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TECHNICAL REPORT

Application and In-depth Assessment of RETRAN-3D for Best Estimate
Analysis of Nuclear Power Plant Transients

Paul CODDINGTON*, Rafael MACIANt, Martin A. ZIMMERMANN® and Rakesh CHAWLA?

IPaul Scherrer Ingtitut, CH-5232 Villigen P, Switzerland
29wiss Federal Institute of Technology (EPFL), CH-1015 Laussane, Switzerland

(Received December 17, 2001 and accepted in revised form July 2, 2002)

The code RETRAN-3D has been extensively applied in the project STARS at PSI to perform BE analysis for a
range of operational and other (non-LOCA) transients for the Swiss NPPs, which include both PWRs and BWRs.
Extensive assessment employing experimental and plant data has provided confidence in the applicability and accuracy
of RETRAN-3D for the analysis of transients in both types of LWRSs. In this context, this paper presents an in-depth
study of the performance of the code for two types of applications. First, a detailed analysis of BWR/6 recirculation
pump trip tests shows that the code is able to accurately predict the coupled neutronic and thermal-hydraulic behaviour
during an operational transient in which plant-specific system featageSRlI insertion, response of the recirculation
line valves to changes in flowic.) play an important role. Second, RETRAN-3D is applied to BE analysis of a PWR
beyond-design basis scenario, namely the failure of the RHR system during reactor shutdown. In-depth assessment
of the results obtained demonstrates the applicability of RETRAN-3D and the need for employing a BE approach to
predict a more accurate, shorter “time window” for operator remedial action than that estimated using the assumption
of uniform primary temperature distribution.

KEYWORDS: RETRAN-3D, best estimate, BWR type reators, PWR type reators, RHR type reactors, operational
transients, shutdown analysis, nuclear power plants, performance, estimate analysis

I. Introduction coupled neutronic and thermal-hydraulic behaviour during an
operational transient, in which plant-specific system features

The project STARS (Safety research related to Transie €.g. Selected Rod Insertion (SRI), response of the recircu-

Analysis of Reactors in Switzerland) represents a collab Stion line valves to changes in flowtc.) play an important

rative R&D effort between the Paul Scherrer Institute (PSI e 9 ) Py P

and the Swiss Federal Nuclear Safety Inspectorate (HSK). ItS__; . . L
T . S The second aspect considered is the application of

basic mission is to provide an accurate deterministic safeg

assessment of the Swiss nuclear power plants (NPPs), ¢ £ TRAN-3D to a "beyond-design-basis” event. In this con-

. . . xt, a study is presented of the primary system thermal-
sisting of 2 boiling water reactors (BWRs) and 3 pressunzeé;draulic behavior after the failure of the Residual Heat Re-
water reactors (PWRS).

The system code RETRAN-3Dis one of the main tools moval (RHR) system during a PWR shutdown, which may

- : . lead to an over-pressurization of the reactor coolant system
utilised to perform best estimate (BE) analysis for a range CS). The hypothetical scenario takes place with the system
operational and other (non-LOCA) transients for the Swis : yp P y

LWRs. In accordance with the scope of the project, it ha%t 150C and 25bar. The thermal expansion of the primary
|nantory swells the RCS inventory until it becomes com-

been necessary to demonstrate that this code is capable Petely filled with liquid water. Further expansion of the lig-

calculating trgp sients in \.Nh.'Ch (a) a realistic represe rY["’V['Oglld rapidly increases the RCS pressure, and there is concern
of plant-specific features is important, and (b) conditions b%ﬁat a break may occur. In-depth assessment of the results

yond ihose of trad_|t|onally considered operfatlonal evgr_wts %%tamed shows the applicability of RETRAN-3D for these
encountered. Various aspects of the code’s BE qualificatiqr : .

i : X : . inds of shutdown scenarios at relatively low temperatures
have been considered in the process, including basic model .
) nd pressures, and the need for employing a BE approach to
developmerf as well as assessment against separate effects

measurements® and comparison of calculation results Withpredict amore realistic system pressure response and a shorter
' “time window” for operator remedial action than that esti-

integral experiment®. This effort has provided confidence in ated using the simplifying assumption wfiform primar
the applicability and accuracy of the code for the analysis oF g P 9 np mp y
side temperature (perfect primary inventory mixing).

transients in both types of LWRs.

Itis in this context that this paper presents an in-depth stu
of the performance of RETRAN-3D for two specific types o
applications to BWR and PWR plants. First, a detailed anal-
ysis of certain BWR/6 testsjiz. double and single recircu-  |n order to have confidence in the application of a code to
lation loop pump trips, shows, by comparison of the resultgerform realistic (best-estimate) analysis of transients for an
with plant data, that the code is able to accurately predict thgpp, it is necessary to have both a well validated code and
a comprehensive and validated input description of the plant
in question. This input model should not only consider the

(|i¥ Analysis of BWR/6 Recirculation Pump Trip
Transients

*Corresponding author, Tek41-56-310-2738, Fax-41-56-310-
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correct geometric representation of components, but also ir
clude a model of the plant control and protection system and =

when necessary, a detailed representation of the reactor k L !
netics. In order to assess this “complete” plant-specific inpu
description, it is usual to validate it in combination with the
code against plant transient data. In this section, we prese! ’ "

w0 B —e ST EAM

)

EEE

the results of the assessment of RETRAN-3D against tW(l | -

BWR/6 1,145 MWe (3,140 MWth) transientsge. a double  ju« - -

and a single recirculation pump tripThe calculations were | | il ne

performed with the Four-equation Dynamic Slip model be- ! T !

