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TECHNICAL REPORT
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Analysis of Nuclear Power Plant Transients
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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 LWRs. 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 features (e.g. SRI insertion, response of the recirculation
line valves to changes in flow,etc.) 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

The project STARS (Safety research related to Transient
Analysis of Reactors in Switzerland) represents a collabo-
rative R&D effort between the Paul Scherrer Institute (PSI)
and the Swiss Federal Nuclear Safety Inspectorate (HSK). Its
basic mission is to provide an accurate deterministic safety
assessment of the Swiss nuclear power plants (NPPs), con-
sisting of 2 boiling water reactors (BWRs) and 3 pressurized
water reactors (PWRs).

The system code RETRAN-3D1) is one of the main tools
utilised to perform best estimate (BE) analysis for a range of
operational and other (non-LOCA) transients for the Swiss
LWRs. In accordance with the scope of the project, it has
been necessary to demonstrate that this code is capable of
calculating transients in which (a) a realistic representation
of plant-specific features is important, and (b) conditions be-
yond those of traditionally considered operational events are
encountered. Various aspects of the code’s BE qualification
have been considered in the process, including basic model
development2) as well as assessment against separate effects
measurements,3–5) and comparison of calculation results with
integral experiments.6) This effort has provided confidence in
the applicability and accuracy of the code for the analysis of
transients in both types of LWRs.

It is in this context that this paper presents an in-depth study
of the performance of RETRAN-3D for two specific types of
applications to BWR and PWR plants. First, a detailed anal-
ysis of certain BWR/6 tests,viz. double and single recircu-
lation loop pump trips, shows, by comparison of the results
with plant data, that the code is able to accurately predict the
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coupled neutronic and thermal-hydraulic behaviour during an
operational transient, in which plant-specific system features
(e.g. Selected Rod Insertion (SRI), response of the recircu-
lation line valves to changes in flow,etc.) play an important
role.

The second aspect considered is the application of
RETRAN-3D to a “beyond-design-basis” event. In this con-
text, a study is presented of the primary system thermal-
hydraulic behavior after the failure of the Residual Heat Re-
moval (RHR) system during a PWR shutdown, which may
lead to an over-pressurization of the reactor coolant system
(RCS). The hypothetical scenario takes place with the system
at 150◦C and 25 bar. The thermal expansion of the primary
inventory swells the RCS inventory until it becomes com-
pletely filled with liquid water. Further expansion of the liq-
uid rapidly increases the RCS pressure, and there is concern
that a break may occur. In-depth assessment of the results
obtained shows the applicability of RETRAN-3D for these
kinds of shutdown scenarios at relatively low temperatures
and pressures, and the need for employing a BE approach to
predict a more realistic system pressure response and a shorter
“time window” for operator remedial action than that esti-
mated using the simplifying assumption ofuniform primary
side temperature (perfect primary inventory mixing).

II. Analysis of BWR/6 Recirculation Pump Trip
Transients

In order to have confidence in the application of a code to
perform realistic (best-estimate) analysis of transients for an
NPP, 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
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correct geometric representation of components, but also in-
clude a model of the plant control and protection system and,
when necessary, a detailed representation of the reactor ki-
netics. In order to assess this “complete” plant-specific input
description, it is usual to validate it in combination with the
code against plant transient data. In this section, we present
the results of the assessment of RETRAN-3D against two
BWR/6 1,145 MWe (3,140 MWth) transients,i.e. a double
and a single recirculation pump trip.7) The calculations were
performed with the Four-equation Dynamic Slip model be-
cause of its more numerically robust behavior in BWR anal-
ysis applications when compared to the Five-equation model
described in Ref. 2).

The application of RETRAN-3D to the considered BWR
plant start-up tests requires the use of an adequate modelling
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
point kinetics is not applicable here because of the transient
changes in the axial power shape. In addition, the 3-D ki-
netics model for transient applications is still subject to a ba-
sic evaluation.8) As a consequence, the 1-D kinetics model
has been considered to be the most appropriate for applica-
tion to the current analysis. The 1-D kinetics cross-sections
were derived from CASMO SIMULATE9) core-follow cal-
culations using the cross-section radial homogenization code
SLICK.10,11) Following this procedure, cross-sections repre-
sentative of the individual reactor fuel cycles were generated
for the analysis.

The RETRAN-3D nodalisation of the reactor vessel is pre-
sented inFig. 1 and shows the lower plenum (control volumes
170 and 160), the upper plenum (150 and 140), with the core
region lying between these two regions, the steam water sep-
arator (130 and 120), the steam dome (110 and 100), and the
downcomer region (500 to 570). The feedwater enters the
vessel at control volume 530 and the steam flows out into the
steam line from control volume 500. The steam line nodalisa-
tion models each one of the four steam lines separately, each
one with its own safety relief valves. Following the header,
these lines are combined in the model into a single one which
directs the steam to either the turbine inlet or to the condenser
via the by-pass valve.

