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1 Introduction 

APAL (Advanced PTS Analysis for LTO) is a project funded by the EU within HORIZON 2020 programme. 

One of the most limiting safety assessments for the long-term operation (LTO) of nuclear power plants 

(NPPs) is the reactor pressure vessel (RPV) integrity assessment for pressurized thermal shock (PTS). 

The main objectives of APAL project are establishment of state-of-the-art of LTO improvements having 

an impact on PTS analysis, development of advanced deterministic and probabilistic PTS assessment 

methods including thermal hydraulic (TH) uncertainty analyses, the quantification of safety margins 

for LTO improvements and the development of best-practice guidance. The APAL project consists of 7 

work packages (WP): 

• WP1 - LTO improvements relevant for PTS event 

• WP2 - Improvement of TH analysis 

• WP3 - Deterministic margin assessment 

• WP4 - Probabilistic margin assessment 

• WP5 - Definition of best-practice for advanced PTS analysis 

• WP6 - Training, Communication, Dissemination and Exploitation 

• WP7 - Scientific coordination and project management 

This report describes the work and results of WP2 “Improvement of TH analysis”. The main objective 

of the WP2 was the identification and evaluation of uncertainties of thermal-hydraulic (TH) analysis in 

the frame of PTS assessment. Besides the model uncertainties connected with computer code models 

and plant uncertainties covering initial and boundary conditions and parameters of nuclear power 

plant (NPP) systems, the work was also focused on uncertainties connected with human factors. A 

better assessment of the uncertainties in the thermal hydraulic data was helpful for quantifying their 

contributions to the overall reactor pressure vessel (RPV) integrity margins and it will provide more 

insights on the whole PTS analysis. In addition, the effect of selected LTO improvements relevant for 

PTS analysis (WP1) was analysed at the TH level in WP2. The WP2 consisted of 3 tasks: 

In Task 2.1 Quantification of impact of LTO improvements and human factor on TH analysis boundary 

conditions, TH analysis for the base case (SBLOCA with 50 cm2 break in hot leg (HL) and with loss of 

offsite power) was performed. Subsequently, analyses for selected LTO improvements were 

performed. Further, the effect of selected human interactions was evaluated with the help of TH 

simulations. TH data sets representing selected LTO improvements or human factor were delivered to 

WP3 and WP4 for deterministic fracture mechanical (DFM) and probabilistic fracture mechanical (PFM) 

analysis. 

In Task 2.2 Evaluation of uncertainties in TH analysis related to computer code models, plant 

parameters, and human factors, uncertainties in thermal-hydraulic analyses for PTS were assessed. 

Three types of uncertainties were investigated: model uncertainties (connected with computer-code 

models and the correct prediction of relevant phenomena), plant uncertainties covering initial and 

boundary conditions and parameters of the NPP systems, and uncertainties connected with human 

interaction. The determination of the most relevant and important phenomena and parameters for 

the TH loading during PTS were compiled in a phenomena identification and ranking table (PIRT). 

Specified and quantified TH input uncertainties related to each computer code model used, plant 

parameters, and human factors are summarized in this report. 

In the Task 2.3 Performance of the TH uncertainty analysis and export of TH data sets the uncertainty 

analyses of SBLOCA in 1300 MWe PWR were performed. The input uncertainties and their distributions 

were based on results of Task 2.2 of APAL. The system thermal-hydraulic and mixing calculations were 

done with several different computer codes and statistical tools. Defined sets of resulting TH data were 

prepared – enveloping single set and best-estimate single set of TH data plus a statistical set of TH data 

(e.g., 59 sets of TH data for one-side tolerance limit according to Wilk’s method [1][2]). These TH data 

sets were transferred to structural and fracture mechanic analyses within WP3 and WP4 of APAL. 
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1.1 Structure of report 

Sections 2 and 3 are common to all Tasks of WP2: Section 2 provides a short description of the reactor 

design specifications which is used as a basis for the simulation models in Task 2.1. Used computer 

codes and simulation models are presented in Section 3. 

 

Sections 4 to 8 describes work in Task 2.1 Quantification of impact of LTO improvements and human 

factor on TH analysis boundary conditions: Results of the base case are provided in Section 4. Effect of 

LTO improvements and human factor is analysed in Section 5 and Section 6, respectively. Section 7 

presents results of supplementary long-term analyses. Comparison and evaluation of impact of LTO 

improvements and human factor is done in Section 8.  

 

Sections 9 to 11 describe work in Task 2.2 Evaluation of uncertainties in TH analysis related to computer 

code models, plant parameters, and human factors: Section 9 documents development of PIRT. The 

theory of Wilk’s method and other UE methods are described in Section 10. Section 11 documents 

quantification of the uncertainties in the parameters for the boundary and initial conditions and plant 

design, quantification of the uncertainties in the parameters of the computer models, and 

quantification of the uncertainties in the parameters for the human factors. 

 

Sections 12 to 20 describe performance and evaluation of uncertainty analyses in Task 2.3 Performance 

of the TH uncertainty analysis and export of TH data sets: Section 12 to 19 contain results of UJV with 

RELAP5, Framatome with KWU-MIX, JSI with RELAP, WUT with RELAP5, KIWA with RELAP5, SSTC with 

RELAP5, GRS with ATHLET, and PSI with TRACE, respectively. Section 20 presents comparison of results 

of the uncertainty analyses. 

 

Section 21 concludes the WP2 of the APAL project. 
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2 Reactor design specifications 

2.1  Reactor design 

The assumed plant type used in the analysis presented in this report was a German design 1300 MW 

four-loop PWR. The same reactor design was used earlier in the International Comparative Assessment 

Study of Pressurized-Thermal-Shock in Reactor Pressure Vessels (ICAS/RPV-PTS) under the 

Organization for Economic Co-operation and Development (OECD) [3]. The ICAS Project brought 

together an international group of experts from research, utility and regulatory organizations to 

perform a comparative evaluation of analysis methodologies employed in the assessment of RPV 

integrity under PTS loading conditions. 

The internal measurements of the fictitious RPV and the cold legs (CLs) to be used in the analysis in the 

APAL project correspond to those of the Upper Plenum Test Facility (UPTF) in Mannheim, Germany. In 

order to harmonize the calculation models used in the TH analysis and structural mechanics a CAD 

model of the RPV was developed by PSI and provided to all participants. The model was based on the 

geometry of the RPV used in the ICAS project but had a larger wall thickness and modified inlet and 

outlet nozzles. Figure 1 through Figure 4 present the geometry of the RPV used in the TH and structural 

analysis in the APAL project. 

 
Figure 1: Top View showing the Layout of the Hot and Cold Legs. 
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Figure 4: Details of the RPV Outlet Nozzles. 

2.2 Simulated case 

The assumed transient in the calculations presented in the following chapters is an asymmetric (plume 

cooling) loading condition due to a HL break of 50 cm2 and loss of offsite power. The break was in the 

HL of loop No.1. One of the four high-pressure safety injection (HPSI) trains was assumed to be down 

for maintenance (Loop 1). A second train was assumed to fail at the start of the transient (Loop 4). 

Therefore, only two of the four loops (Loop 2 and Loop 3) received emergency core cooling water from 

the high-pressure safety injection pumps. All four loops received injection from the low-pressure safety 

injection (LPSI) pumps. Only the four accumulators (ACCs) connected to CLs were active. The four ACCs 

connected to HLs were deactivated. The transient results approximated the thermal-hydraulic data 

used in the ICAS project for transient T2 [3]. 

2.3 Specifications used in simulations 

The key reactor design specifications used in the simulations are listed below. The listed values are 

those used in the base case calculations, and they are taken from the RELAP5 input deck. Values used 

in the simulations with other codes might differ slightly from the values below. 

 

• Reactor thermal power 

 3.765e9 W 

 Plus pump power from main coolant pumps: 2.005e7 W 

 

• Primary loop flow rates and temperatures 

 5150 kg/s per loop 

 325 °C in HL 

293 °C in CL 

 

• DC to upper head (UH) bypass flow rate 

~200 kg/s 

 

• Primary and secondary side pressures 

 157.5 bar in HL 

 68.2 bar in steam dome 

 

• Total primary side volume 
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 462.5 m3 

 363 m3 without pressurizer 

 

• Pressuriser volume and initial level 

 Water volume above surge line: 35.9 m3 

 Steam volume above surge line: 23.6 m3 (total volume 59.5 m3) 

 Water level above surge line: 6.78 m  

 

• ACC volume, pressure and fill level 

 Total height: 11.3078 m 

Volume water: 34 m3, level: 8.5428 m 

Volume nitrogen blanket: 11 m3  

Nitrogen pressure: 26 bar 

 

• Setpoints for HPI, ACCs and LPI 

Maximum HPI pressure: 110 bar(abs.)  

Maximum LPI pressure: 10 bar(abs.) 

ACC pressure: 26 bar 

LPI water temperature: 15 °C 

HPI water temperature: 15 °C 

ACC water temperature: 20 °C 

 

• HPI and LPI injection curves (mass flow vs pressure) 

Maximum LPI flow rate: 165 kg/s per loop 

Maximum HPI flow rate: 65 kg/s per loop 

Figure 5 presents the flow rates of the HPI and LPI pumps as a function of pressure. The values of the 

pump curves used in the input decks of the simulation codes are listed in Table 1. 

  

Figure 5: Pressure-flow relationship for HPI and LPI pumps. 

 

Table 1: Pressure-flow relationships for HPI and LPI pumps 

High-pressure injection 

pressure, 

bar 
flow, kg/s 

 0 65 

10 65 

Low-pressure injection 

pressure, 

bar 
flow, kg/s 

0 165 

1.6 150 
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30 60 

50 49 

70 40 

90 28 

95 24 

100 20 

105 16 

107.5 10 

110 0 
 

3 137 

4 128 

5 116 

6 106 

7 95 

8 80 

8.5 74 

9 61 

9.4 50 

10 20 

10.4 0 
 

 

 

3 Used computer codes and models 

Thermal hydraulic system codes RELAP5, ATHLET and TRACE, mixing codes KWU-MIX and GRS-MIX, 

and CFD codes Fluent and OpenFOAM were used in the simulations in Task 2.1. The simulated case 

was a SBLOCA with break in HL and with loss of offsite power. 

