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ABSTRACT

Numerous long-term operation (LTO) projects have been initiated across the European Union (EU) in the
recent years to support extension of the lifetime and increase the safety level of the existing fleet of
nuclear power plants (NPPs). A phenomenon of pressurized thermal shock (PTS) has been identified as
one of the most critical and limiting safety issues to be considered when preparing for LTO. In a project
Advanced PTS Analysis for LTO (APAL) funded by the Euroatom research and training programme the
impact of identified LTO improvements relevant to PTS in a pressurized water reactor (PWR) are being
investigated with the help of advanced PTS assessment methods. Thermal-hydraulic (TH) system codes
RELAPS, TRACE, and ATHLET as well as mixing codes KWU-MIX, GRS-MIX and the ECC-MIX
component are used to simulate an accident scenario initiated by a 50 cm® break in the hot leg (HL) with
coincident loss of offsite power (LOOP). The analyzed NPP used in the study is based on a 1300 MW
four-loop PWR of German design. The TH simulation results indicate that in this kind of small-break
loss-of-coolant accident (SBLOCA) sequence the heating of water in high-pressure safety injection
(HPSI) tanks and the reduction of HPSI flow by the operator will bring the largest benefits from PTS
point of view. The results obtained in the TH analysis will be used in deterministic and probabilistic
fracture-mechanics benchmarks and in the final stage of the APAL project the effect of the selected LTO
improvements and human actions on the safety margin will be quantified.
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1. INTRODUCTION

Many EU countries are in a process of extending the operation of nuclear power plants beyond their
designed lifetime. The successful completion of this effort requires that all safety aspects related to the
LTO of the plants are considered. For PWRs and VVERs, one of the most limiting safety assessments for
LTO is the reactor pressure vessel (RPV) integrity assessment for the PTS. The goal of the assessment is
to demonstrate the safety margin against fast fracture initiation or RPV failure.

APAL (Advanced PTS Analysis for LTO) is a project funded by the EU within the HORIZON 2020
programme under grant agreement No. 945253. The main objectives of the APAL project are as follows:
establishment of state-of-the-art of LTO improvements having an impact on PTS analysis, development of
advanced deterministic and probabilistic PTS assessment methods including TH uncertainty analyses,
quantification of safety margins for LTO improvements and development of best-practice guidance. The
presented paper is focused on an extensive simulation exercise aimed to quantify the impact of identified
LTO improvements on the PTS. The exercise consists of both TH and structural analysis calculations with
computer codes. Along the project deterministic and probabilistic fracture-mechanics benchmarks will be
performed and finally the safety margin against fast fracture initiation of RPV failure will be evaluated.

In the first phase of this calculation exercise, TH system codes as well as mixing codes are used for
getting knowledge of the local TH parameters, i.e., pressures, temperatures, and heat transfer coefficients



(HTCs) in the downcomer (DC) region of the RPV, for an accident scenario initiated by a 50 cm® break in
the HL of a 1300 MW four-loop PWR of German design with coincident LOOP. In this stage, some initial
conclusions about possible beneficial effects of the identified LTO improvements and human actions from
PTS point of view can be drawn, too. The large TH data package gathered is then delivered forward in the
project to be used first for the quantification of uncertainties and then for the deterministic and
probabilistic fracture-mechanics analysis. In the final stage of the APAL project, the effect of the selected
LTO improvements and human actions on the safety margin will be quantified.

This paper summarizes the key points from deliverable 2.1 of the APAL project [1]. Section 2 shortly
describes the TH simulation exercise i.e., the plant model and transient in question as well as the selected
LTO improvements and human actions covered in the simulations. Section 3 first presents the simulation
results of the base case transient and then compares the results of calculations with three different TH
system codes. Section 4 introduces the results of applying selected LTO improvements in the simulation.
The impact of certain operator actions is discussed in Section 5. The paper is concluded in Section 6.