1. Double Recirculation Pump Trip
(1) Transient Description

The trip of both recirculation loop pumps results in an im-
mediate loss of pump head as the pump speed decreases, with
a consequential loss of core flow and therefore core power. As
the pump head decreases the vessel flow continues due to nat-
ural circulation with the driving head coming from the fluid
density (void) difference between the core and upper plenum,
and the downcomer. As the core flow and therefore power
falls the reduction in steam flow produces a decrease in the
pressure drop along the steam line with a consequential re-
duction in the reactor pressure vessel pressure. As a result of
the reduction in the power and therefore steam flow, the plant
feedwater controller responds to maintain a constant vessel
water level. After about 20 s, when the recirculation loop
pumps have coasted down, the vessel flow is just due to nat-
ural circulation, and under these conditions the plant reaches

Fig. 1 RETRAN-3D BWR/6 vessel nodalization

an equilibrium state with a core flow of about 30% and a core
power of between 35% and 40% of the full power value. In or-
der to eliminate the possibility of this final point lying within
the unstable operating region, a group of 8 pre-selected con-
trol rods is inserted into the core once the speed of both pumps
falls below 15% of the normal operating value. This selected
control rod insertion (SRI) lowers the core power to about
30% and reduces the core flow to about 25%, thus produc-
ing a natural circulation state away from the BWR unstable
region on the powervs. flow map.

Viewed in more detailed terms, the pump speeds decrease,
following the trip of both recirculation pumps and the flow-
controller, sensing the pump trips, locks the Flow Control
Valves (FCVs) at their current positions. The immediate
resultant decrease in the recirculation loop flows (Fig. 2) re-
duces the jet pump drive flows, resulting in a core flow de-
crease (Fig. 3). As a consequence, the “average core void”
increases, which causes the core power (Fig. 4) to decrease
immediately. This, in turn, results in a fall in the steam flow,
causing the reactor pressure to drop (Fig. 5).

As a result of the decrease in core flow and consequent
decrease in reactor pressure, the collapsed water level in the
downcomer starts to rise, as indicated by the Narrow (Fig. 6)
and Wide Range level measurements. The feedwater flow
controller, which is regulated by both the steam flow and the
downcomer level, responds to the reduced steam flow and in-
crease in downcomer level to lower the feedwater flow af-
ter about 4 s. Once the total recirculation loop mass flow
decreases below 1,750 kg/s, the recirculation loop flow con-
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troller forces the FCVs to fully open according to the plant-
specific event procedure.

As the reactor pressure stabilises, the feedwater flow rate
keeps getting adjusted and the core void decreases, which
causes the downcomer level to return back to its original
value after about 25 s. After about 27.5 s after trip initiation
when the pump speed falls below 15%, the plant core power
drops rapidly due to the insertion of pre-selected control rods
(Selected Rod Insertion, SRI). This plant-specific feature was
included in the RETRAN-3D model.

It should be noted that the abrupt reduction in the observed
recirculation loop drive flow after 30 s, seen in (Fig. 1), is
a consequence of the instrumentation going “out of bounds”
and is not an indication of the plant behaviour.
(2) Code Comparison against Plant Data

The comparison between the RETRAN-3D calculation and
the plant data indicates very good overall agreement, and
shows that the calculation was able to capture the main fea-
tures of the test, including those that require feed-back from
the plant control system.

The RETRAN-3D calculated reduction in the recirculation
loop drive flow (Fig. 2), following the recirculation pump trip,
shows that the initial flow reduction in the plant is observed
to lag behind the calculated value. This results from a time
delay in the plant signal of between 1 and 2 s, which was not
included in these calculations. After about 6 to 8 s,i.e. when
the flow has fallen to below about 50%, there is a consistent
overprediction of the calculated value of the recirculation loop
drive flow. It is possible that this occurs because of the fol-
lowing: As was noted above, in this particular plant the flow
controller requires the FCVs to open fully as the recirculation
flow rate falls below a certain value. This identifies a limita-
tion in the plant model in the ability to correctly characterise

Fig. 2 Recirculation loop drive flow (Double recirculation pump
trip)

the flow losses in the FCVs as a function of relative position.
The calculated reduction in the core flow that accompanies

the fall in the jet-pump drive flow is shown inFig. 3. Again,
the initial reduction is well predicted once an allowance is
made for the time delay of up to 2 s in the plant signal. How-
ever, there is a difference between the calculated and mea-
sured values after about 8 to 10 s. We see that the RETRAN-
3D results overpredict the plant data in a manner consistent
with the overprediction of the jet pump drive flow.

The initial decrease in the core power (Fig. 4) is well pre-
dicted by the RETRAN-3D calculation. After about 2 to 3 s,
the core power is overpredicted, and the degree of overesti-
mation remains almost constant after about 10 s as the rate
of the core flow reduction strongly decreases. During the first
10 s, the plant data shows a more rapid reduction in the power,
following the initial core flow runback and increase in core
void, with a small recovery as the fuel temperature falls and
the core Doppler reactivity increases. In the calculation, the
power reduction has a smoother response, most likely as a
consequence of the different core thermal time-constants.