3.1 RELAP5  

3.1.1 RELAP5 code 

The RELAP5/MOD3.3Patch05 computer code was used for system thermal-hydraulic calculation of the 

ICAS T2 SBLOCA. The RELAP5 code is based on a nonhomogeneous and nonequilibrium model for the 

two-phase system that is solved by a fast, partially implicit numerical scheme to permit economical 

calculation of system transients. 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, ACCs, 

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 code models the coupled behaviour of the reactor coolant system and 

the core for loss-of-coolant accidents and operational transients such as anticipated transient without 

scram, loss of offsite power, loss of feedwater, and loss of flow. 

3.1.2 RELAP5 model of KWU-1300 and ICAS T2 transient 

A medium-detailed model of KWU-1300 and ICAS T2 transient (SBLOCA) was prepared in frame of the 

APAL project. Nodalization of reactor is shown in Figure 6, nodalization of primary loops with SG in 

Figure 7 and Figure 8. All 4 loops are modelled individually. The reactor DC is modelled by 8 parallel 

channels (ANNULUS components) connected by cross-flow junctions. The DC nodalization is shown in 

Figure 6 and further information to DC modelling are given in Figure 9 and Table 2 and Table 3. 

Modelling of ECCS system (HPIS, LPIS, ACC) is shown in figures with loops nodalization - Figure 7 and 

Figure 8. 
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Figure 6: RELAP5 nodalization of RPV. 

 

 

 
Figure 7: RELAP5 nodalization of Loop 1. 
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Figure 8: RELAP5 nodalization of Loop 4 with PRZ. 

 

 

 
 

Figure 9: RELAP5 names for the four loops. 

Table 2: Orientation of inlet/outlet nozzles 

Nozzle No of DC channel 

in R5 model 

Azimuthal 

angle 
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CL1 091 22.5 ° 

HL1  67.5 ° 

HL2  112.5 ° 

CL2 094 157.5 ° 

CL3 095 202.5 ° 

HL3  247.5 ° 

HL4  292.5 ° 

CL4 098 337.5 ° 

Table 3: Elevation of (sub)volumes in DC channels (with respect to CL axis) 

Volume Elevation of centre of 

volume [m] 

01 +0.5725 

02 0.0 

03 -1.13 

04 -2.083 

05 -2.638 

06 -3.3215 

07 -3.9745 

08 -4.6275 

09 -5.2809 

10 -5.9335 

11 -6.5155 

3.2 ATHLET (GRS) 

3.2.1 ATHLET code 

The thermal-hydraulic computer code ATHLET (Analysis of THermal-hydraulics of LEaks and Transients) 

is under continued development by the GRS (Gesellschaft für Anlagen- und Reaktorsicherheit) [4] for 

the analysis of operational conditions, abnormal transients and all kinds of leaks and breaks in nuclear 

power plants. The aim of the code development is to cover the whole spectrum of design basis and 

beyond design basis accidents (without core degradation) for PWRs, BWRs, SMRs and future Gen IV 

reactors with one single code. The main code features are: 

• advanced thermal-hydraulic modelling (compressible fluids, mechanical and thermal non-

equilibrium of vapour and liquid phase, thermal mixing for hot and CL injection), 

• availability of diverse working fluids: light or heavy water, helium, sodium, lead or lead-

bismuth eutectic, supercritical carbon dioxide, molten salts as well as user-provided single-

phase (non-boiling) working fluids, 

• heat generation, heat conduction and heat transfer to single- or two-phase fluid considering 

structures of different geometry, e.g., rod or pebble bed, 

• interfaces to specialized numerical models such as 3D neutron kinetic codes or 3D CFD codes 

for coupled multiphysics or multiscale simulations, 

• control of ATHLET calculation by call-backs to programming language independent user code 

enabling the coupling of external models, 

• plug-in technique for user provided code extensions, 

• numerous pre- and post-processing tools, 

• continuous and comprehensive code validation. 

ATHLET was applied to system TH analysis for PTS assessments especially for thermal mixing 

phenomena in the CL and DC region but also for best-estimate plus uncertainty investigations in the 

past. 
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3.2.2 ATHLET model for KWU-1300 and ICAS T2 transient 

The main specifications of the RELAP5 and ATHLET models are presented in Table 4. Small differences 

exist in the loop flow rate, CL temperature, DC to UH bypass flow rate and SG secondary side pressure. 

The latter is adjusted in the ATHLET model to set the initial reactor thermal power to the given value 

of 3750 MW. The 100 K/h secondary cooldown follows in qualitative and quantitative terms the 

behaviour as used in the RELAP5 model so that there is no significant influence on the transient 

progression. The loop temperature in the ATHLET model was set to the original initial conditions of the 

ICAS study [3]. Only minor differences in the results were seen when a test with the CL temperature 

used in RELAP5 model was run with ATHLET.  

Figure 10 through Figure 12 show the basic nodalization of the ATHLET model. The thermal-hydraulic 

modelling approach is equal to the one used in RELAP5 as described in 3.1.2, where all major 

components are included. Differences are given in the modelling of the SG U-tubes, where the ATHLET 

model provides three parallel U-tube groups with different length in order to be able to simulate 

counter wise flow directions in different U-tubes during a transient. Furthermore, the ECCS injection 

lines and the ACC are modelled with interconnected thermal-hydraulic pipes to consider possible 

interference of HP, LP and ACC injection, as depicted in Figure 11. The DC is modelled with 16 azimuthal 

channels in the PTS relevant region. The model includes a basic control system to ensure stable steady-

state operation and to represent the major safety signals such as SCRAM, turbine and pump trip, 

emergency core cooling system (ECCS) and ACC injection. A summary of volumes for different 

components of the primary system is given in Table 5 with comparisons against the reference RELAP5 

model values. 

Table 4. Comparison of main specifications for normal operation between RELAP5 and ATHLET 

models  

Specification RELAP5 ATHLET 

Reactor thermal power 3.765e9 W 3750e9 W 

Loop flow rates 5150 kg/s 4670 kg/s 

Loop temperatures 325°C HL, 293°C CL 320°C HL, 285°C CL 

DC to UH bypass flow rate 200 kg/s 194 kg/s 

Primary and sec. side press. 157.5 bar, 68.2 bar 156.5 bar, 60.2 bar 

ACC volume, pressure and fill level, 

temperature 

34 m³, 26 bar, 8.5428 m, 
20°C 

34 m³, 26 bar, 8.5428 m, 
20°C 

Setpoints for HPI, LPI, temp. 110 bar, 10 bar, 15°C 110 bar, 10 bar, 15°C 

Table 5. Comparison of ATHLET and Reference RELAP5 Model Volumes 

Region RELAP5 ATHLET  

 Volume [m³] Volume [m³] 
Total primary side  423.6 424.3 

TPS without PRZ 357.5 356.9 

RPV + Core 137.9 142.1 

PRZ + Surge Line 66.1 67.4 

Loop (each) 54.8 53.7 
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Figure 10: ATHLET nodalization of RPV (reduced). 

 

 

Figure 11: ATHLET Loop 1 nodalization with ECCS (Loop 2 - 4 symmetrically). 
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(a)       (b) 

Figure 34: (a) Collapsed Liquid Levels in Reactor and (b) Pressurizer. 

  
(a)       (b) 

Figure 35: (a) Collapsed Liquid Levels in HLs and (b) in CLs by SG. 

  
(a)       (b) 

Figure 36: (a) Collapsed Liquid Levels in SG tubing Upward and (b) in SG tubing Downward Part 

  
(a)       (b) 

Figure 37: (a) Void Fraction in Reactor Inlet Nozzles and (b) in Reactor Outlet Nozzles. 
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   (a)          (b) 

Figure 62: Collapsed Liquid levels in the (a) HLs and (b) CLs. 

 

 
Figure 63: Circumferential Coolant Temperatures in DC Control Volumes Covering 1.350 m (left) 

and 2.638 m (right) below the RPV Inlets. 

 

4.2.2 Influence of Injection Model and Mixing Code (ATHLET, ECCMIX, GRSMIX) 

The base case was simulated applying the ATHLET integrated injection model ECC-MIX (see 

chapter 3.5.3) and the temperatures and heat transfer coefficients in the DC at the postulated weld 

positions 1.350 m and 2.638 m below the CL symmetry axis were additionally calculated using the 

mixing code GRS-MIX (see chapter 3.5.1). Results in comparison to the transient simulation without 

applying a mixing model (case “ATHLET” only) are depicted below for the key quantities of interest in 

Figure 64 to Figure 71. It can be seen that the application of the ECC-MIX model influences the amount 

of void that builds up in the main coolant pipes (Figure 66) and the DC (Figure 64; right). This is mainly 

due to the way the injection model is implemented in ATHLET and redirects parts of the injected mass 

flow (the mixture mass flow) from the ECCS injection point directly into the DC as described in 

chapter 3.5.3, [4][24]. A consequence is an influence on the fluid enthalpy and the void at the break 

position that goes to zero ~500 s earlier applying ECC-MIX (see Figure 66; left) and thus leads to an 

earlier increase in coolant loss mass flow (see Figure 65; left). Figure 67 and Figure 69 show that using 

ECC-MIX leads to lower temperatures at the postulated weld positions 1.35 m and 2.638 m below the 

CL symmetry axis of up to -20 K. By calculating local temperatures with GRS-MIX based on the results 

of the “ATHLET” base case an immediate decrease can be observed for both investigated positions (see 

Figure 70) with a maximum deviation of -35 K at the 1.35 m position. At the position 2.638 m below 

the CL the temperature deviation between the results of ECC-MIX and GRS-MIX is small. Figure 71 

shows that GRS-MIX predicts a higher HTC than the “ATHLET” only and ECC-MIX case. The use of the 

integrated injection model ECC-MIX and mixing code GRS-MIX thus seems to have a clear influence on 
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the predicted temperatures and HTCs in the DC when compared to the results obtained with only 

ATHLET. 