cause of its more numerically robust behavior in BWR anal-: “ = l

ysis applications when compared to the Five-equation mode| " =™ I

described in Ref. 2). [ . | .
The application of RETRAN-3D to the considered BWR |ss ' b

plant start-up tests requires the use of an adequate modellir | . | N | ,

of the reactor kinetics. While RETRAN-3D has the option : ' ¥

to use point kinetics (0-D), 1-D and 3-D kinetics, the use of|™ & o

point kinetics is not applicable here because of the transierf~T~ ' T

changes in the axial power shape. In addition, the 3-D ki-

netics model for transient applications is still subject to a ba-|™ g s " " e

sic evaluatior) As a consequence, the 1-D kinetics model ' |-~ . = - —

has been considered to be the most appropriate for applic;F —l EE 1= - " f | r -'I_:l

tion to the current analysis. The 1-D kinetics cross-section:i—= 1 —

were derived from CASMO SIMULATE core-follow cal- || - -

culations using the cross-section radial homogenization cod N

SLICK.1%-11 Following this procedure, cross-sections repre-

sentative of the individual reactor fuel cycles were generated
for the analysis. Fig. 1 RETRAN-3D BWR/6 vessel nodalization

The RETRAN-3D nodalisation of the reactor vessel is pre-
sented irFig. 1 and shows the lower plenum (control volumes
170 and 160), the upper plenum (150 and 140), with the cos# equilibrium state with a core flow of about 30% and a core
region lying between these two regions, the steam water segewer of between 35% and 40% of the full power value. In or-
arator (130 and 120), the steam dome (110 and 100), and ey to eliminate the possibility of this final point lying within
downcomer region (500 to 570). The feedwater enters thbe unstable operating region, a group of 8 pre-selected con-
vessel at control volume 530 and the steam flows out into ttieol rods is inserted into the core once the speed of both pumps
steam line from control volume 500. The steam line nodalisdalls below 15% of the normal operating value. This selected
tion models each one of the four steam lines separately, eagbntrol rod insertion (SRI) lowers the core power to about
one with its own safety relief valves. Following the header30% and reduces the core flow to about 25%, thus produc-
these lines are combined in the model into a single one whidhg a natural circulation state away from the BWR unstable
directs the steam to either the turbine inlet or to the condens@gion on the powevs. flow map.

via the by-pass valve. Viewed in more detailed terms, the pump speeds decrease,
following the trip of both recirculation pumps and the flow-

1. Double Recirculation Pump Trip controller, sensing the pump trips, locks the Flow Control

(1) Transient Description Valves (FCVs) at their current positions. The immediate

The trip of both recirculation loop pumps results in an imfesultant decrease in the recirculation loop flows (Fig. 2) re-
mediate loss of pump head as the pump speed decreases, WHRes the jet pump drive flows, resulting in a core flow de-
a consequential loss of core flow and therefore core power. Agease (Fig. 3). As a consequence, the “average core void”
the pump head decreases the vessel flow continues due to fi3greases, which causes the core power (Fig. 4) to decrease
ural circulation with the driving head coming from the fluidimmediately. This, in turn, results in a fall in the steam flow,
density (void) difference between the core and upper plenu@using the reactor pressure to drop (Fig. 5).
and the downcomer. As the core flow and therefore power As a result of the decrease in core flow and consequent
falls the reduction in steam flow produces a decrease in t§€crease in reactor pressure, the collapsed water level in the
pressure drop along the steam line with a consequential l@owncomer starts to rise, as indicated by the Narrow (Fig. 6)
duction in the reactor pressure vessel pressure. As a resul@edid Wide Range level measurements. The feedwater flow
the reduction in the power and therefore steam flow, the plag@ntroller, which is regulated by both the steam flow and the
feedwater controller responds to maintain a constant ves$iwncomer level, responds to the reduced steam flow and in-
water level. After about 20s, when the recirculation loogrease in downcomer level to lower the feedwater flow af-
pumps have coasted down, the vessel flow is just due to n#@r about 4s. Once the total recirculation loop mass flow
ural circulation, and under these conditions the plant reachégcreases below 1,750kg/s, the recirculation loop flow con-

VOL. 39, NO. 9, SEPTEMBER 2002



974 P. CODDINGTONEet al.

troller forces the FCVs to fully open according to the plantthe flow losses in the FCVs as a function of relative position.
specific event procedure. The calculated reduction in the core flow that accompanies

As the reactor pressure stabilises, the feedwater flow ratee fall in the jet-pump drive flow is shown fig. 3. Again,
keeps getting adjusted and the core void decreases, whitte initial reduction is well predicted once an allowance is
causes the downcomer level to return back to its originahade for the time delay of up to 2 s in the plant signal. How-
value after about 25s. After about 27.5s after trip initiatiorever, there is a difference between the calculated and mea-
when the pump speed falls below 15%, the plant core powstred values after about 8 to 10 s. We see that the RETRAN-
drops rapidly due to the insertion of pre-selected control rodD results overpredict the plant data in a manner consistent
(Selected Rod Insertion, SRI). This plant-specific feature wagith the overprediction of the jet pump drive flow.
included in the RETRAN-3D model. The initial decrease in the core poweéiid. 4) is well pre-

It should be noted that the abrupt reduction in the observeticted by the RETRAN-3D calculation. After about 2 to 3 s,
recirculation loop drive flow after 30s, seen in (Fig. 1), ighe core power is overpredicted, and the degree of overesti-
a consequence of the instrumentation going “out of boundshation remains almost constant after about 10s as the rate
and is not an indication of the plant behaviour. of the core flow reduction strongly decreases. During the first
(2) Code Comparison against Plant Data 10s, the plant data shows a more rapid reduction in the power,

The comparison between the RETRAN-3D calculation antpllowing the initial core flow runback and increase in core
the plant data indicates very good overall agreement, awgid, with a small recovery as the fuel temperature falls and
shows that the calculation was able to capture the main fetie core Doppler reactivity increases. In the calculation, the
tures of the test, including those that require feed-back fropower reduction has a smoother response, most likely as a
the plant control system. consequence of the different core thermal time-constants.