There are several different phenomena that determine the
core power response following the core flow reduction,e.g.
magnitude of void increase, dependence of reactor cross-
sections on moderator density and fuel temperature, and
change in average fuel temperature as a function of the change
in power. While it is found that the calculated net core flow
reduction (Fig. 3) is slightly smaller after 10 s, it is likely that
major reasons for the power difference are an underprediction
in the change in the core average void and a different thermal
response of the core,i.e. change in the average fuel tempera-
ture, as the core power reduces. It is, for example, difficult to
match the combined response of the many reactor fuels pins
with just one representative calculational pin without careful
“tuning”.

Fig. 3 Total core flow (Double recirculation pump trip)

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY



Application and In-depth Assessment of RETRAN-3D for Best Estimate Analysis 975

Fig. 4 Core power (Double recirculation pump trip)

The rapid power reduction in the power that follows the
SRI at about 27 s is well predicted by the RETRAN-3D
calculation.

The comparison of the change in the calculated and mea-
sured steam dome pressure given inFig. 5 shows very good
agreement, both for the initial reduction in power and that fol-
lowing the selected control rod insertion. This confirms both
the ability of the RETRAN representation of the plant con-
troller to predict the change in the turbine inlet pressure as a

Fig. 5 Relative steam dome pressure (Double recirculation pump
trip)

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 2 s. After about 5 s 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 about−25 cm occur-
ring in both the calculation and the plant data at about 36 to
38 s. 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.

After about 10 s, when the pressure has stabilised, the cal-
culated steam flow is higher than the plant measurement con-
firming the higher calculated core power and hence underlin-
ing the “self-consistency” of the comparisons.

2. Single Recirculation Pump Trip Test
(1) Transient Description

This transient test was performed to examine the plant be-
haviour under asymmetric flow run-down conditions. The

Fig. 6 Narrow range downcomer water level (Double recirculation
pump 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-
pendence of pressure drop on flow, decreases the vessel flow
pressure drop and so increases the flow through the jet pumps
connected to the untripped recirculation pump. The pressure
drop across the jet pumps resulting from the continued opera-
tion of one of the two recirculation loops produces first a stag-
nation and then a reversal of the flow through the jet pumps
connected to the tripped loop. For this test, therefore, the final
core flow comes from the sum of positive flow through the jet
pumps connected to the untripped loop and the negative flow
through those connected to the tripped loop. The ability to
successfully calculate this transient requires an accurate rep-
resentation of the jet pump losses for both forward (at up to
150% of normal flow) and reverse flow conditions.

In more detailed terms, following the trip in the recircula-
tion pump A, the pump speed decreases producing a fall in
the recirculation Loop A drive flow (Fig. 7) while the recir-
culation loop flow-controller locks the FCV A at the current
position. It should be noted that similarly to the double re-
circulation pump trip, the abrupt fall in the Loop A flow at
∼23 s occurs because the instrumentation goes out of range
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 throttle FCV B after about 4 s due to the continuous
increase in drive flow. The increase in the drive flow in the
operating loop (Loop B) comes from the reduction in the to-
tal loop flow resistance, which follows from the reduction in
the loop A flow and therefore the total core flow (Fig. 8).

The total core flow for the plant, shown in Fig. 8, is ob-
tained from the sum of the flow through the two individual jet
pumps. The jet pump flow is obtained from a measurement of
the pressure drop. This has two consequences,viz. a loss of

Fig. 7 Recirculation loop A and B drive flow (Single recirculation
pump trip)

Fig. 8 Total core flow (Single recirculation pump trip)

accuracy at low values and the fact that a positive flow is indi-
cated irrespective of the sign of the pressure drop. This results
in the observed increase in the plant core flow after about 12 s
as the flow through the jet pumps attached to the tripped loop
first stagnate and then reverse. If the plant protection system
senses a trip in only one of the two recirculation pumps and
if the pump speed falls below 15% of its original value, then
the data acquisition system subtracts the loop flows. This can
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
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-
gested by the rapid fall in the core power. This results from a
sensor time constant in the process core flow signal of up to
2.5 s. 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 inFig. 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,
the calculations performed with RETRAN-3D, when com-
pared against the plant data, show good overall agreement for
this transient. The prediction of the loop A drive flow (tripped
loop) shown in Fig. 7 would appear to be better than that for
the double recirculation loop trip, and this is, at least in part,
do to the fact that for this transient the FCV position in loop

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY



Application and In-depth Assessment of RETRAN-3D for Best Estimate Analysis 977

Fig. 9 Core power (Single recirculation pump trip)

Fig. 10 Narrow range downcomer water level (Single recirculation
pump trip)

A does not change.
The calculated total core flow is well predicted for the first

10 seconds, Fig. 8 showing the results of the RETRAN cal-
culation with and without the 2.5 s sensor time constant. The
accurate prediction of the core flow produces a good predic-
tion of the core power during this initial period (Figs. 7 and
9). Between about 12 and 25 s when the plant data indicate
an increase in the core flow, it is difficult to make a detailed
comparison. However, the indications from both Fig. 8 and

the core power (Fig. 9) are that the RETRAN-3D calculation
slightly overestimates the core flow and hence the core power.