2. DESCRIPTION OF SIMULATION EXERCISE
2.1. Computer Codes and Reactor Design Used in Simulations

TH system codes RELAP5, ATHLET and TRACE as well as mixing codes KWU-MIX, GRS-MIX and
the ECC-MIX component were used in the simulations. RELAPS was run by a several APAL project
partners whereas the other codes were used only by a single partner.

The assumed plant type used in the analysis was a German design 1300 MW four-loop PWR. Figure 1
shows the layout of the HLs and cold legs (CLs). The same reactor design was used earlier in the
International Comparative Assessment Study of Pressurized-Thermal-Shock in Reactor Pressure Vessels
(ICAS/RPV-PTS) under the Organization for Economic Co-operation and Development (OECD) [2]. The
ICAS project brought together an international group of experts to perform a comparative evaluation of
analysis methodologies employed in the assessment of RPV integrity under PTS loading conditions.

Figure 1. Top view showing layout of HLs and CLs.

To harmonize the calculation models used in the TH analysis and later in the structural mechanics
analysis a computer aided design (CAD) model of the RPV was developed by Paul Scherrer Institut (PSI)
and provided to all participants. The model was based on the geometry of the RPV used in the ICAS
project but had a larger wall thickness and modified inlet and outlet nozzles.



2.2. Simulated Case

The assumed transient in the calculations was an asymmetric (plume cooling) loading condition due to a
HL break of 50 cm?* followed by LOOP and injection of 2/4 HPSI trains. The break was in the HL of loop
No.1. One of the four HPSI trains was assumed to be down for maintenance (Loop 1). A second train was
assumed to fail at the start of the transient (Loop 4). Therefore, only two of the four loops (Loop 2 and
Loop 3) received emergency core cooling (ECC) water from the HPSI pumps, which is still the dominant
ECCS system from the point of view of PTS. All four loops received injection from the low-pressure
safety injection (LPSI) pumps. Only the four accumulators (ACCs) connected to the CLs were active. The
four ACCs connected to the HLs were deactivated. The transient results approximated the thermal-
hydraulic data used in the ICAS project for transient T2 [2]. The reason for selecting this particular case
to be simulated in APAL is the fact that there is experimental data available from the same kind of
geometry, i.e., the Upper Plenum Test Facility (UPTF), to be used for model verification.

2.3. LTO Improvements and Human Factors Selected for TH Analysis

Information on the already applied or further potential LTO improvements with an impact on the plant
resistance against PTS and RPV brittle fracture was collected from the countries participating in the
APAL project [3]. Most of the modifications were related to the parameters of the emergency core cooling
system (ECCS) since actuation of the ECCS has a major impact on PTS. Those LTO improvements
having an impact on the pressure, temperature, and HTC histories in the DC region of the RPV in a
postulated SBLOCA were selected to be used in the TH analysis in APAL. Relevant operator actions were
selected for analysis as well. Table I lists the calculated cases and the used specifications.

Table I. LTO improvements/human actions and specifications used in simulations

LTO improvement / Human action (Used codes) Simulated change
1. Heating of water in the HPSI tanks
(RELAPS, TRACE)
2. Heating of water in the ACCs
(RELAPS, TRACE, ATHLET, ECC-MIX, KWU-MIX)
3. Heating of water in the LPSI tanks
(RELAPS, TRACE, ATHLET, ECC-MIX, KWU-MIX)