The RETRAN-3D calculated reduction in the recirculation There are several different phenomena that determine the
loop drive flow Fig. 2), following the recirculation pump trip, core power response following the core flow reductieq,
shows that the initial flow reduction in the plant is observednagnitude of void increase, dependence of reactor cross-
to lag behind the calculated value. This results from a timgections on moderator density and fuel temperature, and
delay in the plant signal of between 1 and 2 s, which was nehange in average fuel temperature as a function of the change
included in these calculations. After about 6 to 8as,when in power. While it is found that the calculated net core flow
the flow has fallen to below about 50%, there is a consistergduction (Fig. 3) is slightly smaller after 10, it is likely that
overprediction of the calculated value of the recirculation loopajor reasons for the power difference are an underprediction
drive flow. It is possible that this occurs because of the foln the change in the core average void and a different thermal
lowing: As was noted above, in this particular plant the flowesponse of the coreg. change in the average fuel tempera-
controller requires the FCVs to open fully as the recirculatioture, as the core power reduces. It is, for example, difficult to
flow rate falls below a certain value. This identifies a limitainatch the combined response of the many reactor fuels pins
tion in the plant model in the ability to correctly characterisavith just one representative calculational pin without careful

“tuning”.
120
- 100+ — — RETRAN .
1001~ ) N = —— Plant test data
: \ — — RETRAN -
\ Plant test data
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Fig. 2 Recirculation loop drive flow (Double recirculation pump
trip) Fig. 3 Total core flow (Double recirculation pump trip)
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Fig. 4 Core power (Double recirculation pump trip)

40

50

function of the steam flow, as well as a correct representation
of the steam line pressure losses again as a function of the
steam flow rate.

The prediction of the change in the measured Narrow
(Fig. 6) Range water levels is good. The water level rises ini-
tially as the total core flow, and therefore the downcomer flow,
fall. The plant data shows an increase in the narrow range wa-
ter level of about 20 cm whereas the calculation gives a value
of about 30 cm. Again the plant response appears to be slower
because of a time delay in the observed signal of between 1
and 2s. After about 5s the level begins to fall as the feed-
water flow is reduced to compensate for the reduction in the
core power (in fact it is the sensed steam flow that is used in
the feedwater controller) and the increase in the water level.
Eventually,i.e. after about 20 to 25 s, the feedwater controller
brings the downcomer level back to close to its original value.
There is a rapid reduction in the level following the SRI at
about 27 s in both the plant data and the RETRAN-3D calcu-
lation, with a minimum in the level of about25 cm occur-
ring in both the calculation and the plant data at about 36 to
38s. Following this minimum, the feedwater controller in the
plant brings the level back to its original value, while in the
RETRAN model for these low power conditions, the feedwa-
ter response is much slower.

The rapid power reduction in the power that follows the After about 10's, when the pressure has stabilised, the cal-
SRI at about 27s is well predicted by the RETRAN-3Dculated steam flow is higher than the plant measurement con-

calculation.

firming the higher calculated core power and hence underlin-

The comparison of the change in the calculated and meiag the “self-consistency” of the comparisons.

sured steam dome pressure giverrig. 5 shows very good

agreement, both for the initial reduction in power and that fol2, Single Recirculation Pump Trip Test

lowing the selected control rod insertion. This confirms botli1) Transient Description

the ability of the RETRAN representation of the plant con- Thjs transient test was performed to examine the plant be-
troller to predict the change in the turbine inlet pressure astviour under asymmetric flow run-down conditions. The

0 ~— — RETRAN
\ ——  Planttest data

Al

-2

4

Relative Steam Dome Pressure {bar]
&
I

5

-6

=7l | e

-10 0 10 20
TIME [s]

40

50

50

40— -

— — RETRAN
Plant test data

Change in Narrow Range Level [cm]

-10 0 10 20 30 40 50
TIME [s]

Fig. 5 Relative steam dome pressure (Double recirculation punpid- 6 Narrow range downcomer water level (Double recirculation

trip)
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trip of a single recirculation loop pump results in a reduction
in the total core flow which, because of the non-linear de- 100
pendence of pressure drop on flow, decreases the vessel flc
pressure drop and so increases the flow through the jet pum
connected to the untripped recirculation pump. The pressur
drop across the jet pumps resulting from the continued operz
tion of one of the two recirculation loops produces first a stag-
nation and then a reversal of the flow through the jet pumpsg
connected to the tripped loop. For this test, therefore, the fincg
core flow comes from the sum of positive flow through the jet's
pumps connected to the untripped loop and the negative fI0\§
through those connected to the tripped loop. The ability tc2 | i
successfully calculate this transient requires an accurate re
resentation of the jet pump losses for both forward (at up tc i o RETRAN + 2.5 s sensor Time const |
150% of normal flow) and reverse flow conditions. - RETRAN
In more detailed terms, following the trip in the recircula- L ——  Planttest data |
tion pump A, the pump speed decreases producing a fall il
the recirculation Loop A drive flowHig. 7) while the recir- - .
culation loop flow-controller locks the FCV A at the current i 1
position. It should be noted that similarly to the double re- i T
circulation pump trip, the abrupt fall in the Loop A flow at
~23s occurs because the instrumentation goes out of range Fig g Total core flow (Single recirculation pump trip)
and is not indicative of the plant behaviour. The pump speed
in Loop B stays more or less constant, and the flow-controller

starts to thrott!e FCVB aﬂer about 4§ due to Fhe Com',nuo%ccuracy at low values and the fact that a positive flow is indi-
increase in drive flow. The increase in the drive flow in th

