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ABSTRACT 

The Krško nuclear power plant (NPP), which is a two-loop pressurized water reactor, 
Westinghouse type, before modernization in 2000 obtained plant specific full scope simulator. 
The purpose of the presented analyses was to perform Small Break Loss of Coolant Accident 
(SBLOCA) reference calculations for KFSS validation in 2004. In addition, the thermal-
hydraulic response of the reactor coolant system (RCS) was studied in detail. For the thermal-
hydraulic analysis the RELAP5/MOD3.3 code and input model delivered from Krško NPP 
were used. The RELAP5 calculated reference results showed that the plant system response to 
breaks with small break area is slower compared to breaks with larger break area. The 
comparison of the KFSS data with calculated results suggest that the simulator validation 
testing in the year 2004 for this kind of accident was successful. Nevertheless, when 
comparing the physical phenomena and processes, the RELAP5/MOD3.3 predicted smaller 
core uncovery compared to the KFSS measurement. One reason is different core cycles. 
Finally, this finding suggests that even for simulator reference calculations the quantification 
of model uncertainties would be useful. 

1 INTRODUCTION 

Nuclear power plant simulators are intended to be used for training and maintaining 
competence to ensure safe and reliable operation of nuclear power plants throughout the 
world. The CSNI meetings [1], [2] gave a good overview on the status of the various 
simulators being developed in the world and their perspectives. One of the major conclusions 
was that differences between training simulator and plant analyzer software are disappearing. 
The best practice in the world shows that the thermal-hydraulic models, used in the 
simulators, were developed based