After about 20 s, 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
trip, in that both calculations consistently overpredict the core
flow and reactor power under reduced flow conditions. This
would imply that the calculated low-flow vessel pressure drop
is being under-estimated.

The prediction of the change in the downcomer water level
(Fig. 10) is of a similar quality to that for the double recir-
culation pump trip. Again, both calculations overpredict the
initial (0 to 10 s) increase in the water level as the downcomer
flow decreases. Since the initial change in the total core flow
is well predicted (Fig. 8), the cause for the discrepancy most
probably lies with the change in the separator inventory as the
core flow is reduced. In both cases, the separators are mod-
elled in a quasi steady-state manner. After the initial increase
in the downcomer level, the feedwater controller reduces the
feedwater flow to bring the level back to its original value af-
ter about 25 to 30 s.

As with the calculation of the double recirculation pump
trip transient, the degree of agreement with plant data is quite
consistent with results reported elsewhere,e.g. for RETRAN-
0212) and RETRAN-0313) analyses of BWR/5 tests.

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-
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
overpredicted by RETRAN-3D.

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
to ensure that the natural circulation point (powervs. flow) is
well separated from the unstable operating region. In order
to model this particular plant feature, cross section sets were
required for multiple control states. The power reduction that
followed SRI, which was initiated automatically when the
pump speed fell below 15%, was well calculated.

For the single recirculation pump trip test, the flow through
the jet pumps attached to the untripped loop increases, while
the flow through those attached to the tripped loop initially
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stagnates and then reverses. With the total core flow being
the sum of these two flows, accurate predictions for this test
require a good representation of the plant jet pump operation
under a wide range of forward and reverse flow conditions.
The initial reduction in the core flow is well modelled. The
final core flow and consequently the core power are slightly
overpredicted. However, the prediction is better than that for
the double recirculation pump trip test. Generally, the system
losses require improved modelling, particularly those for the
jet pump, under conditions away from normal operation.

III. Analysis of Thermal Expansion during Shut-
down in a PWR

In this section, we examine the application of RETRAN-
3D to the best estimate analysis of a beyond design basis tran-
sient. The study considers the consequences following the hy-
pothetical failure of the Residual Heat Removal (RHR) sys-
tem during shutdown in a Pressurized Water Reactor (PWR).
If the RHR system decay heat removal capability cannot be
ensured, then the decay heat released in the core will heat up
the Reactor Coolant System (RCS) inventory and will cause
it to expand. If the thermal expansion is such that the entire
RCS becomes completely filled with water, then further ex-
pansion will result in a rapid increase of the RCS pressure.
Such a situation could threaten the integrity of the RCS pres-
sure boundary and lead to a dangerous break in the primary
system or in the lines of the systems connected to it,e.g. the
RHR system.14) The pressure increase can be arrested by the
opening of the pressurizer relief valves (PORVs), or in those
PWRs in which the RHR system is not isolated after it fails,
by the opening of the pressure relief valve in the RHR system
line.

The purpose of the analyses presented in this section is to
determine whether mitigating measures, such as the opening
of one of the PORVs and the RHR relief valve, are capable
of preventing a fast pressure increase. A best estimate anal-
ysis of this scenario has been performed using RETRAN-3D
for a typical two-loop Westinghouse-type PWR. The analysis
considered the shutdown state of the plant in which the condi-
tions are most severe from the point of view of decay heat and
RCS configuration. Two cases have been analyzed, namely a
Base Case with the pressurizer initially half-full, and a more
conservative case with the pressurizer initially full.

1. Initial Conditions
The severity of the thermal expansion scenario depends on

the decay heat level and on the RCS configuration (inventory,
temperature, pressure,etc.) at the time of the RHR system
failure, since these determine the speed at which the RCS
inventory expands and the RCS pressure increases after the
RCS fills completely.

For the reference PWR used in this analysis, a two-loop
1,130 MWth Westinghouse-type PWR, the worst case sce-
nario, according to previous shutdown risk analyses, occurs
at the beginning of the shutdown configuration at 22.4 h af-
ter shutdown, with a decay heat power level of 0.675%
nominal full power. The RCS is then highly subcooled
(�Tsubcool∼74 K) and at low pressure (∼16% of nominal op-

erating pressure.) The RCS is full of liquid with the pres-
surizer level reaching half its height. The RCS pressure is
maintained by keeping the fluid in the pressurizer at saturation
conditions for the RCS system pressure with the help of the
pressurizer heaters (switched off once the scenario begins.) A
small flow is maintained in the RCS by running one of the
reactor coolant pumps (RCPs) in order to provide flow to the
RHR for removal of the decay heat. This pump is tripped after
the RHR fails (the initiator event of the scenario.)

The secondary sides of the steam generators are isolated
and at saturation in thermal equilibrium with the primary side.
They are assumed to remain isolated during the scenario, so
that their role as a sink of decay heat is not enhanced by vent-
ing steam to the condenser. The secondary side inventory in
this configuration contains∼34% of the total system mass
(primary and secondary.)