Cated irrespective of the sign of the pressure drop. This results

?a?leltr)?)t;)nfgl]ol\/c\)/c;géil;?;ﬁcg) \fv?]ﬁﬁsm‘;::)or\?vsﬂ:‘?orriiﬁglroergj :Jncttirc])i ti‘;fn the observed increase in the plant core flow after about 12 s
' as the flow through the jet pumps attached to the tripped loo
the loop A flow and therefore the total core flofig. 8). g 1" pump PP P

first stagnate and then reverse. If the plant protection system

_The total core flow for the plant, shown in Eig._S_, s O.b'senses a trip in only one of the two recirculation pumps and
tained from the sum of the flow through the two individual jett the pump speed falls below 15% of its original value, then

pumps. The jet pump ﬂ.OW Is obtained from a measurement Me data acquisition system subtracts the loop flows. This can
the pressure drop. This has two consequengesa loss of be seen to occur after about 25 s in Fig. 8 when the core flow
falls abruptly to about 57%. After about 25 s, the core flow
120 : T — slowly decreases to a value of about 50%.

The reduction in the core flow produces an increase in the
core average void and therefore an immediate drop in core
power Fig. 9). The core power falls to about 65% of its ini-
tial value compared to about 40% in the case of the double
pump trip. The core power decrease leads to a continuous
reduction in steam flow, which causes the reactor pressure to
fall. The core flow appears to fall slower than would be sug-
— — RETRAN gested by the rapid fall in the core power. This results from a
——  Plant test data sensor time constant in the process core flow signal of up to
2.5s. The Narrow and Wide Range water levels behave in a
very similar way, during the first 20's, to that observed in the
Double Recirculation Pump Trip test. The narrow range level
presented ifrig. 10 shows an increase of about 10 cm, which
] is about half that of the double recirculation pump trip test
and is consistent with the slower reduction in the core flow.
| (2) Code Comparison against Plant Data
As in the case of the Double Recirculation Pump Trip test,

20
TIME [s]

100

90

80

70

60

50~

40

Recirc loop A and B Drive Fiow {%]

20—

10 T~ the calculations performed with RETRAN-3D, when com-
ol L LT pared against the plant data, show good overall agreement for
-10 0 10 20 30 40 50 this transient. The prediction of the loop A drive flow (tripped

TIME
" loop) shown in Fig. 7 would appear to be better than that for

Fig. 7 Recirculation loop A and B drive flow (Single recirculation the double recirculation loop trip, and this is, at least in part,
pump trip) do to the fact that for this transient the FCV position in loop
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100 ,VMWV the core power (Fig. 9) are that the RETRAN-3D calculation

slightly overestimates the core flow and hence the core power.
After about 20s, the calculated core power reaches a
plateau of about 65%, compared to a plant value of about
60%, and the core flow a calculated value of 55% compared
to the plant value of about 50%. In this respect, the compar-
ison is similar to that of the double recirculation loop pump
60 trip, in that both calculations consistently overpredict the core
L 1 flow and reactor power under reduced flow conditions. This
would imply that the calculated low-flow vessel pressure drop
L 1 is being under-estimated.
o0 . The prediction of the change in the downcomer water level
(Fig. 10) is of a similar quality to that for the double recir-
- — — RETRAN . culation pump trip. Again, both calculations overpredict the
Plant test data initial (0 to 10's) increase in the water level as the downcomer
20 flow decreases. Since the initial change in the total core flow
r 1 is well predicted (Fig. 8), the cause for the discrepancy most
probably lies with the change in the separator inventory as the
r 7 core flow is reduced. In both cases, the separators are mod-
05 T T T 6%  elled in a quasi steady-state manner. After the initial increase
TIME [s] in the downcomer level, the feedwater controller reduces the
Fig. 9 Core power (Single recirculation pump trip) feedwater flow to bring the level back to its original value af-
ter about 25 to 30s.
As with the calculation of the double recirculation pump
U A R trip transient, the degree of agreement with plant data is quite
consistent with results reported elsewherg, for RETRAN-
or 7 02'2 and RETRAN-03? analyses of BWR/5 tests.

80—

Core Power (APRM A Flux) [%}

60— — — RETRAN —
—— Planttest data

3. Summary

The following BWR/6 transient tests have been analysed
using RETRAN-3D: Double Recirculation Pump Trip and
Single Recirculation Pump Trip.

Generally, the calculations show a good overall agreement
with the plant data. Both models are able to capture the main
features of the two transient tests, and the main thermal hy-
draulic variables show excellent agreement between the code
predictions and plant measurements.

For the double recirculation pump trip test, it has been pos-
sible to capture the transition from forced to natural circula-
tion flow around the vessel. Although the reduction in the
recirculation pump speed is accurately calculated, there is a
consistent overprediction of the recirculation loop drive flow
under low flow conditions due to the lack of data to of ac-
20l Ll L L curately model the flow resistance of the FCVs as a function
of position. Following the establishment of natural circula-
tion vessel flow, the total core and, therefore, core power is
Fig. 10 Narrow range downcomer water level (Single recirculatiorbverpredicted by RETRAN-3D.

pump trip) For the BWR/6 considered, following a trip of both recir-

culation pumps, the plant-specific event procedures require
the insertion of a select number of control rods (SRI) in order
A does not change. to ensure that the natural circulation point (powgrflow) is

The Calculated tOtal core ﬂOW iS We” predicted fOI‘ the firSWe|| Separated from the unstab|e operating region_ In order
10seconds, Fig. 8 showing the results of the RETRAN cajp model this particular plant feature, cross section sets were
culation with and without the 2.5 s sensor time constant. Thequired for multiple control states. The power reduction that
accurate prediction of the core flow produces a good predigg|iowed SRI, which was initiated automatically when the
tion of the core power during this initial period (Figs. 7 anqDump speed fell below 15%, was well calculated.

