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FOREWORD 

The OECD Nuclear Energy Agency (NEA) completed under US Nuclear Regulatory Commission 
(NRC) sponsorship a PWR main steam line break (MSLB) benchmark against coupled system 
three-dimensional (3-D) neutron kinetics and thermal-hydraulic codes. Another OECD/NRC 
coupled-code benchmark was recently completed for a BWR turbine trip (TT) transient and is the 
object of the present report. 

Turbine trip transients in a BWR are pressurisation events in which the coupling between core 
space-dependent neutronic phenomena and system dynamics plays an important role. The data made 
available from actual experiments carried out at the Peach Bottom 2 plant make the present benchmark 
particularly valuable. While defining and co-ordinating the BWR TT benchmark, a systematic 
approach and level methodology not only allowed for a consistent and comprehensive validation 
process, but also contributed to the study of key parameters of pressurisation transients. The benchmark 
consists of three separate exercises, two initial states and five transient scenarios. 

The BWR TT Benchmark will be published in four volumes as NEA reports. CD-ROMs will also 
be prepared and will include the four reports and the transient boundary conditions, decay heat values as 
a function of time, cross-section libraries and supplementary tables and graphs not published in the 
paper version. BWR TT Benchmark – Volume I: Final Specifications was issued in 2001 
[NEA/NSC/DOC(2001)1]. The benchmark team [Pennsylvania State University (PSU) in co-operation 
with Exelon Nuclear and the NEA] has been responsible for co-ordinating benchmark activities, 
answering participant questions and assisting them in developing their models, as well as analysing 
submitted solutions and providing reports summarising the results for each phase. The benchmark 
team has also been involved in the technical aspects of the benchmark, including sensitivity studies for 
the different exercises. In performing these tasks, the PSU team has been collaborating with Andy M. 
Olson and Kenneth W. Hunt of Exelon Nuclear. Lance J. Agee, of the Electric Power Research 
Institute (EPRI), has also provided technical assistance for this international benchmark project. 

Volume II summarises the results for Exercise 1 of the benchmark and identifies the key parameters 
and important issues concerning the thermal-hydraulic system modelling of the TT transient with 
specified core average axial power distribution and fission power (or reactivity) time transient history. 
Exercise 1 helped the participants initialise and test their system code models for further use in 
Exercise 3 on coupled 3-D kinetics/system thermal-hydraulics simulations. 

Readers are invited to note that many of the original graphics in the report are in colour; colour 
versions are available online at the NEA website (www.nea.fr). 
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Chapter 1 

INTRODUCTION 

Prediction of a nuclear power plant’s behaviour under both normal and abnormal conditions has 
important ramifications for safety and economic operations. Such prediction is only possible using 
highly sophisticated computer codes given the complexity of nuclear power plants. Incorporation of 
full three-dimensional (3-D) models of the reactor core into system transient codes allows for a 
“best-estimate” calculation of interactions between core behaviour and plant dynamics. Recent progress 
in computer technology has made the development of such coupled code systems (thermal-hydraulic 
and neutron kinetics) feasible. Considerable effort has been made by various countries and organisations 
in this direction. In order to verify the capability of the coupled codes for the analysis of complex 
transients with coupled core-plant interactions and to fully test thermal-hydraulic coupling, appropriate 
light water reactor (LWR) transient benchmarks need to be developed on a higher best-estimate level. 
Previous sets of transient benchmark problems separately addressed system transients (designed 
mainly for thermal-hydraulic system codes with point kinetics models) and core transients (designed 
for thermal-hydraulic core boundary condition models coupled with a 3-D neutron kinetics model). 
The Nuclear Energy Agency (NEA) of the Organisation for Economic Co-operation and Development 
(OECD) has recently completed, under the sponsorship of the US Nuclear Regulatory Commission 
(NRC), a PWR Main Steam Line Break (MSLB) benchmark [1] against coupled thermal-hydraulic 
and neutron kinetics codes. 

A benchmark team from The Pennsylvania State University (PSU) was responsible for developing 
the benchmark specifications, assisting the participants and co-ordinating the benchmark activities.  
The benchmark was well-received by the international community. The participants of the PWR 
MSLB benchmark felt that there should be a similar benchmark against the codes for a BWR plant 
transient. A turbine trip (TT) transient in a BWR is a pressurisation event in which the coupling 
between core phenomena and system dynamics plays an important role. In addition, the available real 
plant experimental data [3-5] makes such a benchmark problem quite valuable. The NEA, OECD and 
US NRC have approved the BWR TT benchmark for the purpose of validating advanced-system 
best-estimate analysis codes. 

As a result, a benchmark project has been established in order to test the coupled system 
(thermal-hydraulic/neutron kinetics) codes by modelling a PB2 (a GE-designed BWR/4) turbine trip 
transient with a sudden closure of the turbine stop valve. Three turbine trip transients at different 
power levels were performed at the Peach Bottom (PB2) BWR/4 nuclear power plant (NPP) prior to 
shutdown for refuelling at the end of Cycle 2 in April 1977. The second test was selected for the 
benchmark to investigate the effect of the pressurisation transient (following the sudden closure of the 
turbine stop valve) on the neutron flux in the reactor core. In a best-estimate manner the test conditions 
approached the design basis conditions as much as possible. The actual data were collected, including 
a compilation of reactor design and operating data for Cycles 1 and 2 of PB, as well as the plant 
transient experimental data. The transient was selected for this benchmark because it is a dynamically 
complex event for which neutron kinetics in the core were coupled with thermal-hydraulics in the 
reactor primary system. 
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The purposes of this benchmark are met through the application of three exercises, which are 
described in Volume 1 of the OECD/NRC BWR TT Benchmark – Final Specifications [2]. The purpose 
of the first exercise is to test the thermal-hydraulic system response and to initialise the participants’ 
system models. Core power response is provided to reproduce the actual test results, using either 
power or reactivity versus time data. The second exercise has two steady state conditions – hot zero 
power (HZP) conditions and initial conditions of TT2. The purpose of Exercise 2 is to provide a clean 
initialisation of the coupled core models since the core thermal-hydraulic boundary conditions are 
provided. The last exercise, Exercise 3, is the best estimate for coupled 3-D core/thermal-hydraulic 
system modelling. This exercise combines elements of the first two exercises of this benchmark and  
is an analysis of the transient in its entirety. Exercise 3 also includes extreme scenarios, which provide 
the opportunity to better test the code coupling and feedback modelling. 

The following chapters are based on the comparative analysis of the submitted results for 
Exercise 1. In total, fourteen results were submitted by participants representing fourteen organisations 
from eight countries. A list of participants, who submitted results to the PSU benchmark team for the 
first exercise, along with the codes used to perform the analysis, is located in Table 1-1. A more 
detailed description of each code is presented in Appendix A and the modelling assumptions made by 
each participant are given in Appendix B. 

Chapter 2 contains a description of Exercise 1, including the initial conditions. Chapter 3 
discusses the utilised comparative statistical methodology for integral parameters, one-dimensional 
(1-D) values and time histories. Chapter 4 provides a comparative analysis of the final results for this 
first exercise. Finally, Chapter 5 provides a brief summary of the conclusions drawn from the analysis 
of Exercise 1. 

Table 1-1. List of participants in Exercise 1 of the BWR TT benchmark 

Participant 
number 

Company name Code Country 

1 CEA CATHARE V15A/Mod2.1 France 
2 Exelon RETRAN USA 
3 FANP S-RELAP5 V3.1.1 Germany 
4 GRS ATHLET Germany 
5 NETCORP DNB-3D USA 
6 NFI TRAC-BF1 Japan 
7 NUPEC TRAC-BF1 Japan 
8 PSI RETRAN-3D Switzerland 
9 PSU TRAC-BF1 USA 

10 PSU/NRC TRAC-M USA 
11 TEPSYS TRAC-BF1 Japan 
12 UPISA RELAP5/Mod3.3 Italy 
13 UPV TRAC-BF1 Spain 
14 Westinghouse POLCA-T Sweden 
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Chapter 2 

DESCRIPTION OF EXERCISE 1 

2.1 General 

The first exercise consists of performing a system thermal-hydraulic calculation (no neutron 
kinetics model involved; core power or reactivity as a function of time is provided as an input) for the 
PB2 TT transient. The purpose of the first exercise is to test the thermal-hydraulic system response and 
to initialise the participants’ system models. This approach is used to develop/refine key sub-models  
of steam lines, steam bypass systems, jet pumps, steam separators and the upper downcomer region 
where a distinct steam-water interface exists. 

2.2 Description of turbine trip scenario 

The Peach Bottom Unit 2 Turbine Trip Test 2 starts with a sudden closure of the turbine stop 
valve (TSV) followed by the opening of the turbine bypass valve. From a fluid-flow phenomena point 
of view, pressure and flow waves play an important role during the early phase of the transient. This is 
because rapid valve actions cause sonic waves, as well as secondary waves, which are generated in the 
pressure vessel. The pressure oscillation generated in the main steam piping propagates with relatively 
little attenuation into the reactor core. The induced core pressure oscillation results in changes to the 
core void distribution and fluid flow. The magnitude of the neutron flux transient in the BWR core is 
affected by the initial rate of pressure rise (caused by pressure oscillation) and has spatial variation.  
The simulation of the power response to the pressure pulse and subsequent void collapse requires a 
3-D core modelling supplemented by a 1-D simulation of the remainder of the reactor coolant system. 

A TT transient in a BWR-type reactor is considered one of the most complex events to be analysed 
because it involves the reactor core, the high pressure coolant boundary, associated valves and piping 
in highly complex interactions with rapidly changing variables. 

As mentioned earlier, the transient begins with a sudden TSV closure that initiates a pressure 
wave in the main steam system, which is quickly transmitted to the reactor pressure vessel. While the 
TSVs are closing, the bypass system valves are designed to open, which allows for steam release and, 
thus, pressure relief. Safety relief valves (SRVs) begin to open at pre-established set points, providing 
additional pressure relief. The pressure wave requires a detailed nodalisation modelling of the steam 
system and its associated valves to assure that timing effects and pressure wave magnitude can be 
accurately determined. This assures the availability of a pressure history on each valve, allowing 
adequate modelling of steam flow through the valves. 
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2.3 Initial steady state conditions 

The reference design for the BWR is derived from real reactor, plant and operation data for the 
PB2 NPP and it is based on the information provided in the EPRI reports [3-6] as well as some 
additional sources such as the PECo Energy Topical report [7]. 

Peach Bottom Atomic Power Station Unit 2 is a GE-designed BWR/4 with a rated thermal power 
of 3 293 MW, a rated core flow of 12 915 kg/s (102.5 × 106 lb/hr), a rated steam flow of 1 685 kg/s 
(13.37 × 106 lb/hr) and a turbine inlet pressure of 6.65 MPa (965 psia). The nuclear steam supply 
system (NSSS) has turbine-driven feed pumps and a two-loop M-G driven recirculation system, 
feeding a total of 20 jet pumps. In total, there are four steam lines and each has a flow-limiting nozzle, 
main steam isolation valves (MSIVs), safety relief valves and a turbine stop valve. The steam bypass 
system consists of nine bypass valves (BPVs) mounted on a common header, which is connected to 
each of the four steam lines. 

There are 764 fuel bundles with an active fuel length of 365.76 cm (12 ft) in the core region. The 
fuel bundles consist of 576 original 7 × 7 fuel bundles with P/D (pitch/outer diameter) equal to 
1.87452 cm/1.43002 cm (0.738 in/0.563 in) and 188 partially reloaded 8 × 8 fuel bundles with P/D 
equal to 1.62560 cm/1.25222 cm (0.640 in/0.493 in). Additionally, the core region includes 185 control 
rods (CRs). For the reactor protection system (RPS), control systems for reactor pressure, recirculation 
flow, feedwater flow and reactor water level are commonly used in reactors of this design. 

Turbine trip test 2 (TT2) was initiated from steady state conditions after obtaining P1 edits from 
the process computer for nuclear and thermal-hydraulic conditions of the core. PB2 was chosen for the 
turbine trip tests because it is a large BWR/4 with relatively small turbine bypass capacity. At the 
beginning of the test, the initial thermal power level was 61.6% of nominal power (2 030 MW); core 
flow was 80.9% of nominal flow rate (10 445 kg/s, 82.9 × 106 lb/hr); and average power range monitor 
(APRM) scram set point was 95% of nominal power. (PBTT benchmark participants used the control 
rod insertion time of 0.75 seconds [s] in all exercises.) For the TT2 test, the dynamic measurements 
were taken with a high-speed digital data acquisition system capable of sampling over 150 signals 
every 6 milliseconds (ms) and the core power distribution measurements were taken from the plant’s 
local in-core flux detectors. Special fast-response pressure and differential pressure transducers were 
installed in parallel with the existing plant instruments in the nuclear steam supply system. Table 2.3-1 
provides the reactor initial conditions for performing steady state calculations. 

Table 2.3-1. PB2 TT2 initial conditions from process computer P1 edit 

Core thermal power (MWt) 2 030.000 
Initial power level (% of rated) 61.600 
Gross power output (MWe) 625.100 
Feedwater flow (kg/s) 980.260 
Reactor pressure (Pa) 6 798 470.000 
Total core flow (kg/s) 10 445.000 
Core inlet sub-cooling (J/kg) 48 005.291 
Feedwater temperature (K) 442.310 
Core pressure drop (Pa) 113 560.700 
Jet pump driving flow (kg/s) 2 871.24* 
Core average exit quality (fraction) 0.097 
Core average void fraction (fraction) 0.304 

* Corrected for calibration and conversion errors 
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The initial water level above vessel zero (AVZ) was equal to 14.1478 m (557 in). This measured 
level was the actual level inside the steam dryer shroud. The initial level AVZ was equal to 14.3256 m 
(564 in) for the narrow range measurement outside the steam dryer shroud. AVZ was the lowest 
interior elevation of the vessel (bottom of lower plenum). Table 2.3-2 and Figure 2.3-1 provide the 
process computer P1 edit for the initial core relative axial power distribution to be used in Exercise 1. 

Table 2.3-2. PB2 TT2 initial core average axial power distribution from P1 edit 

Axial node number Axial location (cm) Relative power 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

017.62 
122.86 
138.10 
153.34 
168.58 
183.82 
199.06 
114.30 
129.54 
144.78 
160.02 
175.26 
190.50 
205.74 
220.98 
236.22 
251.46 
266.70 
281.94 
297.18 
312.42 
327.66 
342.90 
358.14 

0.308051 
0.616103 
0.707754 
0.773947 
0.814681 
0.880874 
0.972526 
1.066723 
1.163467 
1.260210 
1.356953 
1.407871 
1.412963 
1.402779 
1.377320 
1.328949 
1.257664 
1.188925 
1.122733 
1.031081 
0.913971 
0.763764 
0.580460 
0.290230 

 
Figure 2.3-1. PB2 TT2 initial core axial average power distribution from P1 edit 
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2.4 Transient calculations 

During the TT2 test, most of the important phenomena occur in the first five seconds of the 
transient since it is a fast transient. For the purpose of the benchmark, the transient is required to be 
simulated for a five-second time period. This approach simplifies the number of components required 
for performing the analysis of TT2. The transient begins with the closure of the TSV. At some point  
in time, the turbine BPV begins to open. The only boundary conditions imposed on the analysis should 
be limited to the opening and closure of the above valves. Also, it should be noted that during the 
simulation of Exercise 1, the set points of the SRVs are never reached. Since there is no neutron 
kinetics model utilised in Exercise 1, the scram is not simulated explicitly. Rather, it is accounted for 
implicitly in the provided power (or reactivity) time history to be used for this exercise. Table 2.4-1 
shows the experimental time sequence of events during the transient. 

Table 2.4-1. PB TT2 event timing (time in milliseconds) 

TSV begins to close 110 
TSV closed 096 
Begins bypass opening 160 
Bypass fully open 846 
Turbine pressure initial response – 

Steam line A 102 
Steam line D 126 

Steam line pressure initial response – 
Steam line A 348 
Steam line D 378 

Vessel pressure initial response 432 
Core exit pressure initial response 486 
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Chapter 3 

METHODOLOGIES FOR COMPARATIVE ANALYSIS 

As mentioned in Chapter 1, each of the 14 participants submitted various data that were available 
for statistical analysis. The submitted results were categorised by nature of the data. For Exercise 1, 
the categories were: integral parameter values, 1-D distributions and time histories. 

In addition, the submitted data could be distinguished according to the reference data used in the 
comparative analysis. The reference data used in the Exercise 1 comparative analysis were called: 
measured data, Exelon data and averaged data. 