In the reference PWR there are three PORVs, but only one
of them has its opening set-point reduced during the shutdown
mode of operation to provide overpressure protection at the
low shutdown pressures. For this reason, only the PORV with
the lowered opening set-point was assumed to be activated
during the scenario, although the other two PORVs can be
opened by the operator at any moment. The mass flow rates
of the open PORV and RHR relief valve are assumed to be the
minimum under the critical flow conditions present during the
scenario, as given by the valves’ manufacturers specifications.
In reality, the increase of RCS pressure and the change of
thermodynamic conditions should determine the actual crit-
ical flow through the valves. In order to provide a bounding
estimate of the RCS pressure behavior and conclusions, it was
decided to adopt the minimum flow values for the entire tran-
sient.

2. Description of the RETRAN-3D Model
Data from a two-loop 1,130 MWth Westinghouse-type ref-

erence PWR were used to develop the RETRAN-3D in-
put model (seeFig. 11). The detailed system model in-
cludes the pressure vessel and its internals, the pressurizer and
surge line, the steam generators with the secondary sides, the
pumps, and the cold and hot leg lines. The metal masses in
the primary system, vessel, core and steam generators were
also taken into account. The pressurizer is connected to Loop
A and the RHR system injection and suction points (mod-
elled as two FILLS) are attached to the cold and hot legs of
Loop B, respectively. The RHR lines are isolated during the
transients. The initial water inventory and thermodynamic
conditions in the secondary sides are adjusted according to
the initial conditions expected at the beginning of the sce-
nario. A power-vs.-time table simulates the decay heat and
is based on a decay heat formula for the reference PWR end-
of-equilibrium-cycle conditions. This formula yields a higher
decay heat level (∼25%) than the standard ANS-79.15) Thus,
the time windows for operator action to prevent a dangerous
system pressurization above the RHR design limit (1.9 MPa
above RHR operating pressure) obtained in the calculations
shown below are expected to be shorter than if the ANS-79
decay heat standard had been used.

The main initial steady-state parameters are displayed in
Table 1. The pressures have been normalized to the pressure

JOURNAL OF NUCLEAR SCIENCE AND TECHNOLOGY



Application and In-depth Assessment of RETRAN-3D for Best Estimate Analysis 979

RHR 
Injection Point

Loop ALoop B

Pump
Pump

Core divided in two channels

RHR 
Suction Point

Vessel

Steam 
Generator

Steam 
Generator

Pressurizer

TurbineSteam Line

Steam Line

Spray 
Line

Separator

By-Pass
Valve

Safety
Valve

TDV

TDV

TDV

TDV: Time Dependent Volume

RHR 
Isolation Valve
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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 73.4 K 74.0 K
RCS normalized pressurea) 1.0 1.0 (16.12% nominal)
Secondary side normalized pressurea) 0.832 1.0 (8.5% nominal)
Total RCS normalized massb) 0.993 1.0 (nominal 1/2przr.r)
Total secondary side mass (2SGs) 1.026 1.0
Total system mass (RCS+2SGs)b) 1.004 1.0

a) 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 initial
inventories to permit a better comparison between the calcu-
lations and the reference values. The calculated primary side
conditions are very close to the reference plant’s conditions at
the beginning of the thermal expansion scenario.

The water masses, which are important to determine the
progression of the accident, since they act as heat sinks and
expand, are also quite similar. The largest difference is about
2.6% for the secondary sides, while the total system masses
differ by less than 0.4%. The difference in the secondary side
pressures corresponds to about 7 K difference in saturation
temperature. This was necessary, because RETRAN-3D had
difficulties in achieving a steady-state solution with both the
primary and secondary sides in thermal equilibrium.

3. Base Case
The base case started from the steady-state conditions pre-

sented in Table 1. Primary side inventory was only lost

through one of the PORVs. The characteristics of this valve
are an opening set-point for an overpressure of 0.57 MPa
above the RCS pressure at the beginning of the scenario, with
a delay of 3.45 s (0.75 s dead time+2.7 s activation), and a
reseating set-point for an overpressure of 0.1 MPa, with the
same delay. The minimum mass flow rate for the conditions
expected during the scenario, selected as a conservative as-
sumption (from manufacturer’s data), is 5.39×10−4 s−1, nor-
malized tototal initial RCS inventory,i.e. it would take about
0.5 h to empty the entire RCS if this valve would remain con-
tinuously open and vent at this rate. The only flow in the RCS
was caused by natural circulation.

After the RHR system failure, the decay heat caused the
fluid to expand, steadily increasing the pressurizer level. The
RCS pressure, initially at 16.12% ofnominal pressure, started
to fall, reaching a minimum value 0.6 MPa lower than the
initial pressure after about 1.75 h. The injection of substan-
tially subcooled (�Tsubcool=73.4 K) RCS inventory into the
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pressurizer (initially at saturation in order to maintain sys-
tem pressure) decreased its temperature, and the steam (ini-
tially saturated) cooled down and condensed, thus reducing
the RCS pressure.Figure 12 shows how the average temper-
ature of the fluid in the pressurizer steadily decreased as the
subcooled condensate filled the pressurizer (the heaters were
switched off at the beginning of the scenario.)