9). Between about 12 and 25s when the plant data indicatefor the single recirculation pump trip test, the flow through
an increase in the core flow, it is difficult to make a detailegle jet pumps attached to the untripped loop increases, while
comparison. However, the indications from both Fig. 8 anghe flow through those attached to the tripped loop initially

50— —

401 -

30— -

Change in Narrow Range Level [cm]
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stagnates and then reverses. With the total core flow beiegating pressure.) The RCS is full of liquid with the pres-
the sum of these two flows, accurate predictions for this testirizer level reaching half its height. The RCS pressure is
require a good representation of the plant jet pump operationaintained by keeping the fluid in the pressurizer at saturation
under a wide range of forward and reverse flow conditiongonditions for the RCS system pressure with the help of the
The initial reduction in the core flow is well modelled. Thepressurizer heaters (switched off once the scenario begins.) A
final core flow and consequently the core power are slightlymall flow is maintained in the RCS by running one of the
overpredicted. However, the prediction is better than that feeactor coolant pumps (RCPs) in order to provide flow to the
the double recirculation pump trip test. Generally, the systeRHR for removal of the decay heat. This pump is tripped after
losses require improved modelling, particularly those for ththe RHR fails (the initiator event of the scenario.)
jet pump, under conditions away from normal operation. The secondary sides of the steam generators are isolated
and at saturation in thermal equilibrium with the primary side.
I11. Analysis of Thermal Expansion during Shut- They are assumed to remain isolated during the scenario, so
downin aPWR that their role as a sink of decay heat is not enhanced by vent-
ing steam to the condenser. The secondary side inventory in

In this section, we examine the application of RETRAN+his configuration contains-34% of the total system mass
3D to the best estimate analysis of a beyond design basis tr?ﬂfimary and secondary.)

sient. The stgdy considers th_e consequences following the hy-|, ihe reference PWR there are three PORVs, but only one
pothetical failure of the Residual Heat Removal (RHR) SySst them has its opening set-point reduced during the shutdown
tem during shutdown in a Pressurized Water Reactor (PWR},oqe of operation to provide overpressure protection at the
If the RHR system decay heat removal capability cannot i, shytdown pressures. For this reason, only the PORV with
ensured, then the decay heat released in the core will heatmg lowered opening set-point was assumed to be activated
the Reactor Coolant System (RCS) inventory and will Caus§ring the scenario, although the other two PORVs can be
it to expand. If the thermal expansion is such that the emir@pened by the operator at any moment. The mass flow rates
RCS becomes completely filled with water, then further exs¢ the gpen PORV and RHR relief valve are assumed to be the
pansion will result in a rapid increase of the RCS pressurg,inimum under the critical flow conditions present during the
Such a situation could threaten the integrity of the RCS pregzenario, as given by the valves’ manufacturers specifications.
sure boundary and lead to a dangerous break in the primay re4jity, the increase of RCS pressure and the change of
system or in the lines of the systems connected ®@dtthe  yhermodynamic conditions should determine the actual crit-

. i : i W&l flow through the valves. In order to provide a bounding
opening of the pressurizer relief valves (PORVS), or in thosggtimate of the RCS pressure behavior and conclusions, it was

PWRs in which the RHR system is not isolated after it failSyeciged to adopt the minimum flow values for the entire tran-
by the opening of the pressure relief valve in the RHR syste@jq ¢

line.
The purpose of the analyses presented in this section is4o Description of the RETRAN-3D Model

determine whether mitigating measures, such as the openingy .- from a two-loop 1,130 MWth Westinghouse-type ref-

of one of the PORVs and the RHR relief valve, are capablg, ..« PWR were useci to develop the RETRAN-3D in-
of preventing a fast pressure increase. A best estimate anglit model (seeFig. 11). The detailed system model in-
ysis of this scenario has been performed using RETRAN-3, o< the pressure vessel and its internals, the pressurizer and

for a.typical two-loop Westinghouse-type P,WR' _The analysi urge line, the steam generators with the secondary sides, the
considered the shutdown state of the plant in which the conql- mps, and the cold and hot leg lines. The metal masses in

tions are most severe from the point of view of decay heat ang, primary system, vessel, core and steam generators were

RCS configuration. Two cases have been analyzed, namely @ tayen into account. The pressurizer is connected to Loop
Base Cage with the pressurizer |n|.t|ally_ ha}lf-full, and a MOr% and the RHR system injection and suction points (mod-
conservative case with the pressurizer initially full. elled as two FILLS) are attached to the cold and hot legs of
. . Loop B, respectively. The RHR lines are isolated during the
1. Initial Conditions transients. The initial water inventory and thermodynamic

The severity of the thermal expansion scenario depends @8 itions in the secondary sides are adjusted according to
the decay heat level and on the RCS configuration (inventory,q initial conditions expected at the beginning of the sce-

temperature, pressureic.) at the time of the RHR system a5 A powervs-time table simulates the decay heat and
failure, since these determine the speed at which the RGSpased on a decay heat formula for the reference PWR end-
inventory expands and the RCS pressure increases after fie.qilibrium-cycle conditions. This formula yields a higher
RCS fills completely. o _ decay heat leveh25%) than the standard ANS-#9.Thus,