 
Figure 64: Comparisons of (left) Pressure in the DC at 2.638 m below the CL Axis and (right) DC 

Level for TH Results (“ATHLET”) only and used Mixing Model (ECCMIX). 

 
Figure 65: Comparisons of (left) Break Flow and (right) Time-integrated Coolant Loss and ECCS 

Injection for TH Results (“ATHLET”) only and used Mixing Model (ECCMIX). 

 
Figure 66: Comparisons of Void Fraction at the RPV Inlets of Loops 1 and 2 for TH Results 

(“ATHLET”) only and used Mixing Model (ECCMIX). 
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Figure 67: Comparisons of DC Coolant Temperature Range (Minimum to Maximum) at (left) 1.35 m 

and (right) 2.638 m below the CL Axis for TH Results (“ATHLET”) only and used Mixing Model 

(ECCMIX). 

 
Figure 68: Comparisons of DC HTC Range (Minimum to Maximum) at (left) 1.35 m and (right) 

2.638 m below the CL Axis for TH Results only and used Mixing Model (ECCMIX). 

 
Figure 69: Comparisons of RPV Inner Surface Temperature Range (Minimum to Maximum) at (left) 

1.35 m and (right) 2.638 m below the CL Axis for TH Results only and used Mixing Model (ECCMIX). 
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Figure 70: Comparisons of DC Coolant Temperature at (left) 1.35 m and (right) 2.638 m below the 

CL Axis for TH Results (“ATHLET”) only and used Mixing Model and Code (ECCMIX, GRSMIX). 

 
Figure 71: Comparisons of DC HTC at (left) 1.35 m and (right) 2.638 m below the CL Axis for TH 

Results (“ATHLET”) only and used Mixing Model and Code (ECCMIX, GRSMIX). 

 

4.3 TRACE results 

4.3.1 Base case SBLOCA by PSI 

The reference SBLOCA is a 50 cm2 break in Hot Leg 1. The sequence of events is listed in Table 12. 

Table 12: Sequence of Events for the Reference SBLOCA in TRACE simulations 

Cause Event Time (s) 

Primary pressure < 132 bars Reactor trip 

Turbine trip 

Emergency signal 

Signal sec.-side cooldown (100K/hr auto.) 

MCPs trip 

42 

Emergency signal + 12 s Signal ECC system to start  54 

Primary pressure < 110 bars Emergency cooling signal for HPI pumps 74 

HPI signal + 20 s   HPI pumps running 94 

HPI pumps running + 3 s HP injection 97 

Primary pressure < 26 bars ACC injection 2494 

Primary pressure < 10 bars Emergency coolant signal for LPI pumps 4364 

LPI Signal + 25 s   LPI pumps running 4389 
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LPI pumps running + 3 s LP injection 4392 

 

Time-dependent graphs showing the evolutions of the major system parameters are given in Figure 72 

through Figure 79. After the initiating event, the primary pressure drops relatively quickly to the 

saturation pressure of the primary system, leading to reactor trip and activation of the ECC system and 

high-pressure safety injection (HPSI). This initial depressurization causes significant void formation in 

the primary system, which is seen as a drop in the system liquid levels in Figure 72c. Due to the 

automated activation of secondary side cooldown, the secondary pressure decreases according to the 

specified 100 K/h cooldown rate for the remainder of the transient. The primary pressure generally 

follows the secondary pressure for the duration of the transient. At ~2200 s, the primary pressure 

drops relatively quickly below the secondary pressure. This is believed to be due to the refilling of the 

upper plenum and hot legs, leading to an increase in break flow rate. After ~2500 s the ACCs inject, 

causing the liquid levels in primary system to quickly recover. After the low-pressure injection (LPI) 

starts, the total safety injection flow rate is sufficient to fully compensate the coolant loss from the 

break, and the primary pressure stabilizes around the pump head of the LPI pumps. 

4.3.2 Downcomer Coolant Temperature and HTC 

Since parts of the DC are uncovered during the transient, the effective coolant temperature and heat 

transfer coefficient (HTC) must be calculated taking multi-phase effects into account. In TRACE, the 

heat transfer is the sum of three components, the heat transfer to the liquid phase (ή ȟ ), to the 

vapour/gas phase (ή ȟ ), and the direct boiling (ή ȟ ). ή ȟ Ὤ ȟ Ὕ Ὕ  ή ȟ Ὤ ȟ Ὕ Ὕ  ή ȟ Ὤ ȟ Ὕ Ὕ  

where Ὤ is the heat transfer coefficient and the subscripts ύ, ὰ, Ὣ and ίὥὸ refer to the wall, liquid 

phase, vapour phase/gas and saturation conditions, respectively. The total heat flux can be written as 

the sum of these three components. ή ȟ Ὤ ȟ Ὕ Ὕ  
(1) 

where the subscript ὧ refers to the effective coolant conditions and Ὤ ȟ Ὤ ȟ Ὤ ȟ Ὤ ȟ  
(2) Ὕ Ὤ ȟ Ὕ Ὤ ȟ Ὕ Ὤ ȟ ὝὬ ȟ  
(3) 

Figure 80 and Figure 81 show the predicted effective coolant temperature Ὕ  and heat transfer 

coefficient Ὤ ȟ  at several axial locations below the lip of each RPV inlet. The axial locations, which 

correspond to positions of interest for downstream thermomechanical analysis, are shown in 

Figure 83. In the upper elevations of the DC, we see somewhat lower coolant temperatures in the loops 

with injection (loops 2 and 3), especially in the first ~900 s of the transient. Here the cooling effect of 

the safety injection is more clearly seen. Lower down in the RPV, however, the temperature and HTC 

are relatively homogeneous. The underlying explanation for this behaviour, the coolant mixing and 

upward propagation of a thermal stratification layer, is visible in Figure 82. 

Figure 82 shows unwrapped colour plots of the subcooling and HTC distributions in the DC region 

below the RPV inlets at selected time points. We can see that, early in the transient, TRACE predicts a 

stratification layer forming in the DC. This stratification layer moves upwards relatively quickly and, 

consistent with the observations for Figure 80, the temperature distribution becomes more uniform 

below this level. Studies in Task 2.2 of APAL have shown that TRACE tends to over-estimate the mixing 
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in the DC. Thus, in reality, we would expect the temperatures below the loops without HPI (loops 1 

and 4) to be closer to the 100 K/h cooldown curve (Figure 80). 

The subcooling in the DC is significant, highlighting that the 100 K/h cooldown rate is exceeded and 

confirming that this transient is PTS relevant. 

(a) (b) 

Figure 72: (a) System Pressures and (b) Break Flow Rate and Integrated Coolant Loss and Injection. 

 
Figure 73: Reactor Power and Heat Removal by all SGs. 

 
(a) 

 
(b) 

Figure 74: (a) DC Liquid Level and (b) PRZ Liquid Level. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 78: Collapsed Liquid levels in (a) the HL and HL Side of the SG, (b) the SG and Loop Seals and 

(c) the Loop Seals and RCPs as Illustrated in (d). 

 
(a) 

 
(b) 

Figure 79:(a) Azimuthally-averaged and (b) Minimum and Maximum Coolant Temperatures in the 

DC at Fixed locations Below the RPV Inlets. 

(a) (b)

(c)
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Loop 1 

 
Loop 2 

 
Loop 3 

 
Loop 4 

 

Figure 80: Coolant Temperatures at Fixed Axial Locations below the RPV Inlets. 
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Loop 1 

 
Loop 2 

 
Loop 3 

 
Loop 4 

 

Figure 81: Heat Transfer Coefficient at Fixed Locations below the RPV Inlets. 
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Figure 82: Unwrapped Colour Plot3 of the (top) Coolant Subcooling ╣▼╪◄ ╣╬ and (bottom) Heat 

Transfer Coefficient at Different Time Points during the Transient. The plots are overlaid with 

vectors showing the mass flux distribution. 

 
Figure 83: Axial Locations for the Sampling of Coolant Temperature and HTC. 

 

4.4 Comparison of RELAP5, TRACE and ATHLET base case results 

This section presents selected comparisons of RELAP5, ATHLET and TRACE simulation results for the 

reference case. The data for these comparisons were provided by UJV, GRS and PSI respectively. 

4.4.1 Results for Nominal Operation 

The major system parameters for nominal operation are summarised in Table 13, in which they have 

been compared against the reference values for the KWU-1300 and ICAS T2 transient. 

 
3 Colour plots are generated using a conservative grid mapping algorithm, which maps the integrated coarse 

node average values from TRACE onto a bivariate spline surface and thereafter extracts point values on a refined 

grid by taking the derivative of the spline. The resulting surface conserves the node average values while ensuring 

a continuous function between nodes. 

0

600

1350

2638













APAL (945253) D2.4 – Public Summary Report of WP2 

86 

 

4.5 KWU-MIX results 

Results from the system analysis performed with RELAP5, as described in Section 4.1, were used as 

input to the fluid-mixing analysis performed with KWU-MIX. The simulation with KWU-MIX of the base 

case, i.e., a SBLOCA (50 cm²) with the break in the core outlet region of a KWU-1300 PWR and with loss 

of offsite power, produced data for the temperatures and heat-transfer coefficients as a function of 

time and location.  

4.5.1 Cold-leg nozzle 

The end of the CL is the right-hand end of MR2 in KWU-MIX, as shown in Figure 16. At this location, 

the models have finished calculating the amount of hot water that is entrained into the cold ECC water, 

and temperature of the resulting mixture. Figure 91 shows the temperature of the hot water as a 

function of time, and it is indicated by the grey curve labelled “hot layer in cold-leg nozzle”. At the start 

of the transient, this temperature is the same as the temperature from RELAP5, which is the curved 

labelled “DC” as shown in Figure 38. As soon as the ECC injection begins and the flow of water in the 

loop through the MCP is small enough to prevent complete mixing in the CL, KWU-MIX calculates a 

separate temperature for the hot water based on an energy balance for all the mixing regions. 