Measured data is the set of original recorded data during the second turbine trip transient test.  
In the case of unavailable measured data, Exelon results (so-called Exelon data) were used as reference 
results for the comparison. The main reason for this approach is that the Exelon results were already 
extensively validated with the measured data. In other words, the Exelon data agree quite well with the 
measured data and this agreement was published in the PECo Topical Report, which was submitted to 
US NRC [7]. It should be noted that the current operator of PB2 NPP is Exelon Nuclear. The former 
operator, the Philadelphia Electric Company (PECo), recently merged with Exelon Nuclear. In the 
event of a lack of measured data and/or Exelon data for a given parameter, the reference solution for 
each requested parameter is based on the statistical mean value (so-called averaged data) of all 
submitted results. 

3.1 Standard techniques for the comparison of results 

In Exercise 1 of this benchmark, several types of data were analysed and the results of all 
participants were compared. The data types were: 

� Integral parameter values. 

� One-dimensional (1-D) axial distributions. 

� Time histories. 

It was necessary to develop a suite of statistical methods for each of these data types, which were 
applied in the comparative analysis. What follows is a description of each of these methods. 

3.1.1 Integral parameter values 

These parameters include such values as core inlet enthalpy and core average pressure drop for 
initial steady state conditions. Since measured data exist for both core inlet enthalpy and core average 
pressure drop, standard deviation and figure of merit (FOM) are calculated in Eqs. (3.1-3.3). 
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(3.1) 

where � is the standard deviation, xi is the data submitted by each participant and N is the total number 
of received results. 

The FOM is computed as follows: 

	i = ei/� (3.2) 

ei = xi – xMeasured (3.3) 

where ei is the deviation for each participant result. 

3.1.2 One-dimensional (1-D) axial distributions 

Exercise 1 compared only one 1-D axial distribution, which was the core average axial void fraction 
distribution. The core average axial void fraction distribution is a function of height or number of axial 
nodes, and it can be displayed as an x-y plot. Similar methods of statistical analysis described in the 
previous section could be applied for each axial cell, the only difference being the reference data. In 
this case and in the event of a lack of measured data, the Exelon data were taken as reference for the 
comparison. Analyses were performed for each 1-D cell according to Eqs. (3.4-3.6): 

� �
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2

�

�
��� �

N

xx Exeloni
 

(3.4) 

where xi is each participant’s data and N is the total number of received results. FOM is computed as: 

	i = ei/� (3.5) 

ei = xi – xExelon (3.6) 

For each participant, a table was prepared that shows the deviations from mean and FOM at each 
axial position. 

3.1.3 Time histories 

Six different sets of time histories were submitted by the participants for Exercise 1. The 
submitted time histories included: dome pressure, core exit pressure, jet pump flow rate, core in-channel 
flow rate, steam bypass flow rate and turbine inlet pressure. The reference data for dome pressure 
comparison was the measured data. Since Exelon data were available for core exit pressure, jet pump 
flow rate, core in-channel flow rate and steam bypass flow rate, the comparisons were based on the 
Exelon data. It should be noted that for some of these categories there were measured data. However, 
the quality of this data (oscillating time histories) was not appropriate and the oscillatory behaviour of 
the data needed to be smoothed. The Exelon results show perfect agreement with the smoothed 
measured data. Due to the lack of measured and Exelon data, the statistical mean value of the 
submitted turbine pressure results (also called averaged data) was used as reference. The averaged data 
were calculated according to the equation that follows. 
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where xi is each participant’s value for specified time interval and N is total number of received results. 

3.2 ACAP analysis 

The comparative analysis was performed for code-to-data and code-to-code comparisons using 
the standard statistical methodology with the Automated Code Assessment Program (ACAP) [8]. 
ACAP is a tool developed to provide quantitative comparisons between nuclear reactor system code 
results and experimental measurements. This software was developed under a contract with PSU and 
the NRC for use in PSU’s code consolidation efforts. ACAP’s capabilities are described as follows: 

� Draws upon a mathematical toolkit to compare experimental data and NRS code simulations. 

� Returns quantitative FOMs associated with individual and suite comparisons. 

� Accommodates the multiple data types encountered in NRS environments. 

� Incorporates experimental uncertainty in the assessment. 

� Provides “event windowing” capability. 

� Accommodates inconsistencies between measured and computed independent variables 
(e.g. different time steps). 

� Provides a framework for automated, tuneable weighting of component measures in the 
construction of overall FOM accuracy. 

ACAP is a PC and UNIX station-based application that can be run interactively on PCs with 
Windows 95/98/NT, in batch mode on PCs as a Windows console application, or in batch mode on 
UNIX stations as a command line executable. 

The D’Auria Fast Fourier Transformation (FFT) and Mean Error (ME) methods were used in FOM 
calculations for time histories [8,11]. Figure 3.2-1 shows a snapshot of the FOM configuration for 
ACAP calculations in Exercise 1 of the benchmark. These methods are advanced techniques for analysis 
of time history data. Eqs. (3.8-3.13) represent the theory portion of the D’Auria FFT and ME methods. 
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Figure 3.2-1. FOM configuration in ACAP 
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The D’Auria measures are as follows: 

� Average amplitude (AA) 
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� Weighted frequency (WF) 
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where N is the number of data values, i is the sample index, 	i is the value spaced 
t apart, Oi is the ith 
datum in the experimental set, Pi is the ith datum in the computed set, and fm is the frequency of mode m. 

Mean error can be computed as: 
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The D’Auria and ME FOM equations are outlined below: 
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where K is the constant used to weight the relative importance of the weighted frequency relative to 
the average amplitude. 
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(3.13) 

Please note that the statistical FOM given by Eqs. (3.2, 3.5) differs from the FOM calculated 
using Eqs. (3.12,3.13). FOM indicates that participant results are closer to the reference solution if the 
former FOM is closer to zero, while the latter FOM must be closer to unity (1) to indicate better 
agreement. 

The following procedure was applied during the ACAP calculation: 

Step 1 Data synchronisation was necessary due to the varying timesteps of submitted participant 
data for the time histories. Regarding synchronisation, the cubic spline function was 
written in Visual Basic for Applications (VBA) and a macro module was inserted into the 
Excel workbook file [9]. Then, all participant results were set to time intervals of precisely 
6 ms. The inserted module is outlined in the text that follows. 
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Function cubic_spline(input_column As Range, output_column As Range, _x As Range) 
Dim input_count As Integer 
Dim output_count As Integer 
input_count = input_column.Rows.Count 
output_count = output_column.Rows.Count 
If input_count <> output_count Then 
000cubic_spline = "error" 
000GoTo out 
End If  
ReDim xin(input_count) As Single 
ReDim yin(input_count) As Single 
Dim c As Integer 
For c = 1 To input_count 
xin(c) = input_column(c) 
yin(c) = output_column(c) 
Next c 
Dim n As Integer 
Dim i, k As Integer 
Dim p, qn, sig, un As Single 
ReDim u(input_count - 1) As Single 
ReDim yt(input_count) As Single 
n = input_count 
yt(1) = 0 
u(1) = 0 
For i = 2 To n - 1 
000sig = (xin(i) - xin(i - 1)) / (xin(i + 1) - xin(i - 1)) 
000p = sig * yt(i - 1) + 2 
000yt(i) = (sig - 1) / p 
000u(i) = (yin(i + 1) - yin(i)) / (xin(i + 1) - xin(i)) - (yin(i) - yin(i - 1)) / (xin(i) - xin(i - 1)) 
000u(i) = (6 * u(i) / (xin(i + 1) - xin(i - 1)) - sig * u(i - 1)) / p 
000Next i 
000qn = 0 
000un = 0 
000yt(n) = (un - qn * u(n - 1)) / (qn * yt(n - 1) + 1) 
For k = n - 1 To 1 Step -1 
000yt(k) = yt(k) * yt(k + 1) + u(k) 
Next k 
Dim klo, khi As Integer 
Dim h, b, a As Single 
klo = 1 
khi = n 
Do 
k = khi - klo 
If xin(k) > x Then 
khi = k 
Else 
klo = k 
End If 
k = khi - klo 
Loop While k > 1 
h = xin(khi) - xin(klo) 
a = (xin(khi) - x) / h 
b = (x - xin(klo)) / h 
y = a * yin(klo) + b * yin(khi) + ((a ^ 3 - a) * yt(klo) + (b ^ 3 - b) * yt(khi)) * (h ^ 2) / 6 
cubic_spline = y 
out: 
End Function 
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Step 2 In order to avoid the effects of differing participant initialisation on the comparative 
analysis, actual values of the time history data were set to zero and they were called delta 
changes. The delta changes were calculated by subtraction of initial value (at time zero) 
from all other values (as shown below) where t represents time. 

Delta changes (t = 0.000) = value (t = 0.000) – value (t = 0.000) 
Delta changes (t = 0.006) = value (t = 0.006) – value (t = 0.000) 
Delta changes (t = 0.012) = value (t = 0.012) – value (t = 0.000) 
Delta changes (t = 0.018) = value (t = 0.018) – value (t = 0.000) 
Delta changes (t = 0.024) = value (t = 0.024) – value (t = 0.000) 
Delta changes (t = 0.030) = value (t = 0.030) – value (t = 0.000) 
Delta changes (t = 0.036) = value (t = 0.036) – value (t = 0.000) 
Delta changes (t = 0.042) = value (t = 0.042) – value (t = 0.000) 
Delta changes (t = 0.048) = value (t = 0.048) – value (t = 0.000) 
… 

 
Step 3 The ACAP input file should be prepared properly and loaded to ACAP. Below is a 

simplified example of an ACAP data file. 

sync 1 this is synchronised data 
title data MEASURED: 
title data CEA: 
title data FRA: 
title data GRS: 
title data IBE: 
title data NET: 
title data NFI: 
title data NUP: 
title data PSI: 
title data PSU: 
title data PSU/NRC: 
title data TEP: 
title data U.PISA: 
title data UPV: 
title data WES: 
data 
               0            0.000000 
           0.006         0.005516 
           0.012         0.005516 
           0.018         0.000000 
           … 
data 
               0            0.000000 
           0.006         0.000000 
           0.012         0.000000 
           0.018         0.000001 
           … 
data 
               0            0.000000 
           0.006         0.000000 
           0.012         0.000000 
           0.018         0.000000 
           … 
… 

 
Step 4 Using ACAP’s user friendly interactive options, a configuration must be selected and the 

FOM calculation should be performed in accordance with the reference data. 
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Chapter 4

RESULTS AND DISCUSSION OF EXERCISE 1

The tables and figures in this chapter provide a comparison of participant results with the reference
solution for the parameters that have the greatest effect on the initial steady state and transient scenario.
The tables show values of standard deviation and figure of merit (as defined in Chapter 3) for each
participant result and for a given parameter. This chapter contains figures that show the scatter of data
around the reference solution.

Participant models used in Exercise 1 are presented in Table 4-1. This table is categorised by
usage of bypass model, decay heat and power model as well as by the number of core channels in the
participant system models. Core inlet enthalpy, core average pressure drop and core averaged axial
void fraction distribution are the selected parameters for steady state comparisons in this exercise. For
these parameters, Figures 4-1 through 4-6 graphically illustrate the agreement or disagreement of
participant predictions. Tables 4-2 through 4-5 show values, deviations and figures of merit for each
participant result and given parameter.

In the transient analysis, reactor vessel dome pressure, core exit pressure, jet pump flow rate (total
core flow rate), core in-channel flow rate, steam bypass flow rate (turbine bypass flow rate) and turbine
inlet pressure are the selected time histories for Exercise 1 comparisons. Time histories were analysed
for two different time intervals, which were 5 seconds and 1.5 seconds. Since this transient is a very fast
one, the study focused on the initial 1.5 s period after performing the analysis on the 5 s period.
Figures 4-7 through 4-40 compare the participant results with the reference solutions for each parameter.
Reference solutions are also compared with the averaged values of participant results. In addition,
Tables 4-6 through 4-17 show the ACAP FOM results for each parameter.

Although each of the 5 s time histories consisted of 833 data points and each of the 1.5 s time
histories consisted of 250 data points, few of these data points were marked in the figures. One marker
for each 50 points (for each 0.3 s time interval) was shown on the figures in order to make the figures
legible. For this purpose, a macro module was written in VBA for the Excel workbooks.

Participant marker types, marker frequencies and the thickness/colour of lines were unique and
consistent for all time history figures. For instance, the reference data (measured, Exelon or averaged)
were always illustrated with the marker . Part of the macro module is subsequently shown.
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Exercise 1 – Macro module

Sub Macro_Marker71()
' Macro_Marker71 Macro
' Macro recorded 10/2/2003 by rdfmg

ActiveChart.SeriesCollection(1).Select
ActiveChart.SeriesCollection(1).Points(50).Select
With Selection.Border

.ColorIndex = 1

.Weight = xlMedium

.LineStyle = xlContinuous
End With
With Selection

.MarkerBackgroundColorIndex = 1

.MarkerForegroundColorIndex = 1

.MarkerStyle = xlSquare

.MarkerSize = 9

.Shadow = False
End With

ActiveChart.SeriesCollection(1).Select
ActiveChart.SeriesCollection(1).Points(100).Select
With Selection.Border

.ColorIndex = 1

.Weight = xlMedium

.LineStyle = xlContinuous
End With
With Selection

.MarkerBackgroundColorIndex = 1

.MarkerForegroundColorIndex = 1

.MarkerStyle = xlSquare

.MarkerSize = 9

.Shadow = False
End With

ActiveChart.SeriesCollection(1).Select
ActiveChart.SeriesCollection(1).Points(150).Select
With Selection.Border

.ColorIndex = 1

.Weight = xlMedium

.LineStyle = xlContinuous
End With
With Selection

.MarkerBackgroundColorIndex = 1

.MarkerForegroundColorIndex = 1

.MarkerStyle = xlSquare

.MarkerSize = 9

.Shadow = False
End With

ActiveChart.SeriesCollection(1).Select
ActiveChart.SeriesCollection(1).Points(200).Select
With Selection.Border
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Exercise 1 – Macro module continued

.ColorIndex = 1

.Weight = xlMedium

.LineStyle = xlContinuous
End With
With Selection

.MarkerBackgroundColorIndex = 1

.MarkerForegroundColorIndex = 1

.MarkerStyle = xlSquare

.MarkerSize = 9

.Shadow = False
***continues for all desired data points and for all other figures
illustrated on the Excel chart***

End With
End Sub

Table 4-1. Participant models used in Exercise 1 of the BWR TT benchmark

Participants Bypass model
used?

Decay heat
used?

Power model Number of
channels

CEA Yes No Fission 1
Exelon Yes Yes Fission 1
FANP Yes Yes Fission 24
GRS Yes Yes Fission 1
NFI Yes No Fission 33
NUPEC Yes Yes Fission 3
PSI Yes Yes Fission 1
PSU Yes No Fission 33
PSU/NRC Yes No Fission 5
TEPSYS Yes Yes Fission 33
UPISA Yes Yes Fission 33
UPV Yes Yes Fission 33
Westinghouse Yes No Fission 764

This chapter also contains the participants’ sequence of events for the turbine trip transient in
Table 4-18. In addition, the time of maximum peaks for time histories are presented in Table 4-19 and
the maximum values of those peaks are given in Table 4-20.
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Figure 4-1. Core inlet enthalpy

Measured Value: 1209.06 Kj/kg
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For core inlet enthalpy, key values are defined below.

Measured value: xMeasured = 1 209.06 kJ/kg

Standard deviation: ( )
0233

1

2

.
N

xx Measuredi ±=
−

−
±=σ �

Figure of merit: FOM = ei/σ where ei = xi – xMeasured

Table 4-2. Core inlet enthalpy – deviation (ei) and FOM

CEA Exelon FANP GRS NETCORP NFI NUP
Value 1 206.00 1 209.06 1 208.30 1 206.30 1 204.95 1 210.50 1 209.09
ei (kJ/kg) -3.060 0.000 -0.760 -2.760 -4.110 1.440 0.030
FOM -1.012 0.000 -0.251 -0.913 -1.360 0.476 0.010

PSI PSU
PSU/
NRC TEPSYS UPISA UPV

Westing-
house

Value 1 208.24 1 207.80 1 207.70 1 200.80 1 208.50 1 210.49 1 206.27
ei (kJ/kg) -0.820 -1.260 -1.360 -8.260 -0.560 1.430 -2.790
FOM -0.271 -0.417 -0.450 -2.732 -0.185 0.473 -0.923
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Figure 4-2. Core pressure drop

Measured Value: 0.113561 MPa
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For core pressure drop, key values are defined below.