Heated from 15 °C to 45 °C

Heated from 20 °C to 50 °C

Heated from 15 °C to 45 °C

4. Decreasing the HPSI head Decreased down to 75% (in 5%
(RELAPS, TRACE, ATHLET, ECC-MIX) decrements)

5. Decreasing the HPSI capacity Decreased down to 75% (in 5%
(RELAPS5, TRACE) decrements)

6. Reduction of HPSI flow (operator action)
(RELAPS5, KWU-MIX)

7. Decreasing of ACC pressure
(RELAPS, TRACE)

8. Change of cooldown rate (operator action)
(RELAPS, KWU-MIX)

9. Isolation of ACCs (operator action)
(RELAP5, KWU-MIX)

Reduced at 1800 s to one pump

Decreased from 26 bar to 20 bar

Changed from 100 K/h to 200 K/h

Isolated at 500 s




3. BASE CASE RESULTS

Occurrence of a break 50 cm? in hot leg region leads to quick drop of primary pressure and pressurizer
(PRZ) level. After the pressure drops below 132 bar, the reactor and turbine are tripped, and the ECCS is
actuated. Also, the LOOP is assumed at time of reactor trip, leading among other to main coolant pumps
(MCPs) coast-down and transfer from forced to natural circulation. Table Il summarizes the sequence of
main events according to the RELAPS5, ATHLET and TRACE simulations.

Table I1. Sequence of events for the base case SBLOCA in simulations

Time (s)
Cause Event RELAP5 | ATHLET | TRACE
Reactor trip 44 30 42
Turbine trip

. Emergency signal

Primary pressure < 132 bar Signal secondary side
cooldown (100 K/h)
MCPs trip
Analysis assumption Loss of offsite power 44 30 42
Emergency signal + 12 s Slgnal.ECC system to start 56 42 54
diesel generators

. Emergency cooling signal 79 56 74
Primary pressure <110 bar for HPSI pumps
HPSI pumps running High pressure injection 85 79 97
Primary pressure <26 bar ACC injection 2780 2707 2494

. Emergency cooling signal 4550 4469 4364
Primary pressure <10 bar for LPSI pumps
LPSI pumps running Low pressure injection 4555 4497 4392
ECCS injection > break flow PRZ level recovery ~4700 ~4650 ~4600
End of calculation 4900 4900 4900

After reaching saturation pressure in the primary system the pressure drop is slowed down due to steam
production in the primary system as can be seen from Figure 2. The automated activation of the secondary
side cooldown decreases the secondary side pressure with a 100 K/h cooldown trend which leads the
pressure progression in the primary circuit until the late phase of the transient where the LPSI is initiated.
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The HPSI from two available trains is actuated after pressure drops under 110 bars. The timing of the next
events differs slightly between the codes. The following is taken from the RELAPS simulation. At time
2780 s after the transient initiation the ACC injection is initiated (primary pressure < 26 bars) and the
primary circuit starts to fill up. With the start of the LPSI pumps at ~4550 s the coolant loss is stably
compensated, and the primary pressure stabilizes slightly under 10 bar. The pressurizer level is restored
after 4700 s. Figure 3 presents the break and ECC flow rates in the RELAPS simulation and Figure 4 the
reactor core and downcomer liquid levels in the ATHLET simulation.
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Figure 3. Break and total ECCS flow rate in RELAPS simulation.
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Figure 4. Liquid level in reactor core and downcomer in ATHLET simulation.

3.1. Effect of RELAPS Code Version

As an additional study in the simulation exercise the base case calculations were repeated with five
different RELAPS5/MOD3.3 code versions to see how the code version influence the results. The versions
used in the study were Patch 2, Patch 3, Patch 4, Patch 5, and developmental version 3.31f. In general, the
results obtained with the different code versions of RELAPS are consistent with each other. However,
slight differences in the parameters relevant for PTS were observed. Particularly, RELAP5/MOD3.3 Patch
3 predicted slightly lower temperatures in the DC during the ACC injection period compared to the other
code versions, see Figure 5. The modeler must take this into account when making conclusions on PTS
based on the results obtained with different code versions.
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Figure 5. Impact of RELAPS version on coolant temperature in the DC.