For the reference PWR used in this analysis, a two-l00@g (ime windows for operator action to prevent a dangerous
1,130MWth Westinghouse-type PWR, the worst case SCeygiem pressurization above the RHR design limit (1.9 MPa
nario, according to previous shutdown risk analyses, 0cCUL e RHR operating pressure) obtained in the calculations
at the beginning of the shutdown configuration at 22.4h ay, oun below are expected to be shorter than if the ANS-79
ter shutdown, with a decay heat power level of 0-675%]ecay heat standard had been used.
nominal full power. The RCS is then highly subcooled the main initial steady-state parameters are displayed in
(ATsubcoor~74 K) and at low pressure~{16% of nominal 0p-  rgp|e 1. The pressures have been normalized to the pressure
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Fig. 11 RETRAN-3D 2 loop PWR system nodalization
Table 1 Initial system normalized parameters
Main system parameters RETRAN-3D Reference PWR
Initial decay heat power level 0.675% nominal  0.675% nominal
RCS Avg. hot leg subcooling 73.4K 74.0K
RCS normalized pressiite 1.0 1.0 (16.12% nominal)
Secondary side normalized pressure 0.832 1.0 (8.5% nominal)
Total RCS normalized ma8s 0.993 1.0 (nominal 1/2przr.r)
Total secondary side mass (2SGs) 1.026 1.0
Total system mass (RGSGsY 1.004 1.0

@) Normalization pressure is initial pressure at beginning of scenario.
b) Normalized value is mass at the beginning of scenario.

at the beginning of the scenario, and the masses to the initthrough one of the PORVs. The characteristics of this valve
inventories to permit a better comparison between the calcare an opening set-point for an overpressure of 0.57 MPa
lations and the reference values. The calculated primary sidbove the RCS pressure at the beginning of the scenario, with
conditions are very close to the reference plant’s conditions atdelay of 3.45s (0.75s dead time2.7 s activation), and a
the beginning of the thermal expansion scenario. reseating set-point for an overpressure of 0.1 MPa, with the
The water masses, which are important to determine tlsame delay. The minimum mass flow rate for the conditions
progression of the accident, since they act as heat sinks agxpected during the scenario, selected as a conservative as-
expand, are also quite similar. The largest difference is abostimption (from manufacturer’s data), i89x10~* s, nor-
2.6% for the secondary sides, while the total system masseslized tototal initial RCS inventoryj.e. it would take about
differ by less than 0.4%. The difference in the secondary sid&5 h to empty the entire RCS if this valve would remain con-
pressures corresponds to about 7K difference in saturatiinuously open and vent at this rate. The only flow in the RCS
temperature. This was necessary, because RETRAN-3D haes caused by natural circulation.
difficulties in achieving a steady-state solution with both the After the RHR system failure, the decay heat caused the

primary and secondary sides in thermal equilibrium. fluid to expand, steadily increasing the pressurizer level. The
RCS pressure, initially at 16.12% ndéminal pressure, started
3. Base Case to fall, reaching a minimum value 0.6 MPa lower than the

The base case started from the steady-state conditions pirétial pressure after about 1.75h. The injection of substan-
sented in Table 1. Primary side inventory was only lostially subcooled ATsuncoo=73.4K) RCS inventory into the
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Fig. 12 Base case (Pressurizer pressure and average subcooling for loops A and B)

pressurizer (initially at saturation in order to maintain sysrapidly reach the PORV opening set-point at about 2.2 h.
tem pressure) decreased its temperature, and the steam (iniA period of oscillatory pressure followed as the PORV
tially saturated) cooled down and condensed, thus reduciogened and closed, thus keeping the RCS pressure below the
the RCS pressuré:igure 12 shows how the average temper-PORV opening set-point up to about 2.6 h. Following this, a
ature of the fluid in the pressurizer steadily decreased as tsady rise in RCS pressure is observed in Fig. 14. The expla-
subcooled condensate filled the pressurizer (the heaters waggion for the pressure rise above the PORV set-point can be
switched off at the beginning of the scenario.) found by studying Fig. 14. After 2.6 h, the RCS temperature

It is important to note that the decrease in system pres: many locations reached the saturation value. As a conse-
sure predicted by RETRAN-3D may have been influenced lyuence, the volumetric expansion (per unit of energy addi-
the fact that this code, like other one-dimensional thermation) of the RCS fluid increased to a value greater than the
hydraulic system analysis codes, tends to diffuse energy fromlumetric fluid (single phase liquid) loss through the open
one computational cell to another by reason of the numericRIORV. Itis seen that this then leads to an increase in pressure.
methods used, and it is difficult to simulate stratified temper- A stand-alone calculation (based on thermodynamic prin-
ature fields. In a real scenario, a stratification of cold andiples) was carried out assuming that the entire RCS inven-
hot liquid layers may form, separated by a turbulent thermabry is uniformly heated, so that, in this analysis system pres-
mixing layer, which may result in the RCS pressure not desure exceeded the PORV pressure only after the entire RCS
creasing as much as predicted. reached saturation. In the RETRAN-3D analysis, which can

After about 1.75h, the pressurizer water level almosgimulate the effects of the localized decay heat source in the
reached the top, and the compression of the steam bubble iodre, of the natural circulation flow in the RCS, and of the
tiated a pressure increase. The continuing expansion of theetal masses and secondary sides in the RCS temperature dis-
RCS inventory eventually collapsed the steam bubble and thébution, the RCS pressure became greater than the PORV
pressurizer became full of liquid at1.82 h (sed-ig. 13). Af-  opening set-poinbefore the entire RCS reaches saturation
ter the level reached the top, it remained at its maximum valuwmnditions. This can be explained by the fact that the fluid
(9.62 m) for the remaining of the scenario. An additional calin the RCS was not at the same temperature and pressure ev-
culation performed with a more refined noding scheme for therywhere. Thus, some regioresg. core, upper plenum and
top of the pressurizer did not change this behavior. top of U-tube bundle, reached saturation and produced vapor,