It is important to note that the decrease in system pres-
sure predicted by RETRAN-3D may have been influenced by
the fact that this code, like other one-dimensional thermal-
hydraulic system analysis codes, tends to diffuse energy from
one computational cell to another by reason of the numerical
methods used, and it is difficult to simulate stratified temper-
ature fields. In a real scenario, a stratification of cold and
hot liquid layers may form, separated by a turbulent thermal
mixing layer, which may result in the RCS pressure not de-
creasing as much as predicted.

After about 1.75 h, the pressurizer water level almost
reached the top, and the compression of the steam bubble ini-
tiated a pressure increase. The continuing expansion of the
RCS inventory eventually collapsed the steam bubble and the
pressurizer became full of liquid at∼1.82 h (seeFig. 13). Af-
ter the level reached the top, it remained at its maximum value
(9.62 m) for the remaining of the scenario. An additional cal-
culation performed with a more refined noding scheme for the
top of the pressurizer did not change this behavior.

By this time, void appeared in some locations of the RCS,
e.g. the upper plenum (seeFig. 14), as the fluid reached satu-
ration conditions. The pressure increase was thus ‘cushioned’
by the appearance of compressible vapor in the system. How-
ever, the increasing liquid expansion ultimately collapsed the
void filling the RCS entirely with liquid at about 2.15 h. The
RCS inventory continuing expansion caused its pressure to

rapidly reach the PORV opening set-point at about 2.2 h.
A period of oscillatory pressure followed as the PORV

opened and closed, thus keeping the RCS pressure below the
PORV opening set-point up to about 2.6 h. Following this, a
steady rise in RCS pressure is observed in Fig. 14. The expla-
nation for the pressure rise above the PORV set-point can be
found by studying Fig. 14. After 2.6 h, the RCS temperature
in many locations reached the saturation value. As a conse-
quence, the volumetric expansion (per unit of energy addi-
tion) of the RCS fluid increased to a value greater than the
volumetric fluid (single phase liquid) loss through the open
PORV. It is seen that this then leads to an increase in pressure.

A stand-alone calculation (based on thermodynamic prin-
ciples) was carried out assuming that the entire RCS inven-
tory is uniformly heated, so that, in this analysis system pres-
sure exceeded the PORV pressure only after the entire RCS
reached saturation. In the RETRAN-3D analysis, which can
simulate the effects of the localized decay heat source in the
core, of the natural circulation flow in the RCS, and of the
metal masses and secondary sides in the RCS temperature dis-
tribution, the RCS pressure became greater than the PORV
opening set-pointbefore the entire RCS reaches saturation
conditions. This can be explained by the fact that the fluid
in the RCS was not at the same temperature and pressure ev-
erywhere. Thus, some regions,e.g. core, upper plenum and
top of U-tube bundle, reached saturation and produced vapor,
while most of the RCS remained subcooled. InFig. 15, one
can see this starting at∼1.75 h, for which time RETRAN-3D
predicts that some of the decay heat went into the heating up
the RCS subcooled inventory and some into vapor production.
It is important to note that Fig. 15 shows average subcooling
referenced to the upper plenum pressure, meaning that, since
the fluid out of the vessel is saturated, the incoming flow to
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the vessel must be subcooled after transferring heat into the
steam generators.

The stand-alone calculation predicted that the entire RCS
would reach saturation in∼2.85 h (at about the same time
(∼2.6 h) that the RETRAN-3D calculation predicted anaver-
age subcooling near zero). In reality, an entire RCS at sat-
uration can never be achieved under the conditions of the
scenario analyzed, since the increasing pressure due to the

two-phase expansion, would increase the saturation temper-
ature along the RCS, thus rendering the flow downstream of
the steam generators subcooled. Thus, the best estimate code
calculation, as a consequence of the ability to simulate the
temperature distribution in the RCS, was able to capture this
phenomenon and yielded a more realistic, and shorter, time
window (2.6 hvs. 2.85 h) for operation action (defined as the
time before the RCS pressure increases above the PORV set-
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point) than otherwise would have been computed by assum-
ing a uniform temperature throughout the RCS resulting from
a perfect mixing of the primary inventory.

It is important to note that, although the above time dif-
ference between the stand-alone calculation (2.85 h) and the
system analysis (2.6 h) is not large for this scenario, it may
be so in other circumstances with other boundary conditions,
e.g. different PORV flow rates.

The loss of RCS inventory through the now constantly open
PORV and the compressibility of the system per unit of en-
ergy added, contribute to determine a rate of RCS pressure
increase that prevents the RCS pressure from reaching the
maximum pressure allowed for the RHR system (1.9 MPa
overpressure above the RCS pressure at the beginning of the
scenario) for a time significantly greater than 2.6 h (i.e. the
time when the PORV becomes fully open). Unfortunately,
further extension of the calculation was hindered by code con-
vergence problems for highly voided, low pressure and power
conditions. Thus, this analysis gives a time window ofat least
2.6 h for operator action to restore some form of decay heat
removal before the integrity of the RHR is challenged.