Measured value: xMeasured = 0.113561 MPa

Standard deviation: ( )
0120

1

2

.
N

xx Measuredi ±=
−

−
±=σ �

Figure of merit: FOM = ei/σ where ei = xi – xMeasured

Table 4-3. Core pressure drop – deviation (ei) and FOM

CEA Exelon FANP GRS NETCORP NFI NUP
Value 0.0960 0.1158 0.1130 0.1210 0.1406 0.1321 0.1041
ei (MPa) -0.018 0.002 -0.001 0.007 0.027 0.019 -0.009
FOM -1.500 0.167 -0.083 0.583 2.250 1.583 -0.750

PSI PSU
PSU/
NRC TEPSYS UPISA UPV

Westing-
house

Value 0.1178 0.1130 0.1197 0.1322 0.1197 0.1159 0.1149
ei (MPa) 0.004 -0.001 0.006 0.019 0.006 0.002 0.001
FOM 0.333 -0.083 0.500 1.583 0.500 0.167 0.083
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Figure 4-3. Core average void fraction distribution
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Figure 4-4. Core average void fraction distribution
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Figure 4-5. Void fraction distribution – averaged vs. Exelon data
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Figure 4-6. Void fraction distribution – Exelon and deviation
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Table 4-4. Core average void fraction – Exelon and deviation

Axial nodes Exelon Deviation Axial nodes Exelon Deviation
1 00000 2.92E-05 13 0.3818 4.46E-02
2 00000 9.60E-04 14 0.4294 4.04E-02
3 00000 4.41E-03 15 0.4686 3.65E-02
4 0.0033 9.29E-03 16 0.5014 3.28E-02
5 0.0171 1.66E-02 17 0.5290 3.18E-02
6 0.0372 2.83E-02 18 0.5528 3.01E-02
7 0.0649 4.02E-02 19 0.5728 2.70E-02
8 0.1030 4.11E-02 20 0.5898 2.47E-02
9 0.1562 4.46E-02 21 0.6047 2.28E-02
10 0.2055 4.89E-02 22 0.6167 2.25E-02
11 0.2661 4.88E-02 23 0.6261 2.36E-02
12 0.3312 4.76E-02 24 0.6329 2.82E-02
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Figure 4-7. Vessel dome pressure (5 seconds)
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Figure 4-8. Vessel dome pressure (5 seconds)
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Figure 4-9. Vessel dome pressure – measured vs. averaged data (5 seconds)

0.00

0.10

0.20

0.30

0.40

0.50

0 1 2 3 4 5

time (s)

D
el

ta
P

re
ss

u
re

C
h

an
g

es
(M

P
a)

MEASURED

AVERAGE

Table 4-6. Vessel dome pressure FOM – participant vs. measured data (5 seconds)

Participants D’Auria FFT Mean error
CEA 0.828037 0.982646
FANP 0.885103 0.988965
GRS 0.852758 0.987540
NETCORP 0.871570 0.968806
NFI 0.881309 0.966439
NUPEC 0.884493 0.978238
PSI 0.842589 0.912324
PSU 0.880791 0.983431
PSU /NRC 0.866089 0.975788
TEPSYS 0.869565 0.986657
UPISA 0.857825 0.976782
UPV 0.872835 0.996351
Westinghouse 0.877271 0.971293
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Figure 4-10. Vessel dome pressure (1.5 seconds)
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Figure 4-11. Vessel dome pressure (1.5 seconds)
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Figure 4-12. Vessel dome pressure – measured vs. averaged data (1.5 seconds)

0.00

0.10

0.20

0.30

0.40

0.50

0.0 0.3 0.6 0.9 1.2 1.5
time (s)

D
el

ta
P

re
ss

u
re

C
h

an
g

es
(M

P
a)

MEASURED

AVERAGE

Table 4-7. Vessel dome pressure FOM – participant vs. measured data (1.5 seconds)

Participants D’Auria FFT Mean error
CEA 0.756886 0.928376
FANP 0.825679 0.958118
GRS 0.782096 0.940894
NETCORP 0.820257 0.947105
NFI 0.850961 0.972152
NUPEC 0.837275 0.951302
PSI 0.819942 0.934641
PSU 0.831920 0.957261
PSU/NRC 0.882162 0.993100
TEPSYS 0.809503 0.980646
UPISA 0.824089 0.997984
UPV 0.821020 0.966431
Westinghouse 0.860597 0.999617
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Figure 4-13. Core exit pressure (5 seconds)
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Figure 4-14. Core exit pressure (5 seconds)
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Figure 4-15. Core exit pressure – Exelon vs. averaged data (5 seconds)
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Table 4-8. Core exit pressure FOM – participant vs. Exelon data (5 seconds)

Participants D’Auria FFT Mean error
CEA 0.814507 0.982300
FANP 0.860783 0.998363
GRS 0.854806 0.984252
NETCORP 0.890288 0.977578
NFI 0.833606 0.96538
NUPEC 0.828507 0.961375
PSI 0.839428 0.919174
PSU 0.854025 0.988059
PSU/NRC 0.862058 0.985494
TEPSYS 0.824385 0.976990
UPISA 0.790233 0.989411
UPV 0.881102 0.987486
Westinghouse 0.810725 0.971534
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Figure 4-16. Core exit pressure (1.5 seconds)
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Figure 4-17. Core exit pressure (1.5 seconds)
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Figure 4-18. Core exit pressure – Exelon vs. averaged data (1.5 seconds)
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Table 4-9. Core exit pressure FOM – participant vs. Exelon data (1.5 seconds)

Participants D’Auria FFT Mean error
CEA 0.811733 0.961451
FANP 0.828060 0.968435
GRS 0.802623 0.942384
NETCORP 0.847156 0.956179
NFI 0.815541 0.976066
NUPEC 0.820173 0.944192
PSI 0.835825 0.938156
PSU 0.851292 0.961372
PSU/NRC 0.859699 0.999202
TEPSYS 0.818468 0.977226
UPISA 0.798261 0.998377
UPV 0.819631 0.960493
Westinghouse 0.791952 0.969443
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Figure 4-19. Jet pump flow rate (5 seconds)
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Figure 4-20. Jet pump flow rate (5 seconds)
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Figure 4-21. Jet pump flow rate – Exelon vs. averaged data (5 seconds)
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Table 4-10. Jet pump flow rate FOM – participant vs. Exelon data (5 seconds)

Participants D’Auria FFT Mean error
CEA 0.632452 0.986841
FANP 0.631828 0.962128
GRS 0.643767 0.971611
NFI 0.656687 0.991434
NUPEC 0.559590 0.900471
PSI 0.618890 0.939688
PSU 0.623257 0.928375
PSU/NRC 0.495413 0.863238
TEPSYS 0.598229 0.908011
UPISA 0.634360 0.987226
UPV 0.621570 0.926363
Westinghouse 0.514555 0.853835
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Figure 4-22. Jet pump flow rate (1.5 seconds)
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Figure 4-23. Jet pump flow rate (1.5 seconds)
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Figure 4-24. Jet pump flow rate – Exelon vs. averaged data (5 seconds)

-1500

-1000

-500

0

500

1000

1500

2000

0.0 0.3 0.6 0.9 1.2 1.5

time (s)

D
el

ta
F

lo
w

R
at

e
C

h
an

g
es

(k
g

/s
)

EXELON

AVERAGE

Table 4-11. Jet pump flow rate FOM – participant vs. Exelon data (1.5 seconds)

Participants D’Auria FFT Mean error
CEA 0.632452 0.986841
FANP 0.631828 0.962128
GRS 0.643767 0.971611
NFI 0.656687 0.991434
NUPEC 0.559590 0.900471
PSI 0.618890 0.939688
PSU 0.623257 0.928375
PSU/NRC 0.495413 0.863238
TEPSYS 0.598229 0.908011
UPISA 0.634360 0.987226
UPV 0.621570 0.926363
Westinghouse 0.514555 0.853835
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Figure 4-25. Core in-channel flow rate (5 seconds)
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Figure 4-26. Core in-channel flow rate (5 seconds)
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Figure 4-27. Core in-channel flow rate – Exelon vs. averaged data (5 seconds)
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Table 4-12. Core in-channel flow rate FOM – participant vs. Exelon data (5 seconds)

Participants D’Auria FFT Mean error
CEA 0.638910 0.991234
FANP 0.649355 0.969817
GRS 0.649255 0.969817
NFI 0.656670 0.997138
NUPEC 0.572426 0.915737
PSI 0.643341 0.942567
PSU 0.645504 0.961227
PSU/NRC 0.522176 0.872593
TEPSYS 0.590639 0.904306
UPISA 0.652023 0.989703
UPV 0.623379 0.936095
Westinghouse 0.537434 0.867945
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Figure 4-28. Core in-channel flow rate (1.5 seconds)

-1500

-1000

-500

0

500

1000

1500

2000

0.0 0.3 0.6 0.9 1.2 1.5

time (s)

D
el

ta
F

lo
w

R
at

e
C

h
an

g
es

(k
g

/s
)

EXELON

CEA

FANP

GRS

NFI

NUP

Figure 4-29. Core in-channel flow rate (1.5 seconds)
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Figure 4-30. Core in-channel flow rate – Exelon vs. averaged data (1.5 seconds)
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Table 4-13. Core in-channel flow rate FOM – participant vs. Exelon data (1.5 seconds)

Participants D’Auria FFT Mean error
CEA 0.638910 0.991234
FANP 0.649355 0.969817
GRS 0.649255 0.969817
NFI 0.656670 0.997138
NUPEC 0.572426 0.915737
PSI 0.643341 0.942567
PSU 0.645504 0.961227
PSU/NRC 0.522176 0.872593
TEPSYS 0.590639 0.904306
UPISA 0.652023 0.989703
UPV 0.623379 0.936095
Westinghouse 0.537434 0.867945
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Figure 4-31. Steam bypass flow rate (5 seconds)
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Figure 4-32. Steam bypass flow rate (5 seconds)
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Figure 4-33. Steam bypass flow rate – Exelon vs. averaged data (5 seconds)
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Table 4-14. Steam bypass flow rate FOM – participant vs. Exelon data (5 seconds)

Participants D’Auria FFT Mean error
CEA 0.779968 0.865189
FANP 0.885318 0.984254
GRS 0.815970 0.937836
NFI 0.824380 0.945642
NUPEC 0.822632 0.911949
PSI 0.759959 0.999926
PSU 0.836952 0.968644
PSU/NRC 0.789913 0.928899
TEPSYS 0.827886 0.967461
UPISA 0.819684 0.973376
UPV 0.721839 0.998870
Westinghouse 0.793363 0.883658
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Figure 4-34. Steam bypass flow rate (1.5 seconds)
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Figure 4-35. Steam bypass flow rate (1.5 seconds)
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Figure 4-36. Steam bypass flow rate – Exelon vs. averaged data (1.5 seconds)
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Table 4-15. Steam bypass flow rate FOM – participant vs. Exelon data (1.5 seconds)

Participants D’Auria FFT Mean error
CEA 0.849663 0.947216
FANP 0.919241 0.999309
GRS 0.864690 0.964516
NFI 0.840617 0.951867
NUPEC 0.845051 0.944996
PSI 0.865657 0.963570
PSU 0.880917 0.971740
PSU/NRC 0.837732 0.973358
TEPSYS 0.822172 0.967200
UPISA 0.857962 0.966541
UPV 0.817225 0.982058
Westinghouse 0.770214 0.852074
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Figure 4-37. Turbine inlet pressure (5 seconds)
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Figure 4-38. Turbine inlet pressure (5 seconds)
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Table 4-16. Turbine inlet pressure FOM – participant vs. averaged data (5 seconds)

Participants D’Auria FFT Mean error
CEA 0.768247 0.994379
FANP 0.815086 0.922731
GRS 0.781540 0.967382
NFI 0.790493 0.989711
NUPEC 0.765019 0.941782
PSI 0.768060 0.892899
PSU 0.731602 0.961210
PSU/NRC 0.727749 0.968607
TEPSYS 0.752652 0.981105
UPISA 0.791697 0.971980
UPV 0.752164 0.981043
Westinghouse 0.815964 0.999511

Table 4-17. Turbine inlet pressure FOM – participant vs. averaged data (1.5 seconds)

Participants D’Auria FFT Mean error
CEA 0.774653 0.999697
FANP 0.817505 0.927251
GRS 0.780127 0.961526
NFI 0.790156 0.995539
NUPEC 0.764252 0.946661
PSI 0.761436 0.887322
PSU 0.710820 0.966465
PSU/NRC 0.733067 0.974009
TEPSYS 0.756667 0.975201
UPISA 0.793776 0.977449
UPV 0.755355 0.975139
Westinghouse 0.809388 0.994519
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Figure 4-39. Turbine inlet pressure (1.5 seconds)
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Figure 4-40. Turbine inlet pressure (1.5 seconds)
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Table 4-18. Sequence of events

Event (milliseconds)Participants
TSVC BVBO BVFO DPIR CEPIR

CEA 96 60 846 423 360
Exelon 96 60 846 432 486
FANP 96 60 846 400 390
GRS 96 60 846 420 354
NETCORP 90 60 850 516 342
NFI 96 60 846 403 406
NUPEC 96 60 846 510 396
PSI 96 60 852 444 450
PSU 90 60 846 420 408
PSU/NRC 90 60 846 438 396
TEPSYS 96 60 852 372 372
UPISA 96 60 846 398 390
UPV 96 60 846 398 390
Westinghouse 96 60 846 342 438
Measured Data 96 60 846 432 486

Description of events: TSVC – turbine stop valve closed, BVBO – bypass valve begins to open, BVFO – bypass valve
fully open, DPIR – vessel dome pressure initial response (0.78% increase over initial value; % criterion based on reference
result), CEPIR – core exit pressure initial response (0.27% increase over initial value; % criterion based on reference result).

Table 4-19. Time of the maximum peak

Time (seconds)
Participants Dome

pressure
Core exit
pressure

Jet pump
flow

Core inlet
flow

Bypass flow Turbine inlet
pressure

CEA 3.738 3.762 0.492 0.474 1.176 1.212
Exelon 13.186* 2.940 0.546 0.546 0.864 N/A
FANP 3.000 3.000 0.552 0.564 0.954 3.318
GRS 2.718 2.742 0.522 0.516 1.278 2.238
NETCORP 2.890 2.990 0.510 N/A N/A N/A
NFI 3.027 3.049 2.916 2.868 1.002 0.114
NUPEC 3.999 3.339 0.594 0.594 0.846 3.816
PSI 2.976 2.988 0.522 0.522 1.410 1.392
PSU 3.366 3.348 0.612 0.588 1.272 0.198
PSU/NRC 3.144 3.264 3.126 3.132 0.672 2.598
TEPSYS 3.442 3.478 0.534 0.630 1.128 3.108
UPISA 2.736 2.754 2.700 2.700 0.894 1.302
UPV 2.900 2.900 2.778 3.798 0.882 2.346

* Since measured data is available, the measured dome pressure value was used as reference in lieu of the Exelon data.
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Table 4-20. Maximum peak value (delta changes*)

Participants
Dome

pressure
(MPa)

Core exit
pressure
(MPa)

Jet pump
flow

(Kg/s)

Core
in-channel
flow (Kg/s)

Steam
bypass

flow
(Kg/s)

Turbine
inlet

pressure
(MPa)

MVCEP
(%)**

CEA 0.421 0.418 747.0 765.000 673.8 0.500 106.1
Exelon 1110.448*** 0.439 1250.31 1271.3071 647.7 N/A 106.4
FANP 0.449 0.430 519.3 470.836 648.9 0.569 106.0
GRS 0.458 0.453 514.0 546.700 609.6 0.555 106.6
NETCORP 0.430 0.430 700.0 N/A N/A N/A 106.3
NFI 0.429 0.420 554.2 601.090 595.6 0.564 106.1
NUPEC 0.444 0.424 1010.31 941.333 566.3 0.568 106.2
PSI 0.393 0.383 1666.11 1670.6551 605.2 0.553 105.8
PSU 0.451 0.418 640.0 739.000 650.5 0.531 106.5
PSU/NRC 0.449 0.440 1086.41 1097.7191 577.3 0.574 106.8
TEPSYS 0.454 0.430 705.0 664.137 600.1 0.512 106.6
UPISA 0.439 0.453 534.3 567.080 649.4 0.626 106.5
UPV 0.462 0.340 400.6 455.020 635.2 0.552 106.8
Westinghouse 0.479 0.430 1328.61 1302.8101 466.7 0.626 106.3

* To avoid the effect of varying initialisation of participant data, all data are set to delta changes. The equation for this is
delta changes = data – initial value.