By this time, void appeared in some locations of the RCSyhile most of the RCS remained subcooled.Fig. 15, one
e.g. the upper plenum (sdeg. 14), as the fluid reached satu- can see this starting at1.75 h, for which time RETRAN-3D
ration conditions. The pressure increase was thus ‘cushiongaedicts that some of the decay heat went into the heating up
by the appearance of compressible vapor in the system. Hothe RCS subcooled inventory and some into vapor production.
ever, the increasing liquid expansion ultimately collapsed tHeis important to note that Fig. 15 shows average subcooling
void filling the RCS entirely with liquid at about 2.15 h. Thereferenced to the upper plenum pressure, meaning that, since
RCS inventory continuing expansion caused its pressure tioe fluid out of the vessel is saturated, the incoming flow to
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Fig. 14 Pressurizer water level and normalized pressure

the vessel must be subcooled after transferring heat into theo-phase expansion, would increase the saturation temper-
steam generators. ature along the RCS, thus rendering the flow downstream of
The stand-alone calculation predicted that the entire RCSthe steam generators subcooled. Thus, the best estimate code
would reach saturation in2.85h (at about the same timecalculation, as a consequence of the ability to simulate the
(~2.6 h) that the RETRAN-3D calculation predictedavar-  temperature distribution in the RCS, was able to capture this
age subcooling near zero). In reality, an entire RCS at saphenomenon and yielded a more realistic, and shorter, time
uration can never be achieved under the conditions of thweindow (2.6 hvs. 2.85 h) for operation action (defined as the
scenario analyzed, since the increasing pressure due to time before the RCS pressure increases above the PORV set-
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Fig. 15 Normalized pressurizer pressure and temperature difference

point) than otherwise would have been computed by assuimventory was still highly subcooled\(Tsypcoor~73 K), so that
ing a uniform temperature throughout the RCS resulting fromo void formation occurred. The loss of inventory through the
a perfect mixing of the primary inventory. PORYV valve is then sufficient to compensate for the thermal
It is important to note that, although the above time difexpansion of the RCS inventory, which pushed coolant inside
ference between the stand-alone calculation (2.85h) and tthee pressurizer.
system analysis (2.6 h) is not large for this scenario, it may A stand-alone calculation of the rate of expansion of the
be so in other circumstances with other boundary conditionRCS water, that took into account all the RCS and secondary
e.g. different PORYV flow rates. sides water and metal masses, yielded a rate of expansion
The loss of RCS inventory through the now constantly opeabout 80 times lower than the volumetric flow rate through
PORYV and the compressibility of the system per unit of enthe PORV. Thus, a short valve opening time significantly
ergy added, contribute to determine a rate of RCS pressuerluced the RCS pressure, as showirig 16. The RCS
increase that prevents the RCS pressure from reaching fwessure remained, therefore, below the PORV opening set-
maximum pressure allowed for the RHR system (1.9 MPpoint while the temperature in the RCS remained below the
overpressure above the RCS pressure at the beginning of faduration temperature (see Hot Leg A subcooling in Fig. 16).
scenario) for a time significantly greater than 2.6.e. the As the fluid in many regions of the RC&4. upper plenum,
time when the PORV becomes fully open). Unfortunatelycore, hot legs) reached saturation conditions, the fluid expan-
further extension of the calculation was hindered by code cosion became similar to that observed in the Base Case. The
vergence problems for highly voided, low pressure and powégict that this phenomenon appeared at roughly the same time
conditions. Thus, this analysis gives atime windovatdeast  in both cases~2.6 h) occurs because the loss of energy per
2.6 h for operator action to restore some form of decay heahit mass though the PORV flow is much smaller than the de-

removal before the integrity of the RHR is challenged. cay heat released to the RCS. The time window for operator
action before the pressure steadily increased above the PORV
4. RCSInitially Full set-point, therefore, depends mainly on the initial RCS sub-

Two additional thermal expansion scenarios have also beenoling (A Tsubcoor~73 K) and on the ratio of decay hea
analyzed. They start with the failure of the RHR systentotal system mass (0.041 MW/t).
22.4h after shutdown with the pressurizer completely full. Thus, the opening of only one pressurizer PORV appears to
The pressure starts a rapid increase a short time after the RH®able to hold the increase in RCS pressure below the PORV
system fails. opening set-point, even when the thermal expansion scenario
(1) Pressure Relief through the PORV begins with the RCS completely full, while the RCS remains

When the thermal expansion scenario started with the RG®bcooled in most regions. The pressure rise caused by the
filled with water, the RCS pressure rose very rapidly up to thexpansion of the RCS inventory is thus kept within accept-
PORV opening set-point, and a cyclic opening and closingble limits for at least 2.6 h. After this time, substantial vapor
of this valve followed. When the PORV opened, the RC®roduction in the RCS, together with the thermal expansion,
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Fig. 16 RCS initially full (RCS normalized pressure and subcooling in hot leg A)