4. RCS Initially Full
Two additional thermal expansion scenarios have also been

analyzed. They start with the failure of the RHR system
22.4 h after shutdown with the pressurizer completely full.
The pressure starts a rapid increase a short time after the RHR
system fails.
(1) Pressure Relief through the PORV

When the thermal expansion scenario started with the RCS
filled with water, the RCS pressure rose very rapidly up to the
PORV opening set-point, and a cyclic opening and closing
of this valve followed. When the PORV opened, the RCS

inventory was still highly subcooled (�Tsubcool∼73 K), so that
no void formation occurred. The loss of inventory through the
PORV valve is then sufficient to compensate for the thermal
expansion of the RCS inventory, which pushed coolant inside
the pressurizer.

A stand-alone calculation of the rate of expansion of the
RCS water, that took into account all the RCS and secondary
sides water and metal masses, yielded a rate of expansion
about 80 times lower than the volumetric flow rate through
the PORV. Thus, a short valve opening time significantly
reduced the RCS pressure, as shown inFig. 16. The RCS
pressure remained, therefore, below the PORV opening set-
point while the temperature in the RCS remained below the
saturation temperature (see Hot Leg A subcooling in Fig. 16).

As the fluid in many regions of the RCS (e.g. upper plenum,
core, hot legs) reached saturation conditions, the fluid expan-
sion became similar to that observed in the Base Case. The
fact that this phenomenon appeared at roughly the same time
in both cases (∼2.6 h) occurs because the loss of energy per
unit mass though the PORV flow is much smaller than the de-
cay heat released to the RCS. The time window for operator
action before the pressure steadily increased above the PORV
set-point, therefore, depends mainly on the initial RCS sub-
cooling (�Tsubcool∼73 K) and on the ratio of decay heatvs.
total system mass (0.041 MW/t).

Thus, the opening of only one pressurizer PORV appears to
be able to hold the increase in RCS pressure below the PORV
opening set-point, even when the thermal expansion scenario
begins with the RCS completely full, while the RCS remains
subcooled in most regions. The pressure rise caused by the
expansion of the RCS inventory is thus kept within accept-
able limits for at least 2.6 h. After this time, substantial vapor
production in the RCS, together with the thermal expansion,
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increases the RCS pressure in the same way that in the Base
Case discussed earlier.
(2) Pressure Relief through the RHR Relief Valve

The second case with the RCS initially full assumed that
the PORV failed to open. Under such conditions, only the
RHR relief valve was available to limit the pressure increase.
This scenario is not possible for those PWR plants which
have, as an operating procedure in case of RHR failure, the
isolation of this system.

The minimum mass flow rate assumed (from manufac-
turer’s data) for the RHR relief valve under the scenario con-
ditions is 9.22×10−5 s−1 (normalized to initial RCS mass; it
would empty the RCS in∼3 h). The valve opening and clos-
ing set-points are respectively 1.1 MPa and 1 MPa above the
pressure at the beginning of the scenario.

During the thermal expansion, the RCS pressure followed
a similar behavior to that observed for the case of the opening
of the PORV valve. The thermal expansion of the RCS liquid
increased the RCS pressure rapidly until it reached the RHR
relief valve opening set-point at about 0.08 h. From then on,
the cyclic opening and closing of the valve maintained the
RCS pressure below the RHR valve opening-set point (the
same comments about the cycling opening and closing of the
PORV mentioned earlier apply to this valve). The RHR valve
provided a volumetric flow rate approximately 10 times larger
than the rate of RCS volume thermal expansion mentioned
above.

At about 2.75 h, the RCS systems started to void because
the temperature in many locations reached the saturation
value, and the RCS pressure started to rise above the open-
ing set-point, similar to the two cases studied earlier. During
this time, the maximum allowed pressure for the RHR lines
was never reached. In summary, the RHR relief valve vent-

ing capacity appears to be enough to prevent the RCS pres-
sure from reaching the RHR maximum allowed pressure for
at least 2.75 h. The difference in time with respect to the two
previous cases discussed above is caused by the higher system
pressure, which implies a higher saturation temperature.

Finally, Fig. 17 shows the initial seconds of the scenario for
both cases with the RCS initially full. According to the figure,
the rate of pressure increase after the system became ‘water-
solid’ was about 0.11 bar/s. The PORV and RHR valves have
a response time of about 3.5 s until fully open (typical val-
ues from manufacture’s data). This gives a large time margin
to avoid a very rapid pressure increase, similar to a pressure
spike, even with the RCS initially full. Moreover, the increase
of RCS pressure is linear, as can be expected from a thermal
expansion process with a constant source of power.