** MVCEP is the maximum value in per cent of the initial value of the core exit pressure.
*** Since measured data is available for dome pressure, measured dome pressure value was used instead of Exelon data.

The calculated results presented in this chapter describe the thermal-hydraulic system response of
participant models. A brief description of Exelon’s code, RETRAN, is provided below given that some
of the Exelon code results were used as reference in the comparisons, especially for time histories.
In order to understand the comparisons, participant code descriptions (see Appendix A) must be taken
into consideration.

RETRAN, which stands for Reactor Transient System Analysis Computer Code, has undergone a
comprehensive qualification program by the Electric Power Research Institute (EPRI) and its RETRAN
Working Group. Analyses of PB2 turbine trip transients were an important part of the RETRAN
qualification program.

Figure 4-41 shows the definition of core regions in the RETRAN skeleton input deck as well as
the flow paths of the reactor vessel, the reactor recirculation system and steam lines. A single volume
(Volume 7) is used to model the steam space above the steam separators. The downcomer region is
divided into three volumes. The upper downcomer (Volume 8) models the region surrounding the
steam separators and includes the normal steam-water interface. The middle downcomer (Volume 9)
models the region surrounding the standpipes and represents the volume where feedwater and liquid
flow from steam separator mixes. The lower downcomer models the region surrounding the core shroud
and jet pumps. Flow to recirculation loops and jet pump suctions originate from this volume.

A single volume (Volume 1) is used to model the fluid region below the core support plate (lower
plenum). The upper plenum region is above the upper guide plate and standpipes, which are modelled
as single volumes (Volumes 4, 5). Two-sided, passive heat conductors are used to model the material
of the shroud head and standpipes. A single volume is used to model the internal volume of the
211 steam separators. Since liquid flows from the separators, which include a steam carry-under, and
enters the sub-cooled middle downcomer, the effects of carry-under can be ascertained without
introducing steam bubbles into the liquid downcomer.
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Figure 4-41. RETRAN PB2 thermal-hydraulic model

The results, which are summarised in the figures and tables contained in this chapter, indicate the
importance of pressure transients for BWRs. The results also clearly establish the need for correct
system input models for related system codes. Statistical evaluation of the parameters contributed to
the quantitative comparative analysis.

The comparative analysis of PB2 TT2 provided detailed information on modelling challenges to
system computer codes. In order to understand the comparisons and to perform meaningful analyses,
the parameters should be considered in conjunction with the information provided in Appendices A
and B. Appendix A provides descriptions of participant codes in terms of modelling capabilities
(i.e. drift-flux models vs. six-equation or five-equation models, etc.). Appendix B provides participant
responses to a questionnaire, which clarify participant nodalisations and selected modelling options.

Table 4-1 provides general information about the participant models utilised in Exercise 1.
Although different numbers of channels were used by participants in their calculations, this should not
significantly affect Exercise 1 results. Even one channel would be sufficient for the simulation of this
exercise because the initial core average axial power profile and power time history during the
transient (obtained from experimental data) were used as input data in participant models.
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Correct modelling of initial steady state is important – the TT2 test has been initiated from the
steady state conditions of the EOC 2. Participant results have shown excellent agreement for steady
state parameters. Although CEA, NETCORP and TEPSYS predictions seem to deviate more noticeably
from the reference results presented in Figures 4-1 and 4-2, the maximum deviation for the core inlet
enthalpy is less than 0.7% and less than 23% for the core pressure drop. The inlet enthalpy usually
depends on the amount of steam carry-under from the separators. The transient response of the system
is very sensitive to separator modelling because this affects the initial location of the bulk boiling
in core channels. The good agreement obtained in the core inlet enthalpy predictions is encouraging
for the participants to perform further analyses. The accuracy of the core pressure drop calculations
is affected by the predictions of the inlet enthalpy, which is related to the modelling of steam
separators/dryers and loss coefficients in the vessel and channels. Since the inlet enthalpy predictions
agree quite well, the observed discrepancies in the pressure drop predictions may come from
participant models other than the separator models.

The most challenging part of the steady state analysis is the prediction of the void fraction
distribution. This prediction depends on the modelling of core channels, vessel levels, steam dryers/
separators, jet pumps and recirculation loops, and also depends on the features of the participant
system codes. With all these challenges in mind, one can consider that the core average axial void
fraction distribution results agree very well. An interesting observation can be made regarding
Figure 4-5, which shows very good agreement of the average result over all participants’ predictions
as compared to the Exelon results. Among the void fraction results, only the FANP prediction exhibits
deviation from the reference result as shown in Figure 4-3. The reason may come from the calculation
of the channel and vessel loss coefficients. Most of the results have shown slight differences at the
axially lower (bottom) part of the core, such as PSI’s prediction (Figure 4-4). Since there is no
neutronic feedback for this exercise, the slight deviations may be explained by participants’ different
thermal-hydraulic flow and heat transfer models and especially sub-cooled boiling models.

In summary, steady state simulation of large systems is very difficult and requires extensive work
on each component’s model. In addition, correct simulation is necessary of the control phenomena in
input models, such as water level control, recirculation pump speed, jet pump flows, feedwater flow
and steam line pressure.

The calculated transient results and the comparisons presented in this chapter not only provide an
opportunity to understand the phenomena behind the turbine transient tests but also to engage in
comprehensive testing and examination of the capability of participant codes to simulate such
transients. During the benchmark workshops, three important decisions were made by the participants
related to the comparative analysis of the time histories: 1) to analyse the time histories of delta
changes (instead of absolute parameter values) in order to avoid the impact of initial steady state
disagreements; 2) to provide two comparisons for 1.5 s and for 5 s; and 3) to provide two FOM estimates
based on two different methods (FFT and ME).

In general, it was demonstrated that the steam bypass line has a strong interaction with the main
steam line and the steam bypass line’s impact on the pressure responses depends on the relative position
of the TSV and BPV. It was observed that an acoustical pressure wave (oscillation) can exist in the
reactor main steam piping due to the combined compressibility and momentum effects in the steam
line. The fundamental mode of the acoustical pressure oscillation is strongly excited as a result of turbine
trip, which causes a sharp initial pressure rise in the reactor as the first pressure wave enters the reactor
vessel. In addition, the fundamental acoustical mode propagates in the main steam piping, entering the
reactor vessel and passing through the steam separators into the reactor core with relatively little
attenuation. All of these physical facts can be seen in participant results (Figures 4-7 through 4-40).
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During analysis of the results for the first exercise, it was obvious that the sources of deviations in
participant predictions came from the differences in modelling the two key parameters – pressure
response and core flow response. Accurate prediction of the pressure response depends on the number
of models used by a given code. Models include: the steam line model (requires adequate nodalisation
and treatment of momentum effects), the steam bypass system model and the steam separator model
(requires proper treatment of steam separator inlet inertia and non-equilibrium effects at steam-water
surfaces). Prediction of core flow response is sensitive to the jet pump model used (requires proper
representation of the dynamic response of flow-to-pressure) and the core exit/separator region model
(requires proper representation of the dynamic response of two-phase flow).

Figures 4-7 through 4-18 and Tables 4-6 through 4-9 present the comparative analysis of participant
vessel dome pressure and core exit pressure results with the reference data. In principle, the results are
in good agreement. In particular, the good agreement in the times of occurrence of the initial rise
indicates that the time effects (delays, rise times and frequencies) are modelled well. In addition, the
amplitudes of the pressures are generally in good agreement. The discrepancies can be attributed to the
shortcomings of the code models. For example, improving the slip model may increase the accuracy of
the results because the reactor pressure vessel may have a larger liquid inventory and lower steam
inventory, which tend to produce higher pressures.

If Tables 4-6 through 4-9 are analysed together, it can be concluded that some participant
predictions agree well with the reference solutions in the first 1.5 seconds of the transient while other
participant predictions agree well in the later part of the transient. The reason for this may be explained
in the following statements. The overall behaviour of the pressure is mostly affected by the transient
flow rate of steam through the turbine stop valves and bypass valves. Simulation of the opening and
closing of the valves and nodalisation of the steam lines play an important role in the calculations. The
discrepancies seen in the latter phases of these curves may arise from depressurisation rate mechanisms
(e.g. critical flow models and steam formation models).

Participant results for jet pump flow rate (total core flow rate) and core in-channel flow rate are
generally consistent as shown in Figures 4-19 through 4-30 and in Tables 4-10 through 4-13. Although
the submitted results in the figures seem to have great deviations when compared with the reference
data, it should be noted that the illustrated results are based on delta changes (explained in Chapter 3).
If the initial values of the flow rates (such as 10 445 kg/s for total core rate) are considered, then the
maximum deviation is evaluated at less than 10%.

Discrepancies in flow rate responses can be analysed in 2 sections – deviations before 1.5 seconds
and after 1.5 seconds. Most problematic in the period before 1.5 seconds were predictions of peak times
and peak amplitudes as well as the simulation of wave propagation. The best agreement with reference
results in the flow rate prediction was achieved by the PSI results. As described in Appendix A, PSI
used RETRAN-3D, which is based on the code RETRAN (used by Exelon for reference calculations).

In the latter phases of the jet pump flow rate and core in-channel flow rate figures, the NUPEC,
PSU/NRC and Westinghouse predictions were ~3-5% higher than the reference solution. The most
probable reason for this disagreement is the input model (if the effect of the core bypass flow model
on the core flows is considered). In most models, the core bypass flow is directly related to the total
core flow. For instance, a decrease in core bypass flow causes an increase in total core flow rate.

Although steam bypass modelling is one of the most challenging parts of the exercise, the
submitted results have shown that participant models can simulate steam bypass flow successfully.
The submitted results agree well as shown by Figures 4-31 through 4-36 and by Tables 4-14, 4-15.
The predictions shown in the figures deviated at the peak time and especially at the end of the transient.
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Assumptions used in modelling the phenomena between the flow through steam bypass valve and the
valve opening area had a great effect on the results. In addition, the predictions were very important
because the bypass flow rate itself greatly influenced peak pressures.

Predictions of the participant models are also affected by the choice of bypass piping heat transfer
options [10]. As hot steam enters the bypass valves, significant heat is transferred to the cold piping
walls due to the large temperature gradient. This event causes slower pressurisation of bypass piping,
which increases the affects of the critical flow through the bypass valve. The heat transfer to the pipe
walls causes an increase of the flow rate until walls reach the steam temperature. In most cases, pipes
are cold (i.e. their temperatures are close to the condenser temperature); however, there is evidence
that the piping walls remain at a high temperature for some time after steam bypass opening. Since the
TT2 event followed TT1, during the opening of the bypass valves the heat transfer to the walls may be
negligible [7]. Finally, it was shown that the transient flow phenomena in the steam bypass system are
of great importance.

As a parameter for the time histories, turbine inlet pressure predictions were compared with the
average result. All results were in quite good agreement. Some slight deviations on the initial pressure
response were possibly a result of the differences in the action of TSV modelling. The modelling of
this action affects the prediction of certain time effects such as delays, rise times and frequencies.

The remarkable overall good agreement between reference and participant results for time histories
raised confidence in the participants’ system codes as well as in the developed system models. Moreover,
the excellent agreement, which is illustrated in Figures 4-9, 4-12, 4-15, 4-18, 4-21, 4-24, 4-27, 4-30,
4-33, 4-36 and 4-39, between average and reference results not only indicated the success of this
benchmark but also encouraged participants to take part in the remaining exercises.

In addition to time histories, sequence of events, maximum peak times for time histories and
maximum peak values can be found in Tables 4-18, 4-19 and 4-20. Although participant event timings
for TSVC, BVBO and BVFO were perfect as shown in Table 4-18, initial responses had slight
differences. In parallel, time and maximum peaks presented in Tables 4-19 and 4-20 had discrepancies.
The possible reasons for these discrepancies were explained in the above paragraphs.

In conclusion, the results of the first exercise verified the participants’ system codes and system
models, and contributed to gaining a more in-depth knowledge of the capabilities of these codes.
Developing a more in-depth knowledge of coupled computer code systems is important because 3-D
kinetic/thermal-hydraulic codes will play a critical role in the future of nuclear analysis. Since the
purpose of this exercise was to initialise and test the thermal-hydraulic system model responses, this
chapter proved that this exercise laid the foundation for conducting other benchmark exercises in a
consistent and systematic way.
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Chapter 5 

CONCLUSIONS 

In order to meet the objectives for the validation of best-estimate coupled codes, a systematic 
approach was introduced to evaluate the turbine trip transient. Such codes use separate temporal and 
spatial models as well as numerical methods for core neutronics, core thermal-hydraulics and system 
thermal-hydraulic simulations. Therefore, the validation of the codes should include testing these 
models for the defined transient for a given type of reactor (BWR in this case) as separate exercises of 
the overall benchmark. 

The ultimate goal is to enable participants to initiate and verify these models before focusing on 
the major objective, which is the testing of coupling methodologies in terms of numerics, temporal and 
spatial mesh overlays. This approach allows one to evaluate in a more consistent way the modelling of 
combined effects (neutronics/thermal-hydraulics as well as core/plant interactions) by removing the 
uncertainties introduced with separate models. 

In order to perform such a comprehensive validation of coupled codes, a multi-level methodology 
is employed. This includes the application of three exercises, the evaluation of different steady states 
and the simulation of different transient scenarios. 

To summarise this work, Exercise 1 of the BWR TT benchmark was discussed in detail. The results 
of this benchmark problem were intended to assist in the understanding of the behaviour of next 
generation computer codes. Overall, this benchmark has been well-accepted internationally, with 
14 participants from 8 countries participating in the first exercise. The results submitted by participants 
of Exercise 1 were used to make comparisons and a subsequent statistical analysis. This information 
encompassed several types of data for thermal-hydraulic parameters at the initial steady state conditions 
and throughout the turbine trip transient. These included: integral parameters, 1-D axial distributions 
and time histories. 

Due to the sensitive nature of this transient to small variations in initial parameters, the participants 
were advised to follow the final specifications as closely as possible. In order to avoid possible 
misinterpretations, the benchmark team provided further clarifications before the final results were 
submitted. The motivation behind such clarifications was to narrow down as much as possible the 
modelling differences for the initial steady state conditions as well as for the transient scenario. This 
strategy helped to obtain a cluster of solutions to be used as a basis for further comparative analysis. 

A detailed assessment of the differences between calculated results submitted by the participants 
for this exercise was presented in Chapter 4 of this report. Overall, the participant results for integral 
parameters, core-averaged axial distributions and core-averaged time histories were in good agreement 
with reference solutions, especially considering the approximations in some participant models, the 
uncertainties of some system parameters and the difficulties in interpreting some of the measured 
responses. This is important from the fluid phenomena point of view because pressure and flow waves 
play an important role in the early phase of the response to a turbine trip. 
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Since core inlet enthalpy is highly sensitive to core inlet temperature, the submitted results were 
accepted as being in very good agreement. Besides, participant predictions for the core pressure drop 
were quite close to the reference value if complexities of such system models were taken into account. 
In the void fraction results, deviations were mostly observed in the lower (bottom) part of the core 
because of differences in the participants’ sub-cooled boiling models. However, the average distribution 
calculated from the participants’ submitted results almost matched the reference solution. 

Generally, time history results and transient single values were in very good agreement with the 
reference data. Although some parameters seemed to have deviations, surprisingly, the average values 
matched the reference solution well. We observed that more than 10 submitted sets of data could make 
the comparative analysis meaningful in terms of the statistical approach. 

In the time history comparisons, the deviations were mostly observed within the first 1.5 second 
time period after the start of the transient. Since power was provided as a function of time (to eliminate 
the impact of neutronic feedback effects), the deviations in the first 1.5 seconds may have come from 
the computer code control capabilities or from the approximations of participant models used in this 
transient (especially simulating the bypass phenomena). 

It was demonstrated that Exercise 1 fulfilled its objective, namely, to help the participants initialise 
and test thermal-hydraulic system models to be used later in Exercise 3 (coupled 3-D neutron 
kinetics/system thermal-hydraulic calculations of PB2 TT2). In addition, the participants utilised 
Exercise 1 to perform a number of sensitivity studies on different modelling and numerical issues. 
Such investigations were aimed toward evaluation of impact of the following effects and parameters: 

� Thermal-hydraulic modelling issues: Turbine bypass line modelling; nodalisation of vessel, 
steam line and steam separator region; TSV position and steam mass flow modelling; 
thermal-hydraulic model – number of equations; void fraction model; steam separator inertia; 
and jet pump modelling. 

� Thermal-hydraulic key parameters: Feedwater temperature; jet pump parameters; void 
fraction in the bulk water (carry-under); core outlet pressure; active core pressure loss; core 
inlet temperature; core inlet mass flow without bypass flow; sub-cooling; void generation rate; 
and gas gap conductance. 