increases the RCS pressure in the same way that in the B&sg capacity appears to be enough to prevent the RCS pres-
Case discussed earlier. sure from reaching the RHR maximum allowed pressure for
(2) Pressure Relief through the RHR Relief Valve at least 2.75 h. The difference in time with respect to the two
The second case with the RCS initially full assumed thatrevious cases discussed above is caused by the higher system
the PORYV failed to open. Under such conditions, only thgressure, which implies a higher saturation temperature.
RHR relief valve was available to limit the pressure increase. Finally, Fig. 17 shows the initial seconds of the scenario for
This scenario is not possible for those PWR plants whichoth cases with the RCS initially full. According to the figure,
have, as an operating procedure in case of RHR failure, titiee rate of pressure increase after the system became ‘water-
isolation of this system. solid’ was about 0.11 bar/s. The PORV and RHR valves have
The minimum mass flow rate assumed (from manufag response time of about 3.5s until fully open (typical val-
turer’s data) for the RHR relief valve under the scenario corises from manufacture’s data). This gives a large time margin
ditions is 922x10-°s~! (normalized to initial RCS mass; it to avoid a very rapid pressure increase, similar to a pressure
would empty the RCS in-3 h). The valve opening and clos- spike, even with the RCS initially full. Moreover, the increase
ing set-points are respectively 1.1 MPa and 1 MPa above tieg RCS pressure is linear, as can be expected from a thermal
pressure at the beginning of the scenario. expansion process with a constant source of power.
During the thermal expansion, the RCS pressure followed According to the linear pressurization rate in Fig. 17, if
a similar behavior to that observed for the case of the openimg relief valve opened, it would take about 1,410s to reach
of the PORV valve. The thermal expansion of the RCS liquithe RCS design limit (1.16 time®minal pressure), but only
increased the RCS pressure rapidly until it reached the RH#pout 170's to reach the maximum pressure allowed for the
relief valve opening set-point at about 0.08 h. From then oRHR lines (1.9 MPa overpressure). However, if at least one
the cyclic opening and closing of the valve maintained thefthe PORV valves in the pressurizer opens, or the RHR relief
RCS pressure below the RHR valve opening-set point (thalve (if this system is not isolated), the pressure can be kept
same comments about the cycling opening and closing of théthin the limits, because the response of these valves is much
PORV mentioned earlier apply to this valve). The RHR valvdaster than the rate of pressure increase.
provided a volumetric flow rate approximately 10 times larger
than the rate of RCS volume thermal expansion mentionéd Summary
above. The main conclusion from the analyses presented in this
At about 2.75h, the RCS systems started to void becaupaper is that the danger of a large pressure spike at the begin-
the temperature in many locations reached the saturatioing of the thermal expansion shutdown scenario that could
value, and the RCS pressure started to rise above the opéreaten the integrity of a cold RCS or of the RHR lines (if the
ing set-point, similar to the two cases studied earlier. DurinBHR system is not isolated) seems to be unlikely. The results
this time, the maximum allowed pressure for the RHR linesbtained with the RCS completely full or with the pressurizer
was never reached. In summary, the RHR relief valve venalf empty showed that the pressure gradients due to the ther-
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Fig. 17 RCS initially full (RCS normalized pressure and initial seconds)

mal expansion of the RCS inventory are much slower than thsire increases above the valves’ opening set-points depends
opening speed of both the pressurizer PORV and RHR relipfimarily on the initial subcooling of the RCS; the higher the
valve. These valves can, venting at a minimum mass flow raseibcooling, the longer the time window, since the relief valves
for the conditions of the scenario, maintain the RCS pressucan maintain the RCS pressure below the safety limits while
below their opening set-points while the RCS remains sulit remains subcooled. A significant implication, therefore, is
cooled. that operator action to restore decay heat removal capability in
For the normalized (with respect to the total RCS mas%rder to reduce RCS pressure becomes even more important
valve mass flow rates given, the normalized decay heat levahce active boiling appears in the RCS. After this happens, if
(relative to full power) and the pressure safety limits for théhe operators try to reduce the RCS pressure increase by vent-
RCS and RHR lines (in terms of overpressure above the préag more RCS inventory through the opening of additional re-
sure at the beginning of the scenario), the valves’ venting chef valves (the two additional pressurizer PORVs or both the
pacities provide a lower bound for the time window for operPORV and the RHR relief valve at the same time), then an ex-
ator action to restore decay heat removal capability of at leastssive voiding of the core could result. Thus, restoring decay
2.6 h. After this time, the majority of the RCS reaches saturdreat removal capability without further loss of RCS inventory
tion and active vapor formation occurs. Then, the expansianay be the best option to consider in order to maintain RCS
of the saturated fluid exceeds the valves flow capacity amtessure below safety limits after the RCS subcooling has dis-
causes the RCS pressure to increase above the valves’ opgppeared and active vapor formation occurs in the RCS. Fur-
ing set-point. This indicates that the minimum venting capadher studies are required to clarify these aspects. A further
ity of the valves is not sufficient to prevent the RCS pressumaeasure that might be considered is to depressurise the steam
from increasing further unless additional pressure relievingenerator as this would increase the primary side energy loss
measures are taken by the operator. Nevertheless, with thihout loss of inventory.
continued loss of RCS inventory though the permanently open Finally, it is worth noting that the current best estimate
relief valves (PORV or RHR’s) and vapor formation in manyanalysis of this scenario with RETRAN-3D permitted the
locations of the RCS (especially in core and upper plenum3jmulation of the temperature distribution within the RCS.
core uncovery and fuel damage could become the main saféitiis was especially important to predict the locations of ac-
concern in such an scenario. tive boiling and the effect on the RCS pressure after some of
An interesting conclusion to be drawn from these studiethe RCS regions reached saturation conditions and before the
is that, in all cases, the RCS pressure can be kept below thmtire inventory did, and to predict a more accurate, shorter
pressure safety limits when just one pressurizer PORV or tHeme window” for operator remedial action than that esti-
RHR relief valve is activated. Regardless of the state of thmated using the assumption of uniform primary temperature
RCS at the beginning of the transient, full or with the presdistribution.
surizer at half level, the time window for operator action to
restore decay heat removal capability before the RCS pres-
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