaitge of operational conditions. This
was necessary because, due to the power limitatioraximum 24 MW of the Benson boiler,
which supplies steam to the RPV, only a limitedioegof the operational range of the
emergency condenser can be investigated at the IMiSAfacility in stationary conditions.
The transient experimental procedure designed esigd at PSI with the help of RELAPS
pre-test simulations, was successfully employedABEVA NP at the INKA facility. The
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comparison between experimental results and pestR&ELAPS simulations indicate that
RELAP5/mod3.3 is able to correctly capture all imipnot phenomena occurring in the EC
over a wide range of pressures, and to qualitagtaelwell as quantitatively reproduce the heat
transfer from EC to the containment pool (FPV), dhd accompanying depressurization
transient of the primary side. Further investigasi@and validation efforts should be dedicated
to the lower pressure ranges.
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