� Timestep size: Fixed timestep of 6 ms versus using a variable timestep algorithm with a 
maximum timestep size imposed. 

Exercise 1 provided the opportunity to study the impact of different thermal-hydraulic models on 
code predictions and to identify the key parameters for modelling a TT transient. This in turn allowed 
the evaluation of key parameters through the performance of sensitivity studies, which allowed the 
participants to develop a more in-depth knowledge of the capabilities of current generation best-estimate 
thermal-hydraulic system codes. 
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Appendix A

DESCRIPTION OF COMPUTER CODES USED FOR ANALYSIS
OF EXERCISE 1 OF THE NEA-NRC BWR TT BENCHMARK
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CATHARE (CEA, France)

The development of the CATHARE code was initiated in 1979 [1]. Code objectives include:

• Perform safety analyses with best-estimate calculations of thermal-hydraulic transients in
pressurised water reactors.

• Quantify the conservative analysis margin.

• Investigate plant operating procedures and accident management.

• Evaluate usage as plant analyser in full-scope training simulator providing real-time calculation.

The code is based on a two-fluid six-equation model. The presence of non-condensable gases can
be modelled by one to four additive transport equations. The code is able to model any kind of
experimental facility or PWR, and is usable for other reactors (fusion reactor, BWRs, etc.)

The CATHARE code applications have been extended by coupling with other codes:

• Three-dimensional neutronics code – CRONOS [2].

• Core thermal-hydraulic code (component code) – FLICA [3].

• Severe accident code – ICARE2 [4].

CATHARE Main features

CATHARE has a modular structure. The modules are:

• One-dimensional module to describe pipe flow.

• Volume module, which is a two-node module.

• Three-dimensional module to describe multi-dimensional effects in the vessel.

To complete the modelling of the circuits, sub-modules can be connected to the main modules
(e.g. the multi-layer wall module), the point neutronics module, valves, safety valves, check valves,
flow limiters, boundary conditions, etc.

Physical description

All modules use the two-fluid model to describe steam-water flows and four non-condensable
gases that may be transported. Both thermal and mechanical non-equilibrium of the two phases are
described.

All kinds of two-phase flow patterns are modelled [5]. Heat transfer with wall structures and fuel
rods are calculated, taking into account all heat transfer processes: natural and forced convection with
liquid or gas, sub-cooled and saturated nucleate boiling, critical heat flux, film condensation for effects
of non-condensable gases, etc.
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The range of parameters is rather large: pressure from 0.1-25 MPa, gas temperature from
20-2 000°C, fluid velocities up to supersonic conditions and duct hydraulic diameters from 0.01-0.75m.

System of equations

Mass, momentum and energy equations are established for any CATHARE module. They are
written for each phase. They are derived from exact local instantaneous equations, using some
simplification through physical assumptions as well as time and space averaging procedures. One to
four transport equations can be added when non-condensable gases are present.

Physical models are required to close the system of equations for CATHARE. Closure
relationships concern mass, momentum and energy exchanges between phases and between each phase
and the wall. As much as possible, physical closure laws are developed on an experimental basis.

Numerical scheme and solution procedure

The numerical method in the CATHARE code uses a first order finite volume/finite difference
scheme with a staggered mesh and donor cell principle. The time discretisation varies from the fully
implicit discretisation used in the 0-D and 1-D modules to the semi-implicit scheme used in the 3-D
module. Wall conduction is implicitly coupled to hydraulic calculations.

The non-linear system of equations is solved by a Newton-Raphson iterative method. In the last
version of CATHARE (v1.5), the solution can be distributed over several processors in order to reduce
the CPU time by parallel computing.
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S-RELAP5 (FANP, Germany)

S-RELAP5 is the standard tool of FRAMATOME ANP for the investigation of accident scenarios
in nuclear power plants, both of PWR and BWR. The range of applications covers LBLOCA on the
one end and reactor transients on the other end. S-RELAP5 includes all features of the RELAP5 code
family. It is a highly modular code where the user defines the granularity of the analysis by defining
an appropriate noding scheme.

The hydraulic part of such a noding scheme includes a concatenation of hydraulic volumes
connected by junctions. In the case of a two-phase state in the hydraulic volume, thermal
non-equilibrium is assumed. The two-phase flow between the volumes is non-homogeneous; the
corresponding phasical velocities are determined by solving momentum equations. This approach
requires the definition of local static pressure, with the pressure gradient being the source of
movement for each phase. Thermal properties as densities or internal energies are locally defined.
In S-RELAP5, flow maps and heat transfer modes are defined; they allow for the application of
constitutive relations as inter-phasical shear or heat transfer coefficients, which depend on them. A
highly sophisticated numerical solution scheme allows for the consideration of hydraulic systems with
up to 500 hydraulic volumes. S-RELAP5 has a fully developed fuel model and a point kinetic model.

ATHLET (GRS, Germany)

The system code ATHLET is applied for analysis of behaviour of the whole plant under accident
conditions. It is a thermal fluid dynamic system code based on 1-D pipe components with a wide range
of applications. The applications are comprised of anticipated and abnormal plant transients, small and
intermediate leaks as well as large breaks in PWRs and BWRs. The code offers the possibility of
choosing between different models of fluid dynamics. The two-phase flow can be described with up to
a full six-equation model for mass, energy and momentum of both phases, including models for
non-condensables. A boron tracking model for single and two-phase flow has been implemented. The
code structure is highly modular and allows for easy implementation of different physical models. The
basic modules include: thermo-fluid dynamics, neutron kinetics, general control simulation module
and numerical integration method FEBE. ATHLET provides a modular network approach for the
representation of a thermal-hydraulic system. The possibility to implement connections among a group
of parallel channels in the reactor core allows for the modelling of cross flow inside the reactor core.

DNB/3D (NETCORP, USA)

DNB/3D is a FORTRAN 77 computer program that simulates the nuclear steam supply system of
a boiling water reactor under transient conditions. Geometry and system component options are provided
to represent any of the current BWR designs. The major features of DNB/3D are as follows:

• Point, 1-D and 3-D neutronic kinetics models including Doppler, moderator density and
control rod feedback along with standard decay heat models. Initially, sub-critical cores can
be represented. A power forced option is also provided.

• Multi-node radial and axial coolant channels and fuel rods.

• Fixed nodalisation in the reactor vessel and steam lines.

• One-dimensional homogeneous equilibrium conservation of mass, energy and momentum.
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• Mechanistic non-equilibrium flow quality or profile fit model option to represent slip with the
coolant channels.

• Steam line includes representation of the MSIV, turbine control and stop valves, RSV and
steam bypass valves.

• Method of characteristics used to solve conservation equations in the steam lines.

• Turbine representation.

• Structural metal components represented. Reactor protection and safety systems represented.

• Control systems represented. Complete self-initialisation of all components and models.

• Provisions to represent a wide variety of transient and accident scenarios. Flexible restart
capability. British or Sl input/output option.

TRAC-BF1 (NFI, Japan)

The code used in the first exercise is TRAC-BF1/MOD1. TRAC-BF1/COS3D is not used in this
exercise but in the others. TRAC-BF1 is a best-estimate transient analysis code for analysing the full
range of postulated accidents in boiling water reactor systems and related facilities.

TRAC-BF1 (NUPEC, Japan)

NUPEC used the TRAC-BF1 code in the first exercise. TRAC-BF1 is the latest public domain
BWR version of TRAC, which deals with thermal hydraulics, fuel heat transfer and plant system.
Thermal-hydraulics utilises the two-fluid model that solves six balance equations of mass, momentum
and energy for liquid and vapor phases. Two-phase flow in the core region is treated as 1-D parallel
vertical flows. The heat transfer model solves 1-D radial heat conduction equations. Heat transfer
coefficients at the cladding surface are subdivided into each flow regime. Material properties are based
on the code-installed MATPRO correlations. TRAC-BF1 has major BWR component modules: vessel,
channel, separator/dryer, pump, pipe, valve, etc. The plant system can be composed of these
component modules. The reactor pressure vessel is modelled with the vessel component in 3-D
cylindrical co-ordinates. Two numerical methods for thermal-hydraulic calculations are used. The first
is the standard finite differential method with staggered mesh, which is used for the space integration
of both fluid flow and heat conduction. The second is the time integration of fluid flow equations,
which is performed by the semi-implicit scheme with the stability enhanced two-step (SETS) method.

RETRAN-3D (PSI, Switzerland)

Within the STARS project at PSI, the code environment for the coupled 3-D reactor-kinetics/
thermal-hydraulics transient analyses of Swiss LWRs is based mainly on RETRAN-3D and
CORETRAN for both PWR and BWR systems. (Note that other codes are used for specific
applications, e.g. RAMONA for BWR stability.) Both codes play distinct roles in this environment –
RETRAN-3D is used for analysis of coupled 3-D core/plant system transients while CORETRAN is
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used for core-only dynamic analysis. An important aspect is that both codes are based on an identical
neutronics algorithm, allowing usage of CORETRAN as an interface code to help prepare the 3-D core
model for RETRAN-3D. This approach forms the basis of PSI 3-D transient analysis methodology.

Participation in the OECD/NRC Peach Bottom 2 Turbine Trip Benchmark was prompted by the
following considerations. First, the PSI methodology so far has only been assessed for neutronically
driven transients and for a PWR system transient. Since the benchmark addresses a BWR transient
driven by system thermal-hydraulic perturbations, it extends the range of code assessment. Secondly,
the benchmark incorporates three different phases, which are well-suited to a comprehensive
assessment of all the participating codes, according to the PSI viewpoint. Consequently, PSI participated
in all three phases of the benchmark.

RETRAN-3D MOD003.1, which is used in phase 1 of the benchmark, was developed by EPRI to
perform licensing and best-estimate transient thermal-hydraulic analyses of light water reactors and is
maintained by CSA/USA. RETRAN-3D is used to analyse thermal-hydraulic transients and requires
numerical input data that completely describe the components and geometry of the system being
analysed. Input data include fluid volume sizes, initial flow, pump features, power generation, heat
exchanger properties and material compositions. RETRAN-3D can calculate a steady state initialisation
from a minimal amount of information. The steady state option computes volume enthalpies from a
steady state energy balance with the restriction that only one enthalpy may be supplied per flow
system. The range of applications of RETRAN-3D also includes the spatial kinetics behaviour of
multi-dimensional reactor cores. RETRAN-3D permits the analysis of systems with non-equilibrium
thermo-dynamic conditions and allows for the presence of non-condensable gases in the fluid stream.

TRAC-BF1/MOD1 (PSU, USA)

TRAC-BF1/MOD1: An advanced best-estimate computer program for boiling water reactor
accident analysis [1]

The TRAC-BWR Code Development Program at the Idaho National Engineering Laboratory
(INEL) is a program that develops versions of the Transient Reactor Analysis Code (TRAC) to
provide the US Nuclear Regulatory Commission and the public with best-estimate capability for the
analysis of accidents and transients in boiling water reactor systems and related experimental facilities.
This effort began in October 1979 and resulted in the first publicly released version of the code,
TRAC-BD1 v1-1 which was sent to the National Energy Software Center in February 1981. The mission
of this first version of the code was to provide best-estimate capability for the analysis of design basis
loss-of-coolant accidents (LOCAs) in BWRs. The code provided a unified and consistent treatment of
the design basis LOCAs sequence beginning with the blowdown phase, through heatup, then reflood
with quenching and, finally, refill phase of the LOCAs scenario. New models developed for
TRAC-BD1 in order to accomplish its mission included: a) a full two-fluid, non-equilibrium,
non-homogeneous thermal-hydraulic model of two-phase flow in all parts of the BWR system,
including a 3-D treatment of the BWR pressure vessel; b) a detailed model of a BWR fuel bundle,
which includes other models (a radiation heat transfer model for thermal radiation between multiple
fuel rod groups, the inner surface of the channel wall and the liquid and steam phases in the channel;
a leakage path model; and a quench front-tracking capability for both falling films and bottom flooding
quench fronts on all rod groups and the inner surface of the channel wall); c) simplified models of
BWR hardware components such as the jet pump and separator/dryer; d) a counter current
flow-limiting model for BWR geometries; e) a non-homogeneous critical flow model; and f) flow
regime-dependent constitutive relations for the transfer of mass, energy and momentum between the
liquid and steam phases in two-phase flow and between each phase and structure.
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The mission of the second publicly released version of the code, TRAC-BD1/MOD1, was
expanded to include not only large and small-break LOCAs but also operational transients and
anticipated transients without scram (ATWS) to which point reactor kinetics is applicable. Models
developed to support the broadening of the mission scope for the TRAC-BWR codes included:

• Balance of plant models such as turbine, feedwater heaters and condenser.

• A simple lumped parameter containment model.

• Reactivity feedback model for use in the point reactor kinetics model.

• Soluble boron transport model.

• Non-condensable gas transport model.

• Two-phase level tracking model.

• Control systems model.

• Generalised component-to-component heat and mass transfer models.

• Improved constitutive models for the transfer of mass, energy and momentum between the
two phases and between the phases and structure.

User convenience features, such as free-format input and extensive error checking of the input
data, were also included in TRAC-BD1/MOD1.

The mission of TRAC-BF1/MOD1 is the same as for TRAC-BD1/MOD1, but the new
capabilities built into this code make it more suitable for that mission. The new models and
capabilities in TRAC-BF1/MOD1 include:

• Material courant limit violating numerical solution for all 1-D hydraulic components.

• Implicit steam separator/dryer model.

• Implicit turbine model.

• Improved interfacial heat transfer.

• Improved interfacial shear model.

• A condensation model for stratified vertical flow.

• One-dimensional neutron kinetics model.

• Improved control system logic and solution method.

In addition to these code improvements, a pre-load processor was written for TRAC-BF1, its
graphic routines were improved for adaptation to the Nuclear Plant Analyzer (NPA) at INEL, and
more than 95% of the coding was converted to ANSI Standard FORTRAN 77.
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TRAC-BF1/MOD1 can be applied to any BWR accident analysis or thermal-hydraulic test facility,
including those requiring reactivity feedback effects, control system simulation and/or balance of plant
model. TRAC-BF1/MOD1 has been applied to experimental facilities from simple pipe blowdowns
(e.g. Edwards pipe tests) to integral LOCA tests [e.g. two-loop test apparatus (TLTA) facility] and
even to multi-dimensional test facilities [e.g. slab core test facility (SCTF)]. BWR small-break LOCAs
have also been simulated with TRAC-BD1. The BWR fuel bundle model is quite versatile and has
been used to simulate not only BWR fuel bundles within a BWR reactor vessel but also stand-alone,
single-bundle experiments in which advanced bundle hydraulics and heat transfer models are required.

Reference
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“TRAC-BF1/MOD1: An Advanced Best-estimate Computer Program Boiling Water Reactor
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TRAC-M (PSU/NRC, USA)

TRAC-M performs best-estimate analyses of loss-of-coolant accidents and other accident and
operational transients in pressurised light water reactors as well as neutronic thermal-hydraulic
experiments in reduced-scale facilities. Models used include multi-dimensional two-phase flow,
non-equilibrium thermo-dynamics, generalised heat transfer, reflood and reactor kinetics. Automatic
steady state and dump/restart capabilities are also provided.

The partial differential equations that describe two-phase flow and heat transfer are solved by
finite differences. The heat transfer equations are evaluated using a semi-implicit time-differencing
technique. The fluid dynamics equations in the spatial 1-D, 2-D and 3-D components use a multi-step
time-differencing procedure that allows the material courant limit condition to be exceeded. The finite
difference equations for hydrodynamic phenomena form a system of coupled, non-linear equations
that are solved by the Newton-Raphson iteration method. The resulting linearised equations are solved
by direct matrix inversion. For the 1-D network matrix, this is done via a direct full matrix solver. For
multiple vessel matrix, this is done via the capacitance matrix method using direct banded matrix solver.

The number of reactor components in the problem and the manner in which they are coupled is
arbitrary. Reactor hydraulic components in TRAC-M include PIPEs, PLENUMs, PRIZERs
(pressurisers), PUMPs, TEEs, VALVEs, and VESSELs with associated internals. HSTR (heat
structure) SLAB and ROD components are available to compute 2-D conduction and surface
convection heat transfer in Cartesian and cylindrical geometries. FILL and BREAK components are
used to apply the desired coolant flow and pressure boundary conditions, respectively, for TRAC-M
steady state and transient calculations. There are also the SEPD (separator) and TURB (turbine,
TRAC-M/F77 only) components, which are to be replaced in the future TRAC-M/F90 development.
The current status of SEPD and TURB is indicated as appropriate in this document. Additional
component models that are under development are indicated later in this section.