Therefore, starting at approximately 350 s, the hot-water temperature is slightly different from the 

RELAP5 result. 

Also shown in Figure 91 is the temperature of the cold water that results from the mixing of ECC water 

and entrained hot water. This temperature is indicated by the blue curve labelled “cold layer in cold-

leg nozzle. This temperature is calculated by KWU-MIX starting at 350 s also, as soon as incomplete 

mixing occurs. Recall that the temperature of the ECC water is 15 °C, which is also shown in Figure 91, 

but it is an input to KWU-MIX rather than a result. The temperature of the cold-water layer is closer to 

the temperature of the ECC water than to the temperature of the hot water. This indicates that the 

mass flow rate of entrained hot water is less than the flow rate of ECC water. 

 
Figure 91: Temperatures of the cold-water and hot-water layers at the end of the nozzle of 

Cold Leg 2 and 3 calculated by KWU-MIX. 
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Figure 189: Comparisons of RPV Inner Surface Temperature Range (Minimum to Maximum) at (left) 

1.35 m and (right) 2.638 m below the CL Axis for different HPI Pump Heads. 

 

5.4.2 RELAP5 results by SSTC 

Comparative analysis was performed with application of Relap5/mod3.3 (version "lf") code. 

Decreasing of the HPI pump head pressure was simulated by SSTC NRS via scaling of the pressure 

component of the HPI pump curve down to 75%. Degree of reduction and the decrement (5%) was 

selected according to the similar approach of PSI and GRS (see chapters 5.4.1, 5.4.3 respectively), as 

illustrated in Figure 190. The “base” (100%) flow rate characteristic of HPI pumps was taken from the 

Table 1. 

 

Figure 190: HPI Pump Curves assumed for Assessing of the Impact of Reduced HPI head. 

Comparative plots for key parameters are provided in Figure 191 - Figure 196. Reducing the HPI head 

pressure leads to a later HPI injection (starting time of HPI injection for 100%, 95%, 90%, 85%, 80%, 

75% of the design pump head is 85 s, 95 s, 105 s, 120 s, 225 s, 280 s respectively). This aspect affects 

several parameters, in particular the liquid levels in the primary system and temperatures in the DC. 

Based on the results of performed analysis it can be noted that decreasing of HPI head pressure 

reduces the rate of RPV cooldown before restoration of DC level (by 30-40 oC in comparison with 

“base” case). After the filling of the DC the difference between DC cooling decreases for different HPI 

flow characteristics. At the end of the transient all DC temperatures generally agree. 



APAL (945253) D2.4 – Public Summary Report of WP2 

138 

 

Additionally, it should be noted that in the case of HPI head pressure reduction down to 75 - 85% of 

design value the coolant level in the DC stay decreased for a longer time (2670-3540 s), while in other 

cases DC level was restored at 2100 - 2200 s. 

 

  
Figure 191: Comparisons of Pressure in the DC at 2.638 m below the CL Axis (left) and DC Level 

(right) for different HPI Pump Heads. 

 

  
Figure 192: Comparisons of Break Flow (left) and Time-integrated Coolant Loss and ECCS 

Injection (right) for different HPI Pump Heads. 

 

  
Figure 193: Comparisons of Void Fraction at the RPV Inlets of Loops 1 (left) and 2 (right) for 

different HPI Pump Heads. 
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Figure 194: Comparisons of DC Coolant Temperature Range at 1.35 m (left) and 2.638 m (right) 

below the CL Axis for different HPI Pump Heads. 

 

  
Figure 195: Comparisons of DC HTC Range at 1.35 m (left) and 2.638 m (right) below the CL Axis 

for different HPI Pump Heads. 

 

 

Figure 196: Comparisons of RPV Inner Surface Temperature Range at 1.35 m (left) and 2.638 m 

(right) below the CL Axis for different HPI Pump Heads. 

 

5.4.3 ATHLET results by GRS 

In the ATHLET simulations the decreasing of the HPI pump head is simulated identically to the 

approach described in 5.4.1 and illustrated in Figure 183 by scaling the pressure component of the 
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Figure 202: Comparisons of DC Coolant Temperature Range (Minimum to Maximum) at (left) 

1.35 m and (right) 2.638 m below the CL Axis for different HPI Pump Heads. 

 
Figure 203: Comparisons of DC HTC Range (Minimum to Maximum) at (left) 1.35 m and (right) 

2.638 m below the CL Axis for different HPI Pump Heads. 

 
Figure 204: Comparisons of RPV Inner Surface Temperature Range (Minimum to Maximum) at 

(left) 1.35 m and (right) 2.638 m below the CL Axis for different HPI Pump Heads. 

 

5.4.4 ECC-MIX results by GRS 

For the ATHLET simulations with applied ECC-MIX model the decreasing of the HPI pump head is 

simulated identically to the approach described in 5.4.1 and illustrated in Figure 183 by scaling the 

pressure component of the HPI pump curve down to 75% of the reference value in 5% decrements. In 

the comparative plots for key quantities of interest provided in Figure 205 through Figure 210 the 
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qualitative influence of the proposed LTO improvements is comparable the results presented in 5.4.3 

using the ATHLET code without mixing model. However, a cliff edge effect can be observed when the 

HPI pump head is reduced to 95 % of the reference value and below. This results from the time when 

pure liquid reaches the break position, and the void fraction drops to zero in loop 1 as depicted in 

Figure 207 (left). For 95 % HPI pump head and lower values the void keeps above zero for at least 

another 500 s and a void-liquid mixture discharges from the break, which significantly effects the 

coolant loss mass flow. In consequence, in particular the DC level (Figure 205; right) and break mass 

flow (Figure 206; left) differs qualitatively when the HPI pump head is reduced. The unfavourable 

cooling conditions observed in the ATHLET only simulation as described in 5.4.3 were a reduction in 

the HPI pump head lead to lower temperatures in the DC during ACC and LP injection is not observed 

when applying the ECC-MIX model as can be seen in Figure 208 through Figure 210. However, overall 

conclusions that can be drawn from the results of the HPI pump head reduction as LTO improvement 

are consistent with what is given in 5.4.1. 

 
Figure 205: Comparisons of (left) Pressure in the DC at 2.638 m below the CL Axis and (right) DC 

Level for different HPI Pump Heads. 

 
Figure 206: Comparisons of (left) Break Flow and (right) Time-integrated Coolant Loss and ECCS 

Injection for different HPI Pump Heads. 



APAL (945253) D2.4 – Public Summary Report of WP2 

144 

 

 
Figure 207: Comparisons of Void Fraction at the RPV Inlets of Loops 1 and 2 for different HPI Pump 

Heads. 

 
Figure 208: Comparisons of DC Coolant Temperature Range (Minimum to Maximum) at (left) 

1.35 m and (right) 2.638 m below the CL Axis for different HPI Pump Heads. 

 
Figure 209: Comparisons of DC HTC Range (Minimum to Maximum) at (left) 1.35 m and (right) 

2.638 m below the CL Axis for different HPI Pump Heads. 
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Figure 210: Comparisons of RPV Inner Surface Temperature Range (Minimum to Maximum) at (left) 

1.35 m and (right) 2.638 m below the CL Axis for different HPI Pump Heads. 

 

5.4.5 Influence of Injection Model and Mixing Code (ATHLET, ECCMIX, GRSMIX) 

The following Figure 211 and Figure 212 depict the influence of the reduction of the HPI pump head to 

the minimum considered value of 75 % in comparison of the three investigated configurations with 

ATHLET only, applying the ECC-MIX model and calculation DC temperatures and heat transfer 

coefficients with GRS-MIX. The influence between the used approaches is consistent with the 

description given in chapter 4.2.2. The influence due to reduction of the HPI pump head indicated by 

the dashed lines is clearly distinguishable from the beginning of the transient (after HPI with 

p < 110 bar) and comparable in quantitative terms for all three used approaches. 

 
Figure 211: Comparisons of DC Coolant Temperature at (left) 1.35 m and (right) 2.638 m below the 

CL Axis for Reference Case and HPI Pump Head Decrease to 75 % for TH Results only, using 

Injection Model and Mixing Code (ECCMIX, GRSMIX). 
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Figure 212: Comparisons of DC HTC at (left) 1.35 m and (right) 2.638 m below the CL Axis for 

Reference Case and HPI Pump Head Decrease to 75 % for TH Results only, using Injection Model 

and Mixing Code (ECCMIX, GRSMIX). 

 

5.5 Decreasing HPI capacity 

5.5.1 RELAP5 results by KIWA 

Decreasing of the HPI capacity is simulated by uniformly scaling the HPI pump flow rates down to 75% 

of the nominal values in 5% decrements as shown in Figure 213. 

 
Figure 213: HPI Pump Curves assumed for Assessing of the Impact of Reduced HPI Capacity. 

 

Comparative plots for key quantities of interest are provided in Figure 214 through Figure 218. The 

input file “input.stst.1300MW_4loop_v5” distributed on 22 September 2021 was used in the 

calculations. The code that was used for these computations was relap5-m33p5(km)-win32-ifc-opt-b2-

snap which was released on October 2016 and compiled by IFC 13.1. This is an older version than 

versions used in other computations (lf). The main results are that the proposed LTO improvement 

might have some relevant impact on the major system parameters as coolant and wall temperatures 

in the DC. In Figure 217 there are presented DC coolant temperatures at 1.13 m and 2.638 m below 

the CL Axis for different HPI pump capacities. It can be concluded that by decreasing rate of cooling 

(via HPI pumps) the coolant temperatures can be reduced to some extent as well. Thus, the more the 

decrease in HPI flows is the more a risk of PTS is reduced. Benefits proposed and presented in this LTO 

improvement in the early stage of the transient can be mitigated to some extent by the increased 

temperature gradients in DC that appears after the accumulator injections. 
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Figure 214: Comparisons of (left) Pressure in the DC at 2.638 m below the CL Axis and (right) DC 

Level for different HPI Pump Capacities. 