3.2. Comparison of RELAPS, TRACE and ATHLET Results

Comparison of the base case results obtained with the three different system codes, i.e., RELAPS,
TRACE and ATHLET reveals that although the results generally agree very well there are some
differences in those system parameter values which are relevant for PTS. Due to the differences in the
choked-flow models between the codes the flow rates from the leak during critical discharge conditions
were somewhat different and as a result the primary pressure curves slightly diverged from each other.
Because high pressure (HP) and ACC injection depend on the system pressure the flow rate and timing of
ECC injection varied between the codes. Therefore, also the coolant inventories, distributions and
temperatures during the transient were slightly different in the three simulations. During the latter phase
of the transient ATHLET and RELAPS predicted slightly higher temperatures in the DC than TRACE, see
Figure 6.
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Figure 6. Comparison between RELAPS, TRACE and ATHLET results for the base case showing
coolant temperatures in the DC 1.35 m below the CL centerline.



4. SIMULATION RESULTS FOR LTO IMPROVEMENTS

Six different proposed LTO improvements as described in Table I were simulated with different codes and
selected quantities of interest were compared against the base case to determine whether the
improvements are advantageous from a PTS perspective. This evaluation is only initial since the true
impact of the selected LTO improvements on safety margin can be estimated only after the fracture-
mechanics analysis has been done later in the APAL project. The main interest here was in the effect of
the LTO improvements and therefore no comparisons between different codes were done in this phase of
the exercise.

The heat-up of the water in the HPSI tanks was simulated by increasing the injection temperature from
the reference value 15 °C to the value 45 °C, either in one step (RELAPS simulations) or in 10 K
increments (TRACE simulation). Simulations with both RELAPS and TRACE reveal that the increased
injection temperature resulted in a clear reduction in the cooling rate in the DC throughout the entire
transient. This LTO improvement could potentially be beneficial from a PTS perspective. Figure 7 shows
the effect on DC coolant temperature in the TRACE simulation.
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Figure 7. Comparison of DC coolant temperature range (minimum to maximum) at 1.35 m below
the CL axis for different HP injection temperatures in TRACE simulation.

The heating of the coolant in the ACCs was simulated by changing the initial temperature within the
ACCs from the reference value of 20 °C to 50 °C. While the RELAPS and TRACE calculations indicated
a small impact of the warmer ACC coolant during the period of ACC injection, the overall impact of this
proposed LTO improvement on both the system behavior and the DC temperatures was small. In the
KWU-MIX simulation, only a small effect on the temperatures at the cold-leg nozzle and in the plumes in
the DC could be observed. It can be concluded that this LTO improvement provides no significant benefit
from a PTS perspective for the transient in question (SBLOCA).

The heating of the water in the LPSI tanks was simulated by increasing the injection temperature from the
reference value of 15 °C to 45 °C. Due to the type of the simulated case, i.e., a SBLOCA, the injection of
water from LPSI tanks was realized very late in the transient. The calculations with RELAPS, TRACE
and ATHLET/GRS-MIX indicate that the impact on the water level and water temperature in the DC is



insignificant and this LTO improvement thus provides no benefit from a PTS perspective. However, in the
KWU-MIX simulation, heating the water in the LPSI tanks to 40 °C increases the temperature of the
cold-water layer at the CL nozzle to approximately 30 °C during the time span for LPSI from
approximately 4550 s until the end of the simulation. The downstream temperatures in the plumes in the
DC are correspondingly higher after 4550 s and therefore a small beneficial effect from a PTS perspective
can be assumed. Figure 8 shows the plume temperatures in the KWU-MIX simulation at various distances
in the DC. The light-blue curve labelled 0.45 m in the legend is the centerline temperature at the origin of
the plume, which is at the bottom of the cold-leg nozzle. For other transients, e.g., intermediate and large-
break LOCAs, the benefit from heated LPSI water is expected to be more apparent.
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Figure 8. KWU-MIX temperatures at the middle of the plume at various distances below the axis
of CL2 and CL3 in the DC.