The TRAC-M computer execution time is highly problem-dependent and is a function of the total
number of mesh cells, the maximum allowable timestep size and the rate of the neutronic
thermal-hydraulic phenomena being evaluated. For TRAC-PF1 and later versions, stability-enhancing
two-step numerics in 1-D hydraulic components allowed the material courant limit to be exceeded.
This enabled the usage of very large timesteps in slow transients when only 1-D hydraulic components
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are modelled. In TRAC-PF1/MOD2 and later versions, SETS numerics were also applied to the
multi-dimensional VESSEL component to allow the material courant limit to be exceeded and very
large timesteps to be used for all system models. This facilitates significant speedups of one or two
orders of magnitude for slow accident and operational transients when multi-dimensional VESSEL
components need to be modelled.

Reference

[1] Steinke, R.G., V. Martinez, N.M. Schnurr, J.W. Spore, J.V. Valdez, “TRAC-M/FORTRAN 90
(Version 3.0) User’s Manual”, NUREG/CR-6722, pp. 2-1, 2-2, May 2001.

TRAC-BF1-ENTRÉE (TEPSYS, Japan)

TRAC-BF1-ENTRÉE is a parallel coupled system of the highly accurate 3-D neutron kinetic
code ENTRÉE and the versatile BWR simulator TRAC-BF1.

TRAC-BF1

The version we applied is basically the same as that used by other participants. The modifications
made by TEPSYS are:

1. Coupling interface with ENTRÉE.

2. Original direct heating model that works in co-operation with ENTRÉE.

3. Neutron kinetics integration timestep controlling algorithm that works in co-operation with
ENTRÉE.

4. Modifications in the control block INTM for modelling the SRV movement (Figure A-1).

ENTRÉE

ENTRÉE solves the two-energy group 3-D diffusion equation based on the transverse integrated
nodal expansion method. The higher order bundle flux is expanded either with the Legendre
polynomial functions or the Legendre semi-analytical functions. In this study, the non-linear iteration
method with Legendre semi-analytical functions will be applied because of its high level of accuracy.
Communication between two codes is realised by the PVM (parallel virtual machine) protocols, which
enable synchronisation of data sending and receiving in two processes.

Important numerical options together with plant valve parameters applied in this study are
summarised in Table A-1.
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Table A-1. TEPSYS reference numerical options in ENTRÉE and valve parameters

Numerical options in ENTRÉE
Solution method Non-linear iteration method
Neutron flux expansion function Legendre semi-analytical functions
Transverse integrated flux Quadratic polynomials
Assembly discontinuity factor Yes
Decay heat model ANS-1979
Moderator direct heating Yes
Number of thermal-hydraulic regions 33 (in-channel) + 2 (bypass)
Cross-section library NEA single table format (functions

of only instantaneous variables)
Valve parameters

Turbine stop valve Closing delay time = 0 s
Closing stroke time = 96 ms

Turbine bypass valve Opening delay time = 60 ms
Opening stroke time = 786 ms

Safety relief valves (pressure set points and
flow capacities specified in Ref. [4])

Relief valve opening delay time = 400 ms
Relief valve opening stroke time = 150 ms
Relief valve closing delay time = 0 ms
Relief valve closing stroke time = 0 ms
Safety valve opening delay time = 0 ms
Safety valve opening stroke time = 300 ms
Safety valve closing delay time = 0 ms
Safety valve closing stroke time = 0 ms

Figure A-1. TEPSYS modifications in control block INTM
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RELAP5 (UPISA, Italy)

The light water reactor transient analysis code, RELAP5, was developed at the Idaho National
Engineering Laboratory for the US Nuclear Regulatory Commission. Code uses include: analyses
required to support rulemaking, licensing audit calculations, evaluation of accident mitigation strategies,
evaluation of operator guidelines and experiment planning analysis. RELAP5 has also been used as
the basis for a nuclear plant analyser. Specific applications have included simulations of transients in
LWR systems such as loss-of-coolant, anticipated transients without scram and operational transients
(e.g. loss of feedwater, loss of offsite power, station blackout and turbine trip). RELAP5 is a highly
generic code that, in addition to calculating the behaviour of a reactor coolant system during a
transient, can be used for simulation of a wide variety of hydraulic and thermal transients in both
nuclear and non-nuclear systems involving mixtures of steam, water, non-condensables and solutes.

The RELAP5/MOD3 code is based on a non-homogeneous and non-equilibrium model for the
two-phase system and is solved by a fast, partially implicit numerical scheme to permit economical
calculation of system transients. The objective from the outset of the RELAP5 development effort was
to produce a code that included important first-order effects necessary for the accurate prediction of
system transients but that was also sufficiently simple/cost effective for parametric/sensitivity studies.

The code includes many generic component models from which general systems can be simulated.
The component models include pumps, valves, pipes, heat-releasing or absorbing structures, reactor
point kinetics, electric heaters, jet pumps, turbines, separators, accumulators and control system
components. In addition, special process models are included for effects such as form loss, flow at an
abrupt area change, branching, choked flow, boron tracking and non-condensable gas transport.

The system mathematical models are coupled into an efficient code structure. The code includes
extensive input checking capability to help the user discover input errors and inconsistencies. Also
included are free-format input, restart, renodalisation and variable output edit features. These user
conveniences were developed in recognition that the major cost associated with the use of a system
transient code is the engineering labour/time involved in accumulating system data and developing
system models, while the computer cost associated with the generation of final results is usually small.

The development of models and code versions that constitute RELAP5 has spanned ~17 years,
from the early stages of the RELAP5 numerical scheme development to the present. RELAP5
represents the aggregate accumulation of experience in modelling reactor core behaviour during
accidents, two-phase flow processes and LWR systems. Code development has benefited from
extensive application and comparison to experimental data in LOFT, PBF, Semiscale, ACRR, NRU
and other test programs. The latest version used in the Peach Bottom BWR TT Benchmark is
RELAP5/MOD3.3.

TRAC-BF1-VALKIN (UPV, Spain)

The coupled code is called TRAC-BF1-VALKIN and it can be used to simulate transients while
considering neutronic phenomena in 3-D geometry and thermal-hydraulic processes in multiple
channel 1-D geometry.

TRAC-BF1

As the thermal-hydraulic code we used the best-estimate code TRAC-BF1, which has a two-fluid,
six-equation model to account for the thermal-hydraulic phenomena.
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To model the heat transfer in the fuel, an axial-radial heat transfer equation is utilised. The
thermal-hydraulics processes are modelled solving six balance equations of mass, momentum and energy
for liquid and vapour phases. For the numerical integration of the fluid flow equations, a semi-implicit
two-step method is used for time discretisation and a first order finite difference method with
staggered mesh is applied to discretise the spatial portion of the equations.

VALKIN

The neutronic code used is the VALKIN module. This module has two options, MODKIN and
NOKIN. MODKIN is based on a nodal modal method to integrate the time-dependent neutron
diffusion equation in the approximation of two energy groups. It is also based on the expansion of the
neutronic flux in terms of the dominant lambda modes of a given configuration of the reactor core.
NOKIN option uses a one-step backward discretisation of the neutron diffusion equation.

NEM

Neutronic code NEM was used to compare the results obtained from the VALKIN code. NEM is
a 3-D kinetic code based on the nodal expansion method.

POLCA-T (Westinghouse, Sweden)

POLCA-T is a coupled 3-D core neutron kinetics and system thermal-hydraulics computer
code [1]. The code is able to perform steady state and transient analysis of BWR. To varying extents,
the code is based on models and tools for BWR and PWR analysis used in the POLCA7 [2], BISON
and RIGEL codes [3]. The code utilises new advanced methods and models in neutron kinetics,
thermal-hydraulics and numerics. The main features of the code can be summarised as follows:

• Full 3-D model of the reactor core. The neutronic models in the code are the same as those in
the well-known static core analyser POLCA7 with the addition of a proper 3-D kinetics model.

• Advanced five-equation thermal-hydraulic model with a thermal non-equilibrium description
of the steam-water mixture and its coupling to the heat structures. Separate mass and energy
balances of the phases. Drift flux model that can handle all flow regimes.

• Heat transfer model that also works in post-dryout.

• The gas phase consists of steam and non-condensable gases. The liquid phase contains
dissolved non-condensable gas.

• Boron transport model.

• Use of the same thermal-hydraulics model for core and plant systems.

• Two-dimensional fuel rod heat transfer model, gas gap model consistent with design code and
complete range of heat transfer regimes. The code is able to model all plant heat structures.

• Dryout and DNB correlations (using pin power distributions model).
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• Full geometrical flexibility of the code: volume cells, flow paths, heat structures, materials,
pumps, measurements, controls, etc. are all input data. Code is able to analyse different power
plants and test facilities.

• Balance of plant, control and safety systems: reactor pressure vessel, external pump loops,
steam system, feedwater system, ECC systems and steam relief system are modelled to
desired detail. A large and valuable set of existent input models can be used.

• Stable numerical method that allows long timesteps, which is also used for a steady state
solution. Low dependence on the size of the timestep since the implicit numerical integration
is close to second order by means of θ-weighting.

Due to the above mentioned features, the POLCA-T code makes possible a comprehensive
approach to plant analysis with full consistency in steady state and transient calculations. Consistency
in BWR core and system modelling, when transient analyses are performed, is achieved by using the
same basic model and the same design database for core data (cross-section data, burn-up, xenon and
other 3-D distributions obtained from depletion calculations), fuel thermal-mechanical behaviour
(properties) and system data. Thus, full consistency is also possible between predicted core and system
parameters and their behaviour in a very wide range of phenomena and processes important both for
design and safety analyses.

Application areas of the POLCA-T code consist of three groups: 1) BWR steady state core design,
2) BWR stability, transients and accident analyses and 3) modelling of experimental test facilities.

Applications for BWR steady state core design are covered by POLCA7’s broad capabilities:

• Evaluation of reactivity and power distribution at cold and hot core conditions.

• Detailed thermal-hydraulic analysis.

• Control operations (reactivity search modes including boron, power, flow, control rod, axial
offset and minimum boron control).

• Detector simulation.

• Evaluation of fuel pins, pellet powers and burn-up.

• Evaluation of peaking factors based on pin results.

• Dryout and DNB margin calculations (based on pin power distributions).

• Fission heat load parameters (margins) calculations.

• Pellet cladding interaction calculations.

• Depletion calculation with tracking of most important fissile isotopes and fission products.

• Fuel bundle, control rod, fuel channel and fixed in-core detector depletion.

• Shutdown margin evaluation.
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• Shutdown cooling.

• Xenon transients.

• Reactivity coefficients (void, burn-up and moderator temperature).

Applications for BWR safety analysis include operational transient, stability, RIA, ATWS,
ATWC and LOCA as follows:

• Feedwater flow increase/temperature decrease transients.

• Loss of feedwater flow transients.

• Pressure increase transients – analysis on cladding.

• Pressure increase transients – analysis on the reactor coolant pressure boundary.

• Pressure decrease transients.

• Recirculation flow increase transients.

• Recirculation flow decrease transients.

• Control rod withdrawal error.

• Inadvertent loading transients.

• Control rod drop accident.

• Stability analysis.

• Anticipated transients without scram.

• Anticipated transients without control rods (ATWC).

The POLCA-T code is well-adapted to analyse the type of scenarios with a number of failing
control rods. The boron transport model makes it possible to analyse different types of boron shutdown
scenarios. Applications for the modelling of separate test facilities (e.g. FRIGG) are foreseen not only
for code validation but also for pre-test analysis and experiment planning and optimisation.
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QUESTIONNAIRE FOR EXERCISE 1

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

c) Please provide in detail the nodalisation of the steam line.

2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

b) Which neutronic/power initial and transient boundary conditions are used and how?

3. Component design and modelling

a) How many core bypass channels are used in this exercise?

b) How are the jet pumps modelled?

c) How is the steam separator modelled?

d) How are the turbine stop valve closing and steam bypass system modelled?

e) What were the difficulties encountered during the component design modelling?

4. General

a) Deviations from the updated final specifications?

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

c) Specific features of the codes used?

d) Number of solutions submitted per participant and how they differ?

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.
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CATHARE2 v1.5 (CEA, France)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

Reactor pressure vessel is modelled by 1-D and 0-D connected modules. Core is represented with
one 1-D channel using 24 nodes.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

Big components like plenums and condenser are modelled by 0-D modules. The core, standpipes,
downcomer, recirculation loops and steam lines are represented with 1-D modules. Junctions
enable to connect each 1-D and 0-D component.

Figure B-1. CEA nodalisation diagram
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c) Please provide in detail the nodalisation of the steam line.

All parameters such as diameters, lengths and volumes are based on RETRAN skeleton deck of
BWR TT specifications [NEA/NSC/DOC(2001)1, Appendix A, Skeleton Input Deck].

The steam line between RPV and TSV is meshed with 200 elements (length of each element
~1 meter). The steam line between TBV and condenser has 100 elements.

2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

A steady state condition is achieved by controlling the mass flow rate in the core and in the
recirculation loops as well as by controlling the pressure in the steam dome.

The boundary conditions are:

• Feedwater flow rate.

• Pressure downstream to the TSV.

• Core power (axial distribution).

Transient boundary conditions are:

• Evolution of feedwater flow.

• Evolution of power.

• Loss coefficient for TSV and BPV in order to respect closing and opening dynamics given
by BWR TT benchmark specifications.

b) Which neutronic/power initial and transient boundary conditions are used and how?

Power initial and transient boundary conditions given in BWR TT specifications are used (i.e. see
file nfpower_exercise1).

3. Component design and modelling

a) How many core bypass channels are used in this exercise?

One core bypass channel is used for Exercise 1.

b) How are the jet pumps modelled?

Jet pumps are modelled by 1-D and TE modules, taking into account momentum source.
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c) How is the steam separator modelled?

The steam separator model utilised is the CATHARE simple separator model with constant
carry-under ratios.

d) How are the turbine stop valve closing and steam bypass system modelled?

TSV and BPV are modelled by a head-loss coefficient, which is adjusted to simulate the valve
closing and opening.

e) What were the difficulties encountered during the component design modelling?

No particular difficulty was encountered for global modelling.

4. General

a) Deviations from the updated final specifications?

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

The maximum timestep value for the transient calculation is 10–4 s. A sensitivity study showed
that results were not modified if the timestep was kept lower than 0.005 s.

c) Specific features of the codes used?

CATHARE is a best-estimate code for LWR transient analysis. The code is based on a six-equation,
two-phase flow model with a set of closure laws assessed on a large number of experiments.

d) Number of solutions submitted per participant and how they differ?

One solution for Exercise 1.

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.
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S-RELAP5 (FANP, Germany)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

See the nodalisation schema below (Figure B-2).

Figure B-2. FANP nodalisation diagram



92

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

Close to RETRAN nodalisation schema.

c) Please provide in detail the nodalisation of the steam line.

See the FANP nodalisation diagram (Figure B-2).

2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

Boundary conditions provided by the benchmark team.

b) Which neutronic/power initial and transient boundary conditions are used and how?

Boundary conditions provided by the benchmark team.

3. Component design and modelling

a) How many core bypass channels are used in this exercise?

One.

b) How are the jet pumps modelled?

S-RELAP5 standard component.

c) How is the steam separator modelled?

S-RELAP5 standard component.

d) How are the turbine stop valve closing and steam bypass system modelled?

Turbine stop valve – linear closure within 96 ms.

Steam bypass system – modelled in such a way that the steam outflow value of RETRAN
(provided by the benchmark team) matched the final specifications.

e) What were the difficulties encountered during the component design modelling?

4. General

a) Deviations from the updated final specifications?

None.
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b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

Six milliseconds (6 ms).

c) Specific features of the codes used?

d) Number of solutions submitted per participant and how they differ?

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.
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ATHLET (GRS, Germany)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

One-dimensional (1-D) nodalisation, two T-H channels in the core.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

See Figures B-3 and B-4 for the nodalisation schemas of the pressure vessel and steam line.

c) Please provide in detail the nodalisation of the steam line.

Figure B-3. GRS reactor pressure vessel nodalisation schema
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Figure B-4. GRS steam line nodalisation schema
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2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

Mass flow rate at core inlet = 10 580.89 kg/s.

Bypass mass flow rate = 841.8 kg/s.

Pressure at core dome – as measured at steady state.

Core pressure losses adapted to 0.82 bar and mean void to 30.4%.

Core inlet enthalpy – as specified.

b) Which neutronic/power initial and transient boundary conditions are used and how?

Axial power distribution – as specified.

Power history – as specified.