  
Figure 215: Comparisons of (left) Break Flow and (right) Time-integrated Coolant Loss and ECCS 

Injection for different HPI Pump Capacities. 

  
Figure 216: Comparisons of Void Fraction at the RPV Inlets of Loops 1 and 2 for different HPI Pump 

Capacities. 
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Figure 217: Comparisons of DC Coolant Temperature Range at (left) 1.13 m and (right) 2.638 m 

below the CL Axis for different HPI Pump Capacities. 

  
Figure 218: Comparisons of DC HTC Range at (left) 1.13 m for different HPI Pump Capacities and 

loops 1-4 (right). 

 

5.5.2 TRACE results by PSI 

Decreasing of the HPI capacity is simulated by uniformly scaling the HPI pump flow rates down to 75% 

of the nominal values in 5% decrements as shown in Figure 219. 

 
Figure 219: HPI Pump Curves assumed for Assessing of the Impact of Reduced HPI Capacity. 
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Figure 225: Comparisons of RPV Inner Surface Temperature Range (Minimum to Maximum) at (left) 

1.35 m and (right) 2.638 m below the CL Axis for different HPI Pump Capacities. 

 

5.5.3 RELAP5 results by SSTC 

Comparative analysis was performed with application of Relap5/mod3.3 (version "lf") code. 

Decreasing of the HPI pump capacity was simulated by SSTC NRS via scaling of the flow component of 

the HPI pump curve down to 75%. Degree of reduction and the decrement (5%) was selected according 

to the similar approach of PSI (see chapter 5.5.2), as illustrated in Figure 226. The “base” (100%) flow 
rate characteristic of HPI pumps was taken from the Table 1. 

 
Figure 226: HPI Pump Curves assumed for Assessing of the Impact of Reduced HPI capacity. 

Comparative plots for key parameters are provided in Figure 227 - Figure 232. Results of performed 

analysis show that reducing of the HPI capacity significantly affects primary parameters (in particular 

DC level and temperature). At the early phase of transients (up to ~2200 s) DC temperature rise follows 

the rate of HPI capacity reducing. The maximum DC temperature increase (30-50 oC in comparison with 

“base” case) is observed in the scenario with reduction of HPI capacity from 100% of design curve to 

75%. However, after filling primary side with coolant (~2200-3400 s) DC temperatures generally agree. 

Summarizing, one can conclude that analysed LTO improvement potentially may affect results of RPV 

strength analysis. 
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Figure 227: Comparisons of Pressure in the DC at 2.638 m below the CL Axis (left) and DC Level 

(right) for different HPI Pump Capacities. 

 

 
 

Figure 228: Comparisons of Break Flow (left) and Time-integrated Coolant Loss and ECCS 

Injection (right) for different HPI Pump Capacities. 

 

  
Figure 229: Comparisons of Void Fraction at the RPV Inlets of Loop 1 (left) and Loop 2 (right) for 

different HPI Pump Capacities. 
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Table 27 shows the changes to the PIRT that are the result of the additional specifications for the 

simulation of the ICAS transient T2 described above. In addition, Table 27 has been changed to show 

that the break size has been set to 50 cm2, and so it has no uncertainty associated with it in the 

subsequent simulations. The time of reactor trip follows immediately after the LOOP, because the loss 

of electrical power causes the MCPs to fail, which leads to a reactor trip regardless of the other plant 

conditions.  

The break size is too small for the water level in the downcomer to sink far enough for maintain a layer 

of steam in the cold leg. Nevertheless, the ranking has been kept the same as in Table 26 to indicate 

the importance of condensation at the top of the downcomer on the pressure transient. The break size 

is also too small for the heat from the core to be removed through the break, and therefore heat 

transfer to the secondary side is necessary. The ranking for the steam-generator heat transfer as 

determined by the secondary-side cooldown rate was increased correspondingly in Table 27.  

The transient was simulated for nearly 5000 s. Reference [33] shows that this was sufficient duration 

for the low-pressure injection system to engage, if possible. During this time span, the water in the 

RHR tanks was not depleted, due to the small break size. Therefore, no simulation of the “recirculation 
mode” of safety injection, where water is drawn from the sump surrounding the RPV, was necessary. 

This changed the LPSI temperature from a phenomenon to an initial condition, as seen in Table 27.  

 

Table 27: PIRT for 50 cm2 SBLOCA with LOOP and Asymmetric HPSI 

Initial & boundary conditions Ranking in modelling regions 

(10=most influential, 1=least influence) 

Comment 

Injection 

point  

(MR1) 

Cold 

leg 

(MR2) 

Reactor 

inlet  

(MR3) 

Downcomer  

(MR4) 

Plant initial state (reactor 

power, flow, pressure etc.) 

3 3 3 4   

Break size and orientation N/A N/A N/A N/A 50 cm2  

Break location N/A N/A N/A N/A hot leg 

Time of reactor trip N/A N/A N/A N/A LOOP 

assumption 

Decay heat 6 6 7 8   

Timing of reactor coolant pump 

trip  

N/A N/A N/A N/A LOOP 

assumption 

Timing of SIS actuation 6 6 6 6   

SIS availability (min-max) and 

asymmetry   

8 8 9 9 1 HPSI pump in 

repair and 1 

HPSI pump 

failure 

SIS pump characteristics 10 10 10 10  

ACC injection temperature  6 6 6 6   

ACC initial pressure 7 7 7 7   

ACC initial level 4 4 4 4   

Timing of HPSI initiation 6 6 6 6   

HPSI and LPSI temperature  10 10 10 10   

RPV wall heat conduction 2 2 7 8   

Reactivity coefficients (boron 

etc.) 

3 3 3 3   
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10 Theory of Wilk’s and other UE methods  
In recent decades, an increasing effort in the field of deterministic safety analysis has led to the 

development of various methods of best-estimate calculations supplemented by uncertainty analysis 

of the results. A number of projects initiated e.g., by US NRC and by OECD has resulted in a number of 

reports and documents [89][90][91][92][93][94][95][96][97]. 

The best-estimate-plus-uncertainty (BEPU) evaluation methods have been mostly focused on figures 

of merit connected with reactor core cooling. So far, there has been no application of a BEPU method 

to evaluation of pressurized thermal shock (PTS) of the reactor pressure vessel. Such an application is 

complicated by the fact that PTS evaluation is a multidisciplinary and multi-physics task containing a 

number of sequential analyses. The project APAL is focused on the development of a BEPU method for 

PTS analyses.  

The main objective of Work Package 2 of the APAL project is the identification and evaluation of 

uncertainties in TH analyses of PTS. In Task 2.2 described in Reference [83], the uncertainties were 

categorized according to the source of the uncertainties. Reference [83] gives the sources as those 

related to computer code models, plant parameters, and human factors. Reference [83] also describes 

the procedure for identifying the phenomena that are the most important to the figures of merit for a 

particular power plant and a particular transient scenario. The procedure makes use of a PIRT, and part 

of the procedure is the identification of computer-code input parameters associated with the most 

important phenomena. Finally, Reference [83] gives the quantification of uncertainty in the input 

parameters in the form of an uncertainty distribution for each input parameter. These results permit 

the application of best-estimate-plus-uncertainty methods.  

Once the most important sources of input uncertainty have been identified and quantified through 

uncertainty distributions, the input uncertainties are propagated through the analysis. Multiple 

simulations of the transient scenario produce multiple sets of simulation output, each set of output is 

the result of a unique combination of randomly-chosen values for the input parameters. The tolerance 

limits on the figures of merit from the multiple sets of output can be quantified using various methods. 

Most of the analyses in Task 2.3 have used the Wilks method, which is described below. 

10.1 Wilks method  

Best-estimate-plus-uncertainty methods have been used in the United States of America since the U.S. 

Nuclear Regulatory Commission changed 10 CFR §50.46 in 1988, as described in Regulatory Guide 
1.157 [84]. The Regulatory Guide specifies that predicted safety criteria should not be exceeded with 

a given tolerance and at a corresponding confidence level.  

Two categories of methods for finding the tolerance limit are the parametric methods and non-

parametric methods. Parametric methods require that the population of the figures of merit follows a 

known or an assumed probability distribution function. Non-parametric methods require only that the 

population be continuous. The non-parametric methods decouple the association between the 

number of uncertainty parameters and the required number of simulations. The tolerance limits of the 

population can be estimated when sufficient number of simulations are performed, regardless of the 

number of uncertainty parameters. Wilks [1] proposed a method for finding the necessary sample size 

for two-sided tolerance limits with given confidence level. He later extended the method to one-sided 

tolerance limits (Wilks [2]). A one-sided tolerance limit is applicable when the figure of merit is not 

allowed to exceed one limit, for example, a lower limit on a minimum requirement. If the figure of 

merit is not allowed to exceed both an upper limit and a lower limit, then a two-sided tolerance limit 

is applicable. Wilks’ formula incorporates both a tolerance limit and a confidence in its prediction. 

If ὔ simulations are performed, and the values of the figure of merit are arranged from smallest to 

largest, then the Ὧ  order statistic is equal to the Ὧ -smallest value. The rank, ὶ, is either the ὶ -

smallest value with an order statistic of ί ὶ, or it is the ὶ -largest value with an order statistic of ὸ ὔ ὶ ρ. 
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11 Uncertainty Distributions  

Some of the phenomena listed in Table 27 are modelled in thermal-hydraulic system codes, and others 

are modelled in thermal-hydraulic mixing codes.  

Thermal-hydraulic system codes RELAP5, ATHLET and TRACE, mixing codes KWU-MIX and GRS-MIX, 

and computational fluid dynamics (CFD) codes Fluent and OpenFOAM were used in Task 2.2. The 

pertinent case was a SBLOCA with the break in the hot leg and with a loss of off-site power. 

 

11.1 Plant Variables 

The variables listed in Table 27 that pertain to the design and operation of the nuclear power plant are 

categorized as plant variables, and they are listed under the heading “Initial & boundary conditions”. 
These parameters are also described as "scenario parameters" which are not uncertainties but rather 

"variabilities”.  