Another LTO improvement analyzed in the APAL project was the decreasing of the HPSI pump head,
which was simulated by scaling the pressure component of the HPSI pump curve down to 75 % of the
reference value in 5 % decrements. Reducing the HPSI head leads to a later HPSI injection. This has a
significant effect on several system parameters, in particular the liquid levels in the primary system and
the temperatures in the DC. According to RELAPS and TRACE calculations this proposed LTO
improvement decreases the rate of cooling in the RPV before restoration of DC level and can therefore be
considered as a beneficial effect in the early stages of the transient for the SBLOCA transient in question.
After the start of ACCs injection, however, the rate of cooling increases significantly. The cooling rate
during ACC injection is increased so much that one might expect a higher risk of PTS. This would need to
be confirmed using thermo-mechanical and fracture mechanics simulations. Separately in the TRACE
simulation, for the case of 75 % head, there was a significant reduction in the liquid level in the DC and
CL levels between 1200 s and 2200 s (see Figure 9) accompanied by a decrease in the core liquid level.
This proposed LTO improvement therefore potentially increases the risk of core uncover and fuel failure.
Results from the ATHLET/GRS-MIX simulations are unclear. ATHLET showed a drop of the fluid
temperature in the DC during ACC and LP injection thus suggesting a potentially detrimental effect.
However, this behavior was not equally reproduced when the mixing codes ECC-MIX or GRS-MIX were
applied.
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Figure 9. DC level for different HPSI pump heads in TRACE simulation.

Decreasing of the HPSI capacity was simulated by uniformly scaling the HPSI pump flow rates down to
75 % of the nominal values in 5% decrements. The proposed LTO improvement might have some impact
on the major system parameters such as coolant and wall temperatures in the DC. It can be concluded that
by decreasing rate of cooling via the HPSI pumps the coolant temperatures can be reduced to some extent
as well. Thus, the more the decrease in HPSI flows is the more a risk of PTS is reduced. Benefits gained
in this LTO improvement in the early stage of the transient can, however, be cancelled to some extent by
the increased temperature gradients in the DC that appear during the ACC injections. Figure 10 presents
the RPV wall temperature for different HPSI pump capacities in RELAPS calculation.
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Figure 10. RPV inner surface temperature at 1.35 m below the CL axis for different HPSI pump
capacities in RELAPS simulation.



The reduction of the ACC pressure was simulated by decreasing the ACC pressure from the reference
value of 26 bar to 20 bar. Both RELAP5 and TRACE calculations show that the decrease of the ACC
pressure slightly increases the water temperature in the DC because the ACC injection is postponed few
hundred seconds and additionally because a lower amount of water is injected. The overall impact on PTS
is likely small for this particular SBLOCA scenario.

5. SIMULATION RESULTS ON THE IMPACT OF HUMAN ACTIONS

The reduction of HPSI flow by operator was simulated by switching off one of the two active HPSI
pumps at 1800 s after the initiation of the break. Both RELAPS5 and KWU-MIX calculations show that
the reduction of HPSI injection, meaning less injected cold water to RCS, results in a higher temperature
of the water in the DC starting at 1800 s, see Figures 11 and 12. Additionally, a lower break flow, lower
water level in the DC and higher void fraction is observed after this operator action. The studied operator
action could potentially be beneficial from a PTS perspective.
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Figure 11. Comparison of DC coolant temperature range (minimum to maximum) at 1.35 m below
the CL axis for the reduction of HPSI flow by operator in RELAPS simulation.
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Figure 12. KWU-MIX temperatures at the middle of the plume at various distances below the axis
of CL2 in the DC for the reduction of HPSI flow by operator.