3. Component design

a) How many core bypass channels are used in this exercise?

One bypass channel.
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b) How are the jet pumps modelled?

The model consists of two symmetrical recirculation loops. The mass flow rate through the jet
pumps and the pressure difference are adjusted to specifications (see nodalisation schema).

c) How is the steam separator modelled?

The steam separator is modelled by a corresponding module of ATHLET.

d) How are the turbine stop event and steam bypass flow simulated?

The turbine stop valve closing is modelled by a linear change of the flow area within the closure
time. The steam bypass valve is opened by a linear change of the flow area within the opening
time. It is assumed that critical flow conditions constantly exist and that in fully opened condition
the mass flow rate is ~600 kg/s.

e) What were the difficulties encountered during the component design?

Great effort was made to approximate the pressure distribution within the reactor vessel
corresponding to the given values from the plant.

4. General

a) Deviations from the updated final specifications?

No considerable deviations.

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

c) Specific features of the codes used?

Five-equation model of the thermal-hydraulics.

d) Number of solutions submitted per participant and how they differ?

Only one solution delivered.

f) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.
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DNB/3D (NETCORP, USA)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

General model illustrated in Figure B-6.

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

One-dimensional (1-D) homogeneous equilibrium.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

There are six volumes in the reactor vessel and 24 vertically stacked volumes in the core that
represent the core average fuel channel. See Figure B-5.

c) Please provide in detail the nodalisation of the steam line.

See Figure B-7. Note that there are seven piping volumes and each piping volume is subdivided
(using mesh points for solving the conservation equations with the method of characteristics) into
sub-volumes of ~10-15 feet in length.

2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

The thermal-hydraulic boundary conditions that were used are: 1) feedwater flow (see Table 5.3.3
of final specifications) and 2) steam bypass flow (from the BWR TT ftp site).

b) Which neutronic/power initial and transient boundary conditions are used and how?

The total core power boundary condition was used (file provided on the BWR TT ftp site).

3. Component design and modelling

a) How many core bypass channels are used in this exercise?

One – represents the core average bypass channel (see Figure B-5).

b) How are the jet pumps modelled?

The jet pump representation is shown in Figures B-8, B-9 and B-10.

c) How is the steam separator modelled?

The steam separator representation is shown in Figures B-8, B-9 and B-10.
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d) How are the turbine stop valve closing and steam bypass system modelled?

The turbine stop valve position closing was assumed to close linearly with time; however, the
non-linear area as a function of position was included in the model. The steam bypass flow was
based on the boundary condition as noted in Figure B-10.

e) What were the difficulties encountered during the component design modelling?

No difficulties were encountered in the component modelling.

4. General

a) Deviations from the updated final specifications.

There were no known deviations from the final specifications.

b) User assumptions. Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

The thermal-hydraulic timestep size was 0.01s for reactor vessel regions and 0.001 s for steam
line regions.

c) Specific features of the codes used?

See the code description for DNB/3D in Appendix A.

d) Number of solutions submitted per participant and how they differ?

Only one solution was submitted.

e) If your results are significantly different (> 3σ) than the measurement or Exelon results, are
there any explanations for these differences? Please explain each significant difference.

There are no known significant differences.
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Figure B-5. NETCORP reactor vessel nodalisation

Figure B-6. NETCORP schematic of BWR NSSS representation
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Figure B-7. NETCORP’s method of characteristics of main system
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Figure B-8. NETCORP schematic of reactor vessel geometry for jet pumps
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Figure B-9. NETCORP flow diagram within reactor vessel for jet pumps

Figure B-10. NETCORP DNB/3D equations
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TRAC-BF1 (NFI, Japan)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

RPV is modelled with 10 levels for vertical direction and two rings for radial direction using the
VESSEL component of TRAC-BF1. The T-H core is modelled with 33 channels using CHAN
components. Every CHAN component has 26 nodes in total – 24 nodes for active fuel, two nodes
for lower and upper tie plates.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

The nodalisation lines (in orange) of Figure B-11 indicate the nodalisation of RPV.

Top of level 1: Bottom of guide tube Top of level 6: Top of shroud head
Top of level 2: Bottom of downcomer Top of level 7: Bottom of separator
Top of level 3: Bottom of reactor core Top of level 9: Top of dryer
Top of level 4: Top of jet pump Top of level 10: Top of RPV
Top of level 5: Top of reactor core

Figure B-11. NFI TRAC-BF1 nodalisation diagram
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c) Please provide in detail the nodalisation of the steam line.

There are seven nodes between RPV and TSV, and 11 nodes between RPV and the condenser.
All parameters such as diameters, lengths and volumes are based on the RETRAN skeleton deck
of the BWR TT specifications [NEA/NSC/DOC(2001)1, Appendix A, Skeleton Input Deck].

Figure B-12. NFI TRAC-BF1 steam line nodalisation

2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

Steady state condition is achieved using three element controls, namely, pressure control,
feedwater control and recirculation control, which are in agreement with the initial condition
indicated by the BWR TT specifications. Therefore, initial conditions of core exit pressure, water
level and total jet pump flow are in good agreement with the specifications. As for core inlet flow
and bypass flow, each flow rate and core inlet enthalpy are calculated by TRAC-BF1
simultaneously based on core power distribution, leak flow, two-phase friction pressure drop and
pressure drop of SEO at the central and peripheral channels.

Transient boundary conditions such as pressure increase are caused by the closing of TSV and the
opening of BPV, which cause pressure propagation to increase through the main steam line and
the bypass line. As a result, core exit pressure changes but core total power is given as input data.

b) Which neutronic/power initial and transient boundary conditions are used and how?

Neutronic/power initial and transient boundary conditions given as BWR TT specifications are
used (i.e. see file nfpower_exercise1).
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3. Component design and modelling

a) How many core bypass channels are used in this exercise?

Core bypass channels are not used as CHAN but as VESSEL components. Levels 3 and 4 of
VESSEL correspond to the bypass region. We neglect direct heating in core bypass region.

b) How are the jet pumps modelled?

The JETP component is used. The specification is the same as Table 3.1.2.2 and Figure 3.1.2.1 of
the BWR TT specifications. The junction loss coefficients (jet pump nozzle, suction, etc.) are
utilised using the TRAC-BF1 recommended value.

c) How is the steam separator modelled?

The SEPD component is used. The simple separator model in TRAC-BF1 is selected, so the
carry-under ratio keeps constant during the transient.

d) How are the turbine stop valve closing and steam bypass system modelled?

The characteristics of Tables 5.2.1 and 5.2.2 of BWR TT benchmark specifications are used for
TSV and BPV, respectively.

e) What were the difficulties encountered during the component design modelling?

As for Exercise 1, there is no outstanding difficulty for component design modelling.

4. General

a) Deviations from the updated final specifications?

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

The minimum and maximum timestep value of TRAC-BF1 is 3.0 × 10–5s and 3.0 × 10–1 s,
respectively. The actual timestep value is changing between them during the calculation.

c) Specific features of the codes used?

TRAC-BF1 is a best-estimate code for BWR transient or accident analysis. This code includes
a full non-homogeneous, non-equilibrium, two-fluid thermal-hydraulic model of two-phase flow.

d) Number of solutions submitted per participant and how they differ?

It is our view that the difference between the participants is caused by two main reasons. One is
the difference between codes and their models. The codes would be different in physical models
versus thermal-hydraulic models. Another is the difference of nodalisation. The modelling of
main steam lines/RPV or pressure loss profile along pipelines affects pressure propagation/increase.

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.
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TRAC-BF1 (NUPEC, Japan)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

The reactor pressure vessel is modelled in 3-D cylindrical co-ordinates with two radial rings and
15 axial levels. Thermal-hydraulic channels were treated as three 1-D parallel channels.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

See Figure B-13.

c) Please provide in detail the nodalisation of the steam line.

See Figure B-13.

Figure B-13. NUPEC Peach Bottom 2 plant nodalisation
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2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

Core flow rate and feedwater at initial were from the final specifications. Feedwater flow rate and
temperature during the transient were also from the final specifications.

b) Which neutronic/power initial and transient boundary conditions are used and how?

Fission power was from the final specifications. Decay heat was taken in account.

3. Component design and modelling

a) How many core bypass channels are used in this exercise?

Core bypass region was simulated by one vessel region. The core bypass flow was simulated with
a leak path model from the T-H channel to the vessel (core bypass) region.

b) How are the jet pumps modelled?

The jet pumps were modelled with the JETP component of TRAC-BF1, following Table 3.1.2.2
and Figure 3.1.2.1 in the final specifications.

c) How is the steam separator modelled?

The steam separators were modelled with SEPD component using a mechanistic model of
TRAC-BF1. Code defaults were used.

d) How are the turbine stop valve closing and steam bypass system modelled?

The turbine stop valve and steam bypass valve were modelled with the VALVE component of
TRAC-BF1. The valve movements were given as timetables.

e) What were the difficulties encountered during the component design modelling?

Simulation of inertia of the steam separators.

4. General

a) Deviations from the updated final specifications?

None.

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

Timesteps: 0.5-1.0 ms.

c) Specific features of the codes used?

None.
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d) Number of solutions submitted per participant and how they differ?

One.

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.

Our result was within 3σ of the measured result.

NUPEC used the TRAC-BF1 code in the first exercise. Peach Bottom 2 plant nodalisation is
shown above in Figure B-13. The thermal-hydraulic channels were treated as three 1-D parallel
channels. The reactor pressure vessel is modelled in 3-D cylindrical co-ordinates with two radial
rings and 15 axial levels.
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RETRAN-3D (PSI, Switzerland)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

A 1-D nodalisation with 53 volumes and 63 junctions is used. The core region between the lower
plenum and the upper plenum is represented by a core inlet volume, a core exit volume, a core
bypass volume and a T-H channel representing the core, which consists of 24 axially stacked
volumes with pre-defined power.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

For the modelling of the transient, we used the code RETRAN-3D. Although the reference
solution for the benchmark was developed using RETRAN-02 [by Andy Olson (Exelon/USA)] in
order to fit the results as much as possible, we decided to develop a PSI RETRAN-3D model. The
aim was to increase our team’s learning curve. Our RETRAN-3D input model for the phase 1
calculation was developed from an early RETRAN-02 model for Turbine Trip 1 [Hornyik and
Naser, 1979]. From this model, we used the nodalisation for the reactor vessel (including the
steam separator and downcomer region), the recirculation loop and the steam lines. As
preparation for the inclusion of the 3-D core in the later benchmark phases, the reactor core
region was renodalised (including the accompanying heat structures) to include 24 axial control
volumes, in combination with a core exit volume and core inlet volume connected to the core
bypass volume. From the benchmark specifications, we included the time-dependence and axial
profile of the pre-defined power, together with the feedwater flow, the turbine inlet flow rate and
the turbine bypass area of Turbine Trip 2. In addition, the value of enthalpy in the lower plenum,
steam dome pressure and flow rates at t = 0 were used.

We investigated the sensitivity of our model with respect to non-equilibrium effects in the steam
separator region and to pressure losses in the turbine bypass line. The improvements with respect
to the non-equilibrium effects were included in the 3-D model, since they influence the magnitude
and timing of the power maximum. Improvements relating to pressure losses in the turbine bypass
line (effective only after t = 2 s) were not included.
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Figure B-14. PSI nodalisation of the reactor vessel
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Figure B-15. PSI nodalisation of the channels

Core inlet
vol.

Upper plenum

Lower Plenum

From
Jet pumps

Core
exit vol.

Core
bypass

Core,
1 TH channel,

24 volumes

To Standpipes

Core inlet
vol.

Core inlet
vol.

Upper plenumUpper plenum

Lower PlenumLower Plenum

From
Jet pumps

Core
exit vol.

Core
exit vol.

Core
bypass
Core

bypass

Core,
1 TH channel,

24 volumes

Core,
1 TH channel,

24 volumes

To Standpipes

Nodalisation of the core region: 1-D representation of the core, core inlet volume + core exit
volume + bypass volume + 1-D representation of the core consisting of 24 axially stacked
volumes levels, which are connected to “heating elements” with pre-defined power.

c) Please provide in detail the nodalisation of the steam line.

Figure B-16 gives the detailed nodalisation of the steam line.

2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

At time zero, the liquid enthalpy in the lower plenum and the system pressure in the steam dome
are defined. Also specified at time zero are the total flow rate through the core, the flow rate from
the lower plenum to the core bypass and the flow rate from the core inlet volume to the core
bypass volume, which define all flow rates in the core region and give relevant loss coefficients at
the junctions. The loss coefficients at the junctions used at time zero are then also applied by the
RETRAN-3D code for all other times.
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b) Which neutronic/power initial and transient boundary conditions are used and how?

Twenty-four (24) axially stacked volumes are used in the core with pre-defined power. The axial
power shape in the core is time-independent and the time-averaged power of the core is defined
as described in the final specifications.

Figure B-16. PSI nodalisation of the steam line
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3. Component design and modelling

a) How many core bypass channels are used in this exercise?

One core bypass channel.

b) How are the jet pumps modelled?

The jet pumps are modelled using a RETRAN-3D pump model.

c) How is the steam separator modelled?

In order to determine the distribution of the steam flow, it is important to follow the flow of steam
through the separators into the steam dome. In the reactor, two-phase flow from the core region
passes through the standpipes and then enters the steam separators. In each separator, the
steam-water mixture passes turning vanes, which impart a spin to establish a vortex and separates
the water from the steam. The denser liquid is thrown radially outward by centrifugal force
forming a continuous film on the inside wall of the inner pipe. The separator water exits from
under the separator cap and flows out between the standpipes, draining into the downcomer.
Steam with a quality of at least 90% exits from the top of the separator and rises to the dryers.
The dryers force the wet steam to be directed horizontally through the dryer panels. The steam
flow makes a series of rapid changes in direction while traversing the panels. During these
direction changes, the heavier drops of entrained moisture are forced to the outer walls where
moisture collection hooks catch and drain the liquid to collection troughs, then through tubes into
the vessel downcomer so that the steam dryer assembly increases the quality of the steam to more
than 99.9%. This dry steam flows into the steam dome and the steam lines.

This behaviour is approximated in the RETRAN-3D model by control volumes (CV 1-5 in
Figure B-17). Two-phase flow from the core region flows into the steam separator volume (CV 1).
In this volume, a liquid level is defined, below which a two-phase flow is established. Above the
liquid level there is only steam flow. In this volume (CV 1), the RETRAN-3D bubble rise model
option is used. The steam flows upwards to the lower dryer volume (CV 2) and continues to the
steam dome volume (CV 3) and into the steam line.

Two-phase flow, which consists of water with some vapour carry-under, flows from the steam
separator volume to the steam separator external volume (CV 4). The junction between these two
control volumes is below the liquid level in CV 1. In the steam separator external (CV 4), a liquid
level develops with a steam phase above the liquid level and a two-phase region below the liquid
level. The RETRAN-3D bubble rise model is again used to describe this phenomenon. At t = 0
there is a very small steam flow from the steam separator external to the lower dryer volume
(CV 2), while the main flow is water down into the upper downcomer (CV 5). The feedwater also
flows into the upper downcomer volume. From the upper downcomer volume, water flows to the
lower downcomer and jet pumps, and from there back into the core.

Since the RETRAN-3D code option used in analysis is that of the four-equation model (i.e. full
thermal equilibrium), the volume of water in steam separator (CV 1) and steam separator external
(CV 4) two-phase control volumes is in equilibrium with the steam. And, this strongly influences
the pressure increase per unit of steam generated in the core. As a result, a renodalisation of the
separator/downcomer region was performed in a sensitivity study, which gave a pressure increase
equal to the measured one at ~1 s. In order to achieve this, the volumes of the steam separator and
the steam separator external control volumes were reduced in the sensitivity test, while the
volume of the upper downcomer control volume was increased to preserve the total water volume.
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Figure B-17. Nodalisation of the steam separator region
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The main effect of renodalisation is a reduction in energy transfer from steam to liquid, which is
due to the volume being smaller where thermal equilibrium is established. Thus, there is less
condensation of the vapour as the pressure increases. To obtain the measured pressure increase, it
was necessary to approximately halve the volume of the steam separator and the steam separator
external control volumes.