The variables with rankings of five or greater were treated as important variables, and so they were 

either assigned an uncertainty distribution or they were treated conservatively. An uncertainty 

distribution is the preferred treatment (within the framework of this project), but it is sometimes not 

practical to quantify the distribution. In this case, the variable is treated conservatively, which indicates 

that the variable is set at its unfavourable value or sampled over a penalizing range.  

 

11.1.1 Thermal-Hydraulic System Codes 

The variables that are associated with the most important initial and boundary conditions depend on 

how the variables are modelled in the computer code. For RELAP5, TRACE, and ATHLET, the initial and 

boundary conditions given in Table 27 that have a ranking of five or greater were associated with 

parameters from the RELAP5 code. The parameters for the most important initial and boundary 

conditions are given in Table 29. 

Table 29: Parameters in system-analysis codes for important initial and boundary conditions  

Initial & boundary conditions Parameters 

Initial reactor inlet temperature initial core power, secondary-side pressure, 

pressurizer pressure 

Break size break-valve component 

Break location nodalization  

Time of reactor trip control variable 

Decay heat decay-heat correlation or table 

Timing of SIS actuation valve trip (depends on pressure) 

SIS availability and asymmetry  analysis assumptions and nodalization 

ACC injection temperature  component initial conditions 

ACC initial pressure component initial conditions 

Timing of HPSI initiation valve trip (depends on pressure) 

HPSI temperature  component initial conditions 

LPSI temperature storage tank temperature 

heat-transfer rate in RHR system  

type of flow model at break 

ressure-loss coefficient at break 
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11.1.2 RELAP5 and TRACE model for KWU-1300  

The T2 transient of the ICAS project [3] was selected for the initiating event for the PTS analysis, and 

this was the basis for the rankings of the various phenomena in Table 27. For the T2 transient, the 

parameters in Table 29 were treated either with uncertainty distributions or they were treated 

conservatively. The treatment for each parameter is given in Table 30 for this specific transient. The 

models in RELAP5 and TRACE are similar enough to permit the use of the same uncertainty 

distributions. 

The second column in Table 30 is the best-estimate value for the parameter. This is the value of the 

parameter that reduces the epistemic uncertainty in the figure of merit (e.g., temperature or heat-

transfer coefficient), but not the aleatory uncertainty. Although the epistemic uncertainty could be 

further reduced even after applying the best-estimate value, for example by improving the physical 

modelling or by applying corrections to the model outputs that are functions of the model inputs, all 

remaining epistemic uncertainty is part of the uncertainty distributions described in the third through 

fifth columns. Therefore, the uncertainty distributions described in the third through fifth columns 

describe all of the aleatory uncertainty and part of the epistemic uncertainty.  

The third column in Table 30 states the nature of the characterization for the uncertainty. The 

designation “conservative” indicates that parameters are set at their unfavourable value or sampled 

over a penalizing range. If no uncertainty is given, then the parameter was specified in the definition 

of the T2 transient. 

Table 30: Uncertainty distributions for plant parameters for the T2 transient 

Plant parameter Best-

estimate 

value 

Type of 

distribution 

distribution 

characterization #1 

(e.g., mean, lower 

bound) 

distribution 

characterization 

#2 

(e.g. standard 

deviation, upper 

bound) 

Initial reactor inlet 

temperature: 

Core power 

100% 

nominal 

Gaussian Mean:100% 

nominal  

sdt.dev.:1%  

Initial reactor inlet 

temperature: 

secondary-side 

pressure 

60.2 bar  Uniform  60.2 bar  68.2 bar 

Initial reactor inlet 

temperature: 

Pressurizer pressure 

100% 

nominal 

Gaussian Mean:100% 

nominal  

sdt.dev.:1%  

Break size 50 cm2  No uncertainty 

Break location hot leg Conservative 

(see Section C 

of 

Reference [75]) 

hot leg  

Time of reactor trip at 132 bar conservative at 132 bar  

Decay heat ANS79-1 + 

10% 

uniform ANS79-1 – 0% ANS79-1 + 20% 

Timing of SIS 

actuation 

at 110 bar + 

10 s delay 

uniform  at 110 bar + 0 s 

delay 

at 110 bar + 20 s 

delay 

SIS availability and 

asymmetry   

HP 

injection in 

two 

Conservative 

(see 

Section 3.3 of 

Reference [75]) 

HP injection in two neighboring cold legs 
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Plant parameter Best-

estimate 

value 

Type of 

distribution 

distribution 

characterization #1 

(e.g., mean, lower 

bound) 

distribution 

characterization 

#2 

(e.g. standard 

deviation, upper 

bound) 

neighboring 

cold legs 

ACC injection 

temperature  

30 °C uniform min:20 °C max:40 °C 

ACC initial pressure 26 bar uniform min:24 bar max:28 bar 

initial nitrogen 

volume 
23.6 m

3

 Gaussian 23.6 m
3

 mean 2.36 m
3

 std. dev. 

Timing of HPSI 

initiation 

at 110 bar + 

10 s delay 

uniform at 110 bar + 0 s 

delay 

at 110 bar + 20 s 

delay 

HPSI temperature  30 °C uniform min:15 °C max:45 °C 

HP and LP pump 

pressure/flow curves 

As defined 

in T2 with a 

multiplier. 

Gaussian mean:100% of 

nominal 

std.dev.:10% of 

nominal 

 

Many of the uncertainty distributions in Table 30 are uniform with a lower bound and an upper bound. 

This treatment of the uncertainty was chosen because insufficient data were available to establish a 

Gaussian distribution or another type of uncertainty distribution. 

Some parameters are described by conservative values instead of with uncertainty distributions. 

Section 3.3 of Reference [75] states that unsymmetrical cooling is applied in order to reach the 

maximum thermal load at the cold-leg nozzle exit. For SBLOCA, the ECC injection rate in an individual 

loop is higher when only part of the ECC systems is injecting than when all ECC pumps are in operation. 

The cold legs with ECC injection are in neighbouring loops so that the possibility exists that two plumes 

merge, as described in Appendix C of Reference [75]. 

The location of the break in the hot leg is conservative for analyses on the RPV welds and cold-leg 

nozzle because the leak flow draws the injected water into the downcomer and upward through the 

core. This promotes the formation of plumes in the downcomer. A leak in the cold leg would draw 

water upward in the downcomer, which would impede the downward flow of plumes in the 

downcomer.  

The decay heat used in the base case described in Reference [33] is conservative, and the value is 

ANS79-1 – 0%. Section 3.3 of Reference [75] states low decay heat is conservative. Therefore, the best-

estimate value is higher than the conservative value, and it was set equal to ANS79-1 + 10%. The best-

estimate value was set equal to the mean of the uncertainty distribution, and so the uncertainty spans 

from the lower decay heat at ANS79-1 – 0% to a higher decay heat at ANS79-1 + 20%. .  

 

11.1.3 ATHLET model for KWU-1300  

Table 31 presents uncertainty distributions for plant parameters that were identified for the TH system 

code ATHLET. Break size (50 cm²) and break position (hot leg) are not treated as uncertain. Changing 

these boundary conditions would deviate from the reference transient T2 of the ICAS project and 

would probably lead to different accident scenario. Where insufficient data were available to establish 

more complex distributions, uncertainty distributions were chosen to be uniform with a lower and 

upper bound.  
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Table 31: Uncertainty Distributions for Plant Parameters in ATHLET 

Model parameter 

Best-

estimate-

value 

Type of 

distribution 

Distribution parameters 

p1=mean 

p2=standard deviation 

Technical or 

statistical basis for 

type of distribution 

and distribution 

parameters 

Correction factor for 

decay heat  
1 normal 

p1=1; p2=0.04 

min/max: 0.9/1.1 

[38], Chapter 
6.1.12, Para. 45 

Correction factor for 

power of fuel rods  
1 normal 

p1=1; p2=0.01 

min/max:0.97/1.03 
expert judgement 

Temperature of the 

pressure accumulator and 

the emergency feed 

water 

30 °C uniform min/max: 5/30 
[39], 
Chapter 3.5.1.13, 
par.51 

Delay time between leak 

opening and triggering of 

SCRAM 

2 s uniform min/max: 1/5 expert judgement 

Runtime of the SCRAM 

between triggering and 

maximum shut down 

reactivity 

2 s uniform min/max: 0.5/4 expert judgement 

Delay for secondary 

cooldown 
120 s normal 

p1=300; p2=150 

min/max: 0/600 
expert judgement 

Time delay to switch off 

the main coolant pumps 
2 s normal 

p1=2; p2=1 

min/max: 0/4 

[40], chapter 6.1.18, 
Par. 56 

Factor of the feed mass 

flow of the LP-pumps 
1 normal 

p1=1; p2=0.04 

min/max: 0.9/1.1 

[41], Annex 1, 
Table 1 

Factor of the feed mass 

flow of the HP-pumps 
1 normal 

p1=1; p2=0.04 

min/max:0.9/1.1 

[41], Annex 1, 
Table 1 

Pressurization of the 

pressure accumulators of 

the ECCS 

2.60E+06 

Pa 
normal 

p1=2.6E+06; p2=3.0E+05 

min/max: 

2.4E+06/2.8E+06 

[41], Annex 1, 
Table 1 

Fill level of the pressure 

accumulator of the ECCS 
8.5428 m uniform min/max: 8.148/8.889 expert judgement 

Isolation of accumulators 

after 500 s  
500 s toggled  500 s; 50000 s - 

Timing for HPI actuation 

<110 bar + t 
20 s uniform min/max: 0/20 expert judgement 

Timing for LPI actuation 

<10 bar + t 
25 s uniform min/max: 0/25 expert judgement 

Temperature of HPI/LPI 15 °C uniform min/max. 1/45 expert judgement 

 

11.2 Model parameters 

The phenomena listed in Table 27 that are modelled in the computer codes are listed under the 

heading “phenomena”. The phenomena with rankings of five or greater were treated as important 
phenomena, and so they were either assigned an uncertainty distribution or they were treated 

conservatively. An uncertainty distribution is the preferred treatment (within the framework of this 

project), but it is sometimes not practical to quantify the distribution. In this case, the variable is 

treated conservatively.  
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The uncertainty in model parameters is quantified by comparing the values of the parameters from 

the models with experimentally derived values. Experimental data from the UPTF experimental 

program were made available to the APAL project by the German Federal Ministry for Economic Affairs 

and Energy. In particular, data from Test C1 Run 21a2 of the UPTF-TRAM program were used.   