The increase of the secondary side cooldown rate by operator was simulated by increasing the cooldown
from 100 K/h to 200 K/h. In the RELAPS simulation, this change resulted in a faster depressurization of
the primary and secondary sides of the plant. Therefore, the time-integrated break flow reduced, and the
time-integrated ECCS injection flow increased up to around 4500 s. After 2000 s, the water temperature
in the DC was higher compared to the base case and thus this operator action could be potentially
beneficial. At the same time, it could be detrimental from a perspective of the faster pressure drop in DC.
KWU-MIX results don’t indicate benefit from this operator action. The overall benefit of this human
action needs to be verified by the structural analysis.

Isolation of ACCs at 500 s was simulated with RELAPS and KWU-MIX. Because the pressure for this
break size does not decrease below the ACC injection threshold of 26 bar until after 500 s, the ACCs were
isolated before they could inject. However, the main parameter values are not very different from those in
the base case. This is due to the relatively small leak, which prevents the ACCs from injecting water at a
flow rate large enough to have a significant effect on the water level, temperature, and HTC in the DC.

6. CONCLUSIONS

In the context of the APAL European Project, TH analyses for the base case (SBLOCA with 50 cm” break
in hot leg of KWU-1300 PWR) and for the selected LTO improvements were performed with different
system and mixing TH codes. Further, the effect of selected human interactions was evaluated with the
help of TH simulations. Reference [4] summarizes the work done in WP2 of the APAL project i.e.,
running TH simulations on the impact of LTO improvements, defining uncertainty distributions for plant
variables and model parameters and finally performing uncertainty analyses.

Of the six potential LTO improvements considered in the TH simulations, only the heating of water in
HPSI tanks showed a clear benefit for the SBLOCA in question when compared to the results obtained for
the base case. This was observed both in the RELAP5 and TRACE calculations. Impact due to the heating
of water in the ACCs and LPSI tanks was insignificant in most simulations from PTS point of view i.e.,



neither a clear benefit nor a detrimental effect could be observed in the RELAPS, ATHLET(+GRS-MIX)
and TRACE simulations. However, the KWU-MIX simulation showed a slight benefit at the very last
phase of the transient. The decreasing ACC pressure was tested with RELAPS5 and TRACE. Both codes
showed that there is no clear benefit for SBLOCA. Changes involving the ACCs would be more
significant for larger break sizes, when the injection flow rate of the ACCs would be larger. Regarding the
two-remaining considered LTO improvements i.e., decreasing the HPSI head and capacity, the result was
unclear. ATHLET and TRACE indicated a possible detrimental effect but RELAP5 showed a possible
beneficial impact in the early phase due to delayed filling of the DC.

The reduction of HPSI flow by operator showed a potential benefit for the considered SBLOCA transient
both in the RELAPS and KWU-MIX simulation. RELAPS results of the case where the secondary side
cooldown rate was increased by operator were inconclusive and need further analysis. Based on a mixing
analysis done with the KWU-MIX code this operator action cannot be considered beneficial. The last
case, isolation of ACCs by operator, did not produce such results in the RELAPS and KWU-MIX
simulations that would have been significantly different from the base case.

The conclusions on the possible beneficial or detrimental impacts of the different LTO improvements and
operator actions summarized above can be considered to be valid only for a postulated SBLOCA in the
range of 50 cm” and in a geometry resembling a German design 1300 MW four-loop PWR. In case of
loss-of-coolant accidents with smaller or larger break sizes, main steam line breaks (MSLB) or other
transients relevant from PTS point of view the impact and conclusions could differ from those presented
here. In addition, one must remember that although increasing HPSI coolant temperature or reducing
HPSI flow may help PTS, they could make LOCA results on peak cladding temperature (PCT) and/or
cladding oxidation worse by making core recovery more prolonged. Furthermore, these LTO
improvements, if implemented in other types of nuclear power plants, could result in a significantly
different kind of behavior than in the simulations carried out in the APAL project.

The results obtained in the TH analysis will be used in deterministic and probabilistic fracture-mechanics
benchmarks later in the APAL project. In the final stage of the project the effect of the selected LTO
improvements and human actions on the safety margin will be quantified.
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