Another RETRAN-3D code option that can be used to obtain a reduced energy transfer between
liquid and vapour is the “two-region non-equilibrium model”. (Note that this model was used in
conjunction with the RETRAN-3D bubble rise model to obtain the submitted results.) This model
divides the fluid in the control volume at the liquid level interface into two regions, where each
region is in internal thermal equilibrium but the two regions are not necessarily in equilibrium
with each other. The liquid region below the interface and the vapour region above the interface
have the same pressure, but in general have different temperatures (i.e. in the vapour region we
may have superheated steam). The application of this model (in the steam separator volume and
the steam separator external volume, CVs 1 and 4 in Figure B-17) also produced an increased
pressure at ~1 s. A sensitivity study showed that the effect in the steam separator volume is
negligible and the increased pressure at 1 s comes mostly from the steam separator external
volume. The reason for this phenomenon is that after 0.3 s in the steam separator external volume,
the pressure increase leads to an increase in the steam temperature in the vapour region. However,
due to the non-equilibrium model, the energy transfer between the vapour region and the liquid
region is reduced, maintaining the superheated steam in the vapour and dryer regions. In the
steam separator region, there is a transfer of vapour from the liquid region at the level interface
because of rising bubbles through the liquid region. Related to this phenomenon, the reduction of
energy transfer across the interface due to the non-equilibrium model generates only a small effect.
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d) How are the turbine stop valve closing and steam bypass system modelled?

The turbine stop valve closing is described by a negative fill junction model, which is combined
with a valve where area versus time is specified. This defines the flow rate to the turbine.

The steam bypass system is modelled using four RETRAN-3D control volumes. The steam
bypass chest volume is connected via the bypass valves to the steam bypass lines volume, which
is connected to the steam bypass orifice volume that is in turn connected to the condenser. In the
turbine bypass valve between the steam bypass chest volume and the steam bypass lines volume,
area versus time is defined (approximately) to get the specified flow through the turbine bypass.
Choked flow through the bypass valve is assumed.

e) What were the difficulties encountered during the component design modelling?

4. General

a) Deviations from the updated final specifications?

Since we decided that there would be no point just copying the reference RETRAN-02 model, our
PSI RETRAN-3D model must have some differences in the final specifications [see also response
to question 1b)]. For instance, the nodalisation of steam line, reactor vessel and steam separator
region is based on the original model from Hornyik and Naser (1979). This means, for example,
that the steam separator volume is connected to the steam separator external volume. That is to
say that the two RETRAN-3D volumes with a liquid level are connected, which is not the case in
the Olson model.

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

The minimum timestep size between 0-1.2 s is 0.001 s and 0.006 s after 1.2 s. However, a
sensitivity study showed that the effect of choosing an overall minimum timestep of 0.006 s
would have only a negligible effect on the results.

c) Specific features of the codes used?

As described above, the four-equation model was used for the two-phase flow calculation, together
with an algebraic (Zolotar-Lellouche) slip correlation. The bubble rise model was used in the steam
separator and steam separator external volumes to describe the development of a liquid level. The
two-region non-equilibrium model was also used in the steam separator and steam separator
external volumes to account for the relatively slow exchange of energy across the liquid level.

d) Number of solutions submitted per participant and how they differ?

One solution from PSI.

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.
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TRAC-BF1 (PSU, USA)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

Three-dimensional (3-D) nodalisation for VESSEL, 1-D nodalisation for other components.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

See the PSU TRAC-BF1 nodalisation figure that follows (Figure B-18).

c) Please provide in detail the nodalisation of the steam line.

Straight forward nodalisation is used for steam line as shown as in Figure B-18 below.

Figure B-18. PSU TRAC-BF1 nodalisation

2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

Same as the boundary conditions in specifications.
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b) Which neutronic/power initial and transient boundary conditions are used and how?

Power lookup table from specifications is used.

3. Component design and modelling

a) How many core bypass channels are used in this exercise?

No bypass channel is used. Core bypass flow is simulated by leak paths from first cell of channels
to related elevation of the vessel.

b) How are the jet pumps modelled?

Standard jet pump option of TRAC-B is used. See Figure B-18.

c) How is the steam separator modelled?

Simple separator is used.

d) How are the turbine stop valve closing and steam bypass system modelled?

Same as specifications.

e) What were the difficulties encountered during the component design modelling?

No difficulties were encountered.

4. General

a) Deviations from the updated final specifications?

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

The convergence criterion is 0.0001 and courant number is 0.999. The timestep size is 6 ms.
Some loss coefficients are assumed.

c) Specific features of the codes used?

See the TRAC-BF1 code description in Appendix A.

d) Number of solutions submitted per participant and how they differ?

One solution is provided.

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.

The results agree well with the provided reference results.
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TRAC-M (PSU/NRC, USA)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

Three-dimensional (3-D) nodalisation for VESSEL, 1-D nodalisation for other components.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

See Figure B-19.

c) Please provide in detail the nodalisation of the steam line.

Straight forward nodalisation is used for steam line as shown as in Figure B-19.

2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

Same as the boundary conditions in specifications.

b) Which neutronic/power initial and transient boundary conditions are used and how?

Power lookup table from specifications is used.

3. Component design and modelling

a) How many core bypass channels are used in this exercise?

No bypass channel is used.

b) How are the jet pumps modelled?

Standard jet pump option of TRAC-M is used. See Figures B-19 and B-20.

c) How is the steam separator modelled?

Three-stage mechanistic separators are used.

d) How were the turbine stop valve closing and steam bypass system modelled?

They are the same as specifications.
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e) What were the difficulties encountered during the component design modelling?

No difficulties were encountered.

Figure B-19. PSU/NRC TRAC-M nodalisation
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Figure B-20. PSU/NRC TRAC-M jet pump nodalisation

Figure B-21. PSU/NRC TRAC-M separator nodalisation

4. General

a) Deviations from the updated final specifications?

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

The convergence criterion is 0.0001 and courant number is 0.999. The timestep size is 6 ms.
Some loss coefficients are assumed.

c) Specific features of the codes used?

See the TRAC-M code description in Appendix A.

d) Number of solutions submitted per participant and how they differ?

One solution is provided.

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.

Generally, the results do not differ from the reference results (especially for first 1.5 s).
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TRAC-BF1 (TEPSYS, Japan)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

VESSEL 3-D, others 1-D, core T-H based on specifications.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

See the TEPSYS TRAC-BF1 plant model that follows (Figure B-22).

c) Please provide in detail the nodalisation of the steam line.

This nodalisation is common for most transient cases.

Figure B-22. TEPSYS TRAC-BF1 plant model
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2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

Based on specifications.

b) Which neutronic/power initial and transient boundary conditions are used and how?

Based on specifications.

3. Component design and modelling

a) How many core bypass channels are used in this exercise?

Two.

b) How are the jet pumps modelled?

Single JETP model based on specifications and other aspects based on ordinary practice.

c) How is the steam separator modelled?

Single SEPD model based on specifications, other aspects on ordinary practice (simple separator).

d) How are the turbine stop valve closing and steam bypass system modelled?

Strictly based on specifications. Valve area was derived based on semi-empirical correlation.

e) What were the difficulties encountered during the component design modelling?

4. General

a) Deviations from the updated final specifications?

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

Delta-t was controlled automatically. The courant number was specified as unity.

c) Specific features of the codes used?

TRAC-BF1.

d) Number of solutions submitted per participant and how they differ?

It appears that we submitted only one solution as the reference condition. Other results, if any,
must be regarded as done within the scope of the parametric study.

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.
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RELAP5 (UPISA, Italy)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

One-dimensional (1-D) for the plant loop and 33 heated core channels, and a total of 1 230
volumes and 1 267 junctions.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

See Figure B-23 for a schema of the adopted nodalisation.

c) Please provide in detail the nodalisation of the steam line.

Table B-1. UPISA steam line and bypass system geometrical data

Item Length (m) Flow area (m2) Equivalent
diameter (m)

Steam line 1 18.0 1.133 0.6
Steam line 2 114.68 1.133 0.6
Steam line 3 31.5 1.133 0.6
Steam line 4 114.36 1.133 0.6
Steam line 5 46.4 1.133 0.6
Steam line 6 110.22 1.133 0.6
Steam line 7 29.1 1.133 0.6
Steam bypass 8 6.9 10.2767 110.403
Steam bypass valve – 10.0613 –
Steam bypass 9 51.7 10.2650 110.194
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Figure B-23. UPISA RELAP5 model

Figure B-24. UPISA steam line simplified schema
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2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

No boundary conditions are specified in the core zone.

b) Which neutronic/power initial and transient boundary conditions are used and how?

Table B-2. UPISA decay constant and fractions of delayed neutrons

Group Decay constant (s–1) Relative fraction of delayed
neutrons in %

1 0.012813 0.0167
2 0.031536 0.1134
3 0.124703 0.1022
4 0.328273 0.2152
5 1.405280 0.0837
6 3.844728 0.0214

Total fraction of delayed neutrons equalled 0.5526%.

Decay heat using ANS-79 standard fission product data.

Transient reactivity table as specified in the BWR TT benchmark specification CD-ROM.

3. Component design and modelling

a) How many core bypass channels are used in this exercise?

One.

b) How are the jet pumps modelled?

The same as in the BWR TT benchmark specifications.

c) How is the steam separator modelled?

The default option of the RELAP5 separator.

d) How are the turbine stop valve closing and steam bypass system modelled?

Linear TSV closure.

The steam bypass system model is shown in Figure B-24 where the condenser is a big volume
with thermal-hydraulic conditions of pressure equal to 17.5 MPa and equilibrium steam quality
equal to 0.99

e) What were the difficulties encountered during the component design modelling?

To get the right individual channels steady state mass flow rate for the orifices at core inlet.
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4. General

a) Deviations from the updated final specifications?

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

Minimum DT = 1.0 e – 6 s

Maximum DT = 1.0 e – 3 s

c) Specific features of the codes used?

The RELAP5/MOD3 code is based on a six-equation non-homogeneous and non-equilibrium
model for the two-phase system. The solutions are obtained through fast resolution of a partially
implicit numerical scheme.

d) Number of solutions submitted per participant and how they differ?

Two solutions, the main differences between them are outlined in the table below.

Number of
heated channels

Core pressure
drop MPa Inlet enthalpy

First solution 1 0.0670 1 194.0
Second solution 33 0.1025 1 208.5

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.
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TRAC-BF1-VALKIN (UPV, Spain)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

The nodalisation used is 3-D and we have used 33 T-H channels.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

Figure B-25. UPV thermal-hydraulic nodalisation
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Figure B-26. UPV thermal-hydraulic channel map
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0 17 30 29 27 13 13 22 22 22 24 21 5 3 3 3 3 3 3 5 21 24 22 22 22 13 13 27 29 30 17 0
0 17 29 30 27 28 27 32 22 32 21 4 21 4 19 2 2 19 4 21 4 21 32 22 32 27 28 27 30 29 17 0
0 17 30 29 27 27 27 24 22 22 20 20 20 19 19 1 1 19 19 20 20 20 22 22 24 27 27 27 29 30 17 0
0 17 30 29 27 10 9 22 22 32 20 20 20 2 1 1 1 1 2 20 20 20 32 22 22 9 10 27 29 30 17 0
0 17 30 29 27 10 9 22 22 32 20 20 20 2 1 1 1 1 2 20 20 20 32 22 22 9 10 27 29 30 17 0
0 17 30 29 27 27 27 24 22 22 20 20 20 19 19 1 1 19 19 20 20 20 22 22 24 27 27 27 29 30 17 0
0 17 29 30 27 28 27 32 22 32 21 4 21 4 19 2 2 19 4 21 4 21 32 22 32 27 28 27 30 29 17 0
0 17 30 29 27 13 13 22 22 22 24 21 5 3 3 3 3 3 3 5 21 24 22 22 22 13 13 27 29 30 17 0
0 17 29 30 27 28 27 28 22 31 22 4 3 4 3 3 3 3 4 3 4 22 31 22 28 27 28 27 30 29 17 0
0 17 30 29 13 27 13 27 24 22 23 7 8 3 3 3 3 3 3 8 7 23 22 24 27 13 27 13 29 30 17 0
0 17 29 30 13 28 27 28 22 31 7 31 7 6 7 6 6 7 6 7 31 7 31 22 28 27 28 13 30 29 17 0
0 0 33 29 30 13 13 27 25 7 7 7 7 7 8 8 8 8 7 7 7 7 7 25 27 13 13 30 29 33 0 0

0 0 18 29 30 27 26 11 12 11 12 7 6 7 8 8 7 6 7 12 11 12 11 26 27 30 29 18 0 0
0 33 33 29 26 11 13 11 13 11 13 13 11 11 11 11 13 13 11 13 11 13 11 26 29 33 33 0
0 0 0 18 14 15 13 12 13 12 11 12 11 10 10 11 12 11 12 13 12 13 15 14 18 0 0 0

0 0 33 14 15 13 13 13 13 13 11 13 13 11 13 13 13 13 13 15 14 33 0 0
0 33 18 16 15 14 15 14 15 14 14 14 14 15 14 15 14 15 16 18 33 0
0 0 0 33 14 15 14 15 14 15 15 15 15 14 15 14 15 14 33 0 0 0

0 0 18 17 17 17 17 17 17 17 17 17 17 17 17 18 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

c) Please provide in detail the nodalisation of the steam line.

Figure B-27. UPV steam line nodalisation
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2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

We used the boundary conditions from specifications.

b) Which neutronic/power initial and transient boundary conditions are used and how?

The initial power was 2 030 MW, and the boundary conditions were from specifications.

3. Component design and modelling

a) How many core bypass channels are used in this exercise?

We did not use any bypass channels.

b) How are the jet pumps modelled?

The jet pumps are modelled with the jet pump component of TRAC-BF1. The primary tube has
four cells and secondary one has two cells.

c) How is the steam separator modelled?

The steam separator was modelled with the TRAC-BF1 component SEPD.

d) How are the turbine stop valve closing and steam bypass system modelled?

The turbine valve closes at 0.096 s; it is specified in table provided by specifications on valve
components.

The steam bypass system is modelled using the data from specifications.

e) What were the difficulties encountered during the component design modelling?

4. General

a) Deviations from the updated final specifications?

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

Timestep size of 0.1 s.

c) Specific features of the codes used?

d) Number of solutions submitted per participant and how they differ?

We submitted one solution.

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.
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POLCA-T (Westinghouse, Sweden)

1. Thermal-hydraulic model and nodalisation of the vessel and balance of the plant

a) What kind of nodalisation is used (1-D, 3-D and number of T-H channels or cells)?

Three-dimensional (3-D) nodalisation with 764 T-H channels, 24 fuel nodes and two nodes for
the bottom and top reflector in each channel.

b) How are the volumes, junctions and channels/T-H cells chosen? (If possible, please provide
schematic.)

One T-H channel per fuel assembly, 122 radial reflector channels.

c) Please provide in detail the nodalisation of the steam line.

Main steam lines are modelled by steam lines, safety and relieve valves, turbine stop valves and
steam head with a total of 65 nodes and five valves.

2. Boundary conditions

a) Which core thermal-hydraulic initial and transient boundary conditions are used and how?

Power versus timetable, turbine pressure controller set point versus time, bypass valve position
versus time and feedwater mass flow.

b) Which neutronic/power initial and transient boundary conditions are used and how?

See response to question 2a).

3. Component design and modelling

a) How many core bypass channels are used in this exercise?

One.

b) How are the jet pumps modelled?

The POLCA-T jet pumps model is used, which is validated against full and 1/6 scale test facility
data and has nodalisation similar to that used in TRAC-M calculations.

c) How is the steam separator modelled?

The POLCA-T steam separator model is used, which is validated against our test data.
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d) How are the turbine stop valve closing and steam bypass system modelled?

The turbine stop valve closing is modelled by a signal-activated turbine pressure controller. The
controller’s set point versus timetable is given as a boundary condition.

Bypass valve position versus time is given as a boundary condition. The steam bypass system
model covers: bypass chest, bypass valves, lines and orifice, and steam condenser with a total of
51 nodes and one valve.

d) What were the difficulties encountered during the component design modelling?

There were no difficulties encountered during the component design modelling. However, to set
up the plant model there was the need for a sensitivity study on some of the parameters [such as
carry-under and carry-over, turbine stop valve closing (linear or non-linear model), and jet pump
model to work along the M-N curve].

4. General

a) Deviations from the updated final specifications?

We did not see any.

b) User assumptions? Please provide the timestep(s) size or maximum and minimum values used
for the simulation of Exercise 1.

Constant timestep as given in the specifications (0.006 s).

c) Specific features of the codes used?

Core description given in the input data of our neutronics code POLCA-7, POLCA-T steam
separator model, POLCA-T jet pumps model, control rods speed and position controller, scram
controller, jet pump drive flow controller, feedwater controller, RPV water level controller and
turbine pressure controller.

d) Number of solutions submitted per participant and how they differ?

One solution.

e) If your results are significantly different (> 3σ) than the measured or Exelon results, are
there any explanations for these differences? Please explain each significant difference.
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