11.2.1 RELAP5 code 

The parameters that are associated with the most important phenomena depend on how the 

phenomena are modelled in the computer code. For RELAP5, those phenomena given in Table 27 that 

have a ranking of five or greater were associated with parameters from the RELAP5 code. The 

parameters for the most important initial and boundary conditions are given in Table 32. 

 

Table 32: Parameters in system-analysis codes for important phenomena  

Phenomena Parameters 

Break flow type of flow model at break 

pressure-loss coefficient at break 

thermal-nonequilibrium coefficient at break 

Initial reactor inlet temperature Core power, secondary-side pressure, 

pressurizer pressure 

Time of loop flow stagnation type of flow model at break 

pressure-loss coefficient at break 

SIS flow rate (incl. pump characteristics) HP and LP pump curves 

type of flow model at break 

pressure-loss coefficient at break 

ACC injection rate initial ACC pressure  

initial nitrogen volume 

type of flow model at break 

pressure-loss coefficient at break 

RPV wall heat conduction Material property tables 

Interphase condensation & non-condensables ACC isolation  

type of flow model at break 

pressure-loss coefficient at break 

Wall-to-fluid heat-transfer phenomena (excl. heat-

transfer-coefficient correlation)  

velocity, water properties 

Liquid/vapour interface in DC type of flow model at break 

pressure loss coefficient at break 

 

Many of the phenomena in Table 32 have parameters in common with each other. For example, most 

of the phenomena depend on the pressure, which is dependent on the break flow and the injection 

flow, among other phenomena. The break flow, in turn, depends on the type of flow model at break 

and on the pressure-loss coefficient at break. Therefore, the important parameters for many of the 

phenomena Table 32 are the type of flow model at the break and the pressure-loss coefficient at the 

break. The development of the uncertainty distribution for the thermal-nonequilibrium coefficient in 

the Henry-Fauske choked-flow model used in RELAP5, using data from the Marviken CFT no. 24. 

The treatment for each parameter is given in Table 33.  



APAL (945253) D2.4 – Public Summary Report of WP2 

206 

 

Table 33: Uncertainty distributions for model parameters in RELAP5 

Model parameter Best-

estimate 

value 

Type of 

distribution 

distribution 

characterization 

#1 

(e.g., mean, lower 

bound) 

distribution 

characterization 

#2 

(e.g. standard 

deviation, upper 

bound) 

thermal-

nonequilibrium 

coefficient for 

Henry-Fauske model 

0.14  Weibull for CDF 

from 0.1 to 0.85;  

0.0 for CDF<0.1; 

0.775+0.075*CDF 

for CDF>0.85 

Scale λ is 1  shape factor k is 7 

Wall-to-fluid heat-

transfer phenomena 

Single-

phase 

liquid to 

wall HTC 

log-uniform 0.5 2.0 

Wall-to-fluid heat-

transfer phenomena 

Single-

phase 

vapour to 

wall HTC 

log-uniform 0.5 2.0 

Single-phase friction 

factor 

Wall-drag 

coefficient 

log-uniform 0.5 2.0 

Single-phase friction 

factor 

Form-loss 

coefficient 

log-uniform 0.5 2.0 

Interfacial heat 

transfer 

As for base 

case  

Conservative as for base case as for base case 

RPV wall heat 

conduction, specific 

heat, density 

Material-

properties 

tables 

Gaussian as for best-

estimate case 

5% std. dev. 

 

Note that the heat-transfer coefficient is a figure of merit, and that the important phenomena, such 

as velocity distribution, do not have parameters associated with them that can be varied according to 

their uncertainty. Therefore, the uncertainty in those parameters cannot be propagated forward. 

Instead, the uncertainty distribution is applied in a post-processing step.  

 

11.2.2 TRACE code 

The uncertain model parameters for the TRACE code are listed in Table 34. With the exception of the 

model parameters grouped under the term “heat-transfer coefficient correlation”, which are taken 
from the TRACE modelling of the UPTF transient, and the choked-flow parameter taken from the 

TRACE modelling of selected Sozzi-Sutherland experiment,  the parameters are taken as close as 

possible to the RELAP5 parameters (i.e. that of Table 33). 
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Table 34: Uncertainty distributions for model parameters in TRACE 

Model parameter Best-

estimate 

value 

Type of 

distribution 

distribution 

characterization #1 

(e.g., mean, lower 

bound) 

distribution 

characterization 

#2 

(e.g. standard 

deviation, upper 

bound) 

Choked-flow 

multiplier for two-

phase flow (CHM22 

0.848  Normal 0.848  0.0888 

HP and LP pump 

curves 

See initial and boundary conditions Table 30. 

initial accumulator 

pressure  

See initial and boundary conditions Table 30 

initial nitrogen 

volume 

See initial and boundary conditions Table 30 

storage tank 

temperature 

See initial and boundary conditions Table 30 

heat-transfer coefficient correlation input: 

SS thermal 

conductivity 

1.0 Uniform 0.95 min 1.05 max 

SS specific heat 1.0 Uniform 0.95 min 1.05 max 

SS emissivity [-] 0.75 Uniform 0.5625 min 0.9375 max 

Single Phase Liquid 

to Wall HTC 

0.8 Log Uniform 0.5 min 2.0 max 

Single Phase Vapour 

to Wall HTC 

0.8 Log Uniform 0.5 min 2.0 max 

Wall Drag 

Coefficient 

0.8 Log Uniform 0.5 min 2.0 max 

 

11.2.3 ATHLET code 

Uncertainty parameters and their distributions applied in the ATHLET simulations for the transient T2 

of the ICAS project are listed in Table 35. The selected parameters are associated with the phenomena 

listed and ranked in the PIRT for SB-LOCA in PWR with LOOP (see Table 27). Only parameters are listed 

that were not classified as boundary conditions but as model parameters depending on the TH system 

code used (ATHLET) and that were expected or proven to be influential on PTS relevant phenomena. 

In Wenzel et al.  [69] sensitivity studies on the listed parameters for PTS analyses are presented. 

Uncertain boundary conditions in the plant model that may influence the assessment of the RPV 

integrity are listed separately in Table 31 (section 11.1.3).  
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Table 35: Uncertainty distributions for model parameters in ATHLET 

Model parameter 

Best-

estimate-

value 

Type of 

distribution 

Distribution 

parameters 

Technical or 

statistical basis for 

type of distribution 

and distribution 

parameters 

Turbulence factor for the 

evaporation in case of 

critical flow 

30 log. normal 
p1=2.29; p2=0.65 

min/max: 0/50 
[70], Chapter 2.1.3.1 

Single-phase convection 

in water (Dittus-Boelter) - 

correction factor, all 

surfaces where heat 

transfer takes place 

1 uniform 
min/max:  

8.50E-01; 1.15E+00 

KWU experiments 

and expert 

judgement 

Single-phase natural 

convection in water 

(Dittus-Boelter) - 

correction factor, all 

surfaces where heat 

transfer takes place 

1 uniform 
min/max:  

8.50E-01; 1.15E+00 

KWU experiments 

and expert 

judgement 

Model for single-phase 

forced convection in 

steam: 1 = Dittus-Boelter 

II / 2 = Mc Eligot 

1 toggled 1; 2 
[39], Chapter 3.5.1.3, 
Par. 7 

Single-phase convection 

in steam Dittus-Boelter II 

/ Mc Eligot - correction 

factor; all surfaces where 

heat transfer takes place 

- dependency -;- 
[50], Tab. 5.2-1, 
Par. 28 

Correction factor for 

direct condensation 
1 histogram 5.00E-01; 2.00E+00 

HDR Condensation-
Experiment, UPTF-
TRAM Experiment, 
[50], Tab. 5.2-1, 
Par. 32 

Heat losses to the 

environment, external 

surfaces of the primary 

circuit and the steam 

generator 

1 uniform 0.99; 1.01 
validation and 

expert judgement 

Thermal conductivity of 

the base material 
1 normal 

p1=1; p2=0.03 

min/max: 0.95/1.05 
[51] 

Heat capacity of the base 

material 
1 normal 

p1=1; p2=0.03 

min/max: 0.95/1.05 
[51] 

Wall roughness U-tubes 7E-06 
polygonal 

line 
2.00E-06; 2.00E-05 

[70], Tab 2.1-5, Par. 
21 

Wall roughness of the ECC 

feed lines 
1.5E-05 

polygonal 

line 
1.00E-05; 0.0001 

[39], Chapter. 
3.5.1.10, Par. 37,  

Form loss of the ECC feed 

line 
0.5 

polygonal 

line 
0.1; 5.5 

[41], Annex 1, 
Table 1 and expert 
judgement 

Form loss correction 

factor for CCOs between 
1 histogram 0.4; 5 

[39], Chapter 
3.5.1.10, Par. 35 
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14.5 Sensitivity analysis 

Sensitivity analysis for time dependent data has been performed using SUSA (501 equidistant values each 20 s in 

the time interval (0-10000 s). In the SUSA the following types of correlation based sensitivity indices are 

implemented: 

• Pearson's ordinary correlation 

• Blomqvist’s medial correlation 

• Kendall's rank correlation 

• Spearman's rank correlation 

For the time-dependent sensitivity analysis, SUSA can calculate correlation related sensitivity indices and 

sensitivity indices from correlation ratios (on raw and rank-transformed data). For each correlation related 

sensitivity measure, the ordinary and partial correlation or the standardized regression coefficient can be 

calculated. In the following Figures 410 through 416 for brevity reasons only Spearman's Rank Correlation 

Coefficient, Partial Rank Correlation Coefficient (Spearman's Rank) and Standardised Regression Coefficient 

Spearman's Rank) are shown for all seven FOMs. Finally, coefficient of determination for regression function is 

shown in Figure 417. The value closer to one means better fit of regression function. 