According to the linear pressurization rate in Fig. 17, if
no relief valve opened, it would take about 1,410 s to reach
the RCS design limit (1.16 timesnominal pressure), but only
about 170 s to reach the maximum pressure allowed for the
RHR lines (1.9 MPa overpressure). However, if at least one
of the PORV valves in the pressurizer opens, or the RHR relief
valve (if this system is not isolated), the pressure can be kept
within the limits, because the response of these valves is much
faster than the rate of pressure increase.

5. Summary
The main conclusion from the analyses presented in this

paper is that the danger of a large pressure spike at the begin-
ning of the thermal expansion shutdown scenario that could
threaten the integrity of a cold RCS or of the RHR lines (if the
RHR system is not isolated) seems to be unlikely. The results
obtained with the RCS completely full or with the pressurizer
half empty showed that the pressure gradients due to the ther-
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mal expansion of the RCS inventory are much slower than the
opening speed of both the pressurizer PORV and RHR relief
valve. These valves can, venting at a minimum mass flow rate
for the conditions of the scenario, maintain the RCS pressure
below their opening set-points while the RCS remains sub-
cooled.

For the normalized (with respect to the total RCS mass)
valve mass flow rates given, the normalized decay heat level
(relative to full power) and the pressure safety limits for the
RCS and RHR lines (in terms of overpressure above the pres-
sure at the beginning of the scenario), the valves’ venting ca-
pacities provide a lower bound for the time window for oper-
ator action to restore decay heat removal capability of at least
2.6 h. After this time, the majority of the RCS reaches satura-
tion and active vapor formation occurs. Then, the expansion
of the saturated fluid exceeds the valves flow capacity and
causes the RCS pressure to increase above the valves’ open-
ing set-point. This indicates that the minimum venting capac-
ity of the valves is not sufficient to prevent the RCS pressure
from increasing further unless additional pressure relieving
measures are taken by the operator. Nevertheless, with the
continued loss of RCS inventory though the permanently open
relief valves (PORV or RHR’s) and vapor formation in many
locations of the RCS (especially in core and upper plenum),
core uncovery and fuel damage could become the main safety
concern in such an scenario.

An interesting conclusion to be drawn from these studies
is that, in all cases, the RCS pressure can be kept below the
pressure safety limits when just one pressurizer PORV or the
RHR relief valve is activated. Regardless of the state of the
RCS at the beginning of the transient, full or with the pres-
surizer at half level, the time window for operator action to
restore decay heat removal capability before the RCS pres-

sure increases above the valves’ opening set-points depends
primarily on the initial subcooling of the RCS; the higher the
subcooling, the longer the time window, since the relief valves
can maintain the RCS pressure below the safety limits while
it remains subcooled. A significant implication, therefore, is
that operator action to restore decay heat removal capability in
order to reduce RCS pressure becomes even more important
once active boiling appears in the RCS. After this happens, if
the operators try to reduce the RCS pressure increase by vent-
ing more RCS inventory through the opening of additional re-
lief valves (the two additional pressurizer PORVs or both the
PORV and the RHR relief valve at the same time), then an ex-
cessive voiding of the core could result. Thus, restoring decay
heat removal capability without further loss of RCS inventory
may be the best option to consider in order to maintain RCS
pressure below safety limits after the RCS subcooling has dis-
appeared and active vapor formation occurs in the RCS. Fur-
ther studies are required to clarify these aspects. A further
measure that might be considered is to depressurise the steam
generator as this would increase the primary side energy loss
without loss of inventory.

Finally, it is worth noting that the current best estimate
analysis of this scenario with RETRAN-3D permitted the
simulation of the temperature distribution within the RCS.
This was especially important to predict the locations of ac-
tive boiling and the effect on the RCS pressure after some of
the RCS regions reached saturation conditions and before the
entire inventory did, and to predict a more accurate, shorter
“time window” for operator remedial action than that esti-
mated using the assumption of uniform primary temperature
distribution.
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IV. General Conclusions

The purpose of the work presented in this paper is to pro-
vide examples of the applicability of the best estimate (BE)
code RETRAN-3D to both PWRs and BWRs currently op-
erating in Switzerland, by means of in-depth assessment of
the code results for two different kinds of scenarios, an oper-
ational transient (BWR/6) and a “beyond-design-basis” event
(2-loop PWR). The transients analysed were selected (a) be-
cause of the importance of code applications to BWR op-
erational transients without SCRAM with the power being
controlled by control rod insertion and the system behavior
depending on the specific characteristics of the plant studied
(incorporated in the full model), and (b) because of the novel
application of RETRAN-3D to PWR shutdown safety analy-
sis.

On the basis of the results of the analyses reported, it has
been shown that RETRAN-3D is capable of accurately simu-
lating plant transients which require a full model of, not only
the system thermal hydraulics, but also the core reactor kinet-
ics and plant control and protection systems and their com-
mon interactions to determine plant response. In addition, the
application of the code to a “beyond design basis” shutdown
thermal expansion transient has demonstrated the advantages
offered by a BE approach to accurately predict the “time win-
dow” for operator remedial action, and the applicability of
RETRAN-3D to a range of PWR shutdown scenarios.
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