For primary pressure in the downcomer (see Figure 410) the most influential parameter seems to be parameter 

no. 17 (form-loss coefficient, see Table 47), while the second largest influence has parameter no. 11 (HPSI pump 

flow). 

For coolant temperatures under CL1 and CL2 (see Figures 411 and 412, respectively) the most influential 

parameter seems to be parameter no. 17 (form-loss coefficient), while the second largest influence have 

parameters no. 9 (HPSI temperature) and no. 11 (HPSI pump flow). 

For heat transfer coefficients at RPV wall at 1.350 m under CL1 and CL2 (see Figures 413 and 414, respectively) 

the most influential parameters seem to be parameter no. 14 (single-phase liquid to wall HTC) and no. 17 (form-

loss coefficient). Influence have also parameters no. 9 (HPSI temperature) and no. 11 (HPSI pump flow). 

Finally, for inner RPV wall temperature at 1.350 m under CL1 and CL2 (see Figures 415 and 416, respectively) the 

most influential parameter seems to be parameter no. 17 (form-loss coefficient) and the second most influential 

is parameter no. 9 (HPSI temperature). Influence have also parameters no. 4 (decay heat), no. 7 (ACC initial 

pressure) and no. 11 (HPSI pump flow). 

The obtained quantitative results support the conclusions made on visual observation of sensitivity study (see 

Section 14.3), which indicated that the largest influence on shown output parameters (being FOMs) has 

parameter no. 17 (form-loss coefficient), while parameters no. 9 (HPSI temperature) and no. 11 (HPSI pump flow) 

have also large influence. The time dependent quantitative sensitivity analysis also supports the sensitivity study 

based on visual observation regarding the time of influence. For example, parameter no. 17 (see Figure 400 

showing impact of form-loss coefficient) significantly impacted FOMs early in the transient, what was confirmed 

by sensitivity analysis (see green line for 'Par. 17' representing form-loss coefficient in Figures 410 through 416). 
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15 WUT uncertainty analysis with RELAP5 and WUT in-house script 

15.1 Input uncertainties 

The best-estimate values and input uncertainties for all parameters are summarized in Table 48. The PDFs of the 

parameters are generally taken from the WP2 Task 2.2 final report in Reference [34], which are reproduced in 

Table 30. The PDFs for the accumulator levels were modified as compared to that listed in WP2 Task 2.2 (and 

reproduced in  Table 30) to take into account more realistic values. The PDFs are the same as that used for the 

ATHLET code system (see Table 31). 

Table 48: Best-estimate values and PDF of uncertain input parameters 

Name 

Best-estimate 

value  PDF 

type 

distribution 

characterization #1 

(e.g., mean, lower 

bound) 

distribution 

characterization #2 (e.g. 

standard deviation, upper 

bound)  

Initial reactor inlet 

temperature: Core 

power 

100% nominal  

Normal 
Mean = 100% nominal 

power 
Std. dev.= 1% 

Initial reactor inlet 

temperature: 

secondary-side 

pressure  

60.2 bar 

Uniform 60.2 bar 68.2 bar 

Initial reactor inlet 

temperature: 

Pressurizer pressure  

157.5 bar 

Normal Mean = 157.5 bar Std. dev.= 1% 

Decay heat multiplier 
ANS79-1 + 

10%  
Uniform ANS79-1 – 0% ANS79-1 + 20%  

Timing of SIS actuation  
at 110 bar + 10 

s delay  
Uniform at 110 bar + 0 s delay  at 110 bar + 20 s delay  

ACC injection 

temperature  

30 °C  
Uniform min:20 °C  max:40 °C  

ACC initial pressure  26 bar  Uniform min:24 bar max:28 bar 

HPSI temperature  30 °C  Uniform min:15 °C  max:45 °C  

HP and LP pump 

pressure/flow curves  

As defined in 

T2 with a 

multiplier.  

Normal mean:100% of nominal  std.dev.:10% of nominal  

Time of isolation of 

second HPSI pump  

4900 s 
Uniform min: 1800 s  max: 4900 s 

Secondary-side 

pressure leading to the 

given cooldown rate  

100 K/hr 

Uniform min: 50 K/hr max: 200 K/hr 

Time of isolation of 

ACCs  

4900 s 
Uniform min: 1800 s  max: 4900 s 

Level Accumulator 8.518 m Uniform min: 8.148 m max: 8.889 m 

 

15.2 Results of BEPU analyses 

The PDFs were sampled 59 times to yield 95%/95% one-sided tolerance bound. The results are illustrated in 

Figure 418 and Figure 485 for the Pressure, Coolant and Wall Temperatures and HTC time dependent profile 

measured 1.35 m and 2.64 m below the centreline of the cold legs. The results are given below CL-1 (non-

injecting) and CL-2 (injecting). The other CLs have similar results. The 59 samples are illustrated in dashed blue 

lines, whereas the mean value and ±1σ bounds are shown in black line. For the temperature profiles, the bound 

is defined as the sample with the lowest temperature at each time point. For the pressure and HTC time 

dependent profiles, the maximum values are used to define the bound. The 95%/95% bound is shown in red. The 

Base Case value (as defined in WP2.2 in Reference [83]) are showed in blue for comparison. Note that all data 
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16 KIWA uncertainty analysis with RELAP and SUSA  

16.1 Reference best-estimate calculation 

A modified Relap5 model that had been used in Task 2.1 was also employed in this uncertainty analysis. The KWU 

model v76 underwent however some significant modifications that are already described in the JSI part of this 

summary report. The main objectives of the changes were to adapt the model so that computations with chosen 

uncertainties in Task 2.2 as described in Reference [83] can be conducted. The most significant changes were 

related to changes that allow the user to freely set up the initial pressurizer level and secondary pressure. Other 

changes included modifications related to accumulators (to be able to change nitrogen volume) and material 

definition (material property ranges were extended to eliminate errors during transient calculations). Cross-

section junctions of the downcomer (annulus component, at the top) were modified as well in order to eliminate 

instabilities during transient run. 

Most of the uncertainty computations were calculated using the newest version of RELAP5/MOD3.3/lj. Other 

versions of the code were used as well, e.g. versions lf and km (to compute the best-estimate case) and km and 

lb (that were used to perform computations in Task 2.1). Figures below depict results of the best-estimate 

calculations using different codes for pressures in primary and secondary loop, break and ECSS flows and water 

levels in the downcomer and inner reactor. Computations with versions li and km are fairly consistent with each 

other. Some minor differences can be observed with respect to different codes especially km (which is the oldest 

version). The computations conducted using this version underestimate pressure at the end of the transient (at 

around 3500 seconds). The situation is pretty similar when it comes to secondary side. It should be mentioned 

that during these computations (Task 2.1) a preliminary model was used which underwent the modifications 

described above. Possibly these modifications with version specification influence the results altogether.  

 

 
 

Figure 420: Comparison of System Pressures - (a) Primary and (b) Secondary pressure. 

 

 
 

Figure 421: Comparison of (a) Break Flow Rate and (b) ECCS Flow Rate. 
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Figure 422: Comparison of Collapsed Liquid Levels in – (a) Reactor DC, (b) Inner reactor. 

 

16.2 Input uncertainties 

Input uncertainty parameters were chosen based on the recommendations from Task 2.2. A  Software 

for Uncertainty and Sensitivity Analysis SUSA 4.2.5 has been used to generate random numbers and 

values of uncertainty parameters. A total number of 19 input parameters were used in the analysis. 

SUSA was employed to generate suitable random values for 59 Relap5 input files (each for steady state 

and transient). Table below provides information about chosen uncertainty parameters, nominal 

values, types of distribution and its parameters as well extreme values. 

 

Par. No. Parameter Name Nominal 

Value 

Distribution 

Type 

Distribution 

Parameters 

Minimum Maximum 

1 Core power (W) 3.77E+09 Normal μ: 3.7650E+09 

σ: 3.7650E+07 

3.679E+09 3.859E+09 

2 Secondary side pressure 

(Pa) 

6.16E+06 Uniform a: 6.0100E+06 

b: 6.8100E+06 

6.013E+06 6.797E+06 

3 Pressurizer pressure (Pa) 1.57E+07 Normal μ: 1.5740E+07 

σ: 1.5740E+05 

1.544E+07 1.607E+07 

4 Decay heat multiplier 1 Uniform a: 0.9 

b: 1.1 

0.901 1.100 

5 Timing of SIS actuation (s) 10 Uniform a: 0 

b: 20 

0.501 19.867 

6 ACC injection temperature 

(°C) 

303.15 Uniform a: 293.15 

b: 313.15 

293.99 313.11 

7 ACC initial pressure (Pa) 2600000 Uniform a: 2.4000E+06 

b: 2.8000E+06 

2.407E+06 2.798E+06 

8 ACC initial nitrogen 

volume – values of static 

quality in volume 2 

0.486248 Uniform a: 3.6513E-01 

b: 6.2505E-01 

3.680E-01 6.206E-01 

9 HPSI temperature (°C) 303.15 Uniform a: 288.15 

b: 318.15 

288.46 317.96 

10 HP pump pressure curve 

multiplier 

1 Normal μ: 1.0 

σ: 0.1 

0.747 1.186 

11 HP pump flow curve 

multiplier 

1 Normal μ: 1.0 

σ: 0.1 

0.789 1.223 

12 Initial pressurizer level (m) 8.21 Uniform a: 7.71 

b: 8.71 

7.726 8.709 

13 Thermal-nonequilibrium 

coefficient for Henry-

Fauske model 

0.14 Weibull p1: 7 

p2: 1 

5.05E-01 1.28E+00 

14 Single-phase liquid to wall 

HTC multiplier 

1 Log. 

Uniform 

a: 0.8 

b: 1.2 

0.809 1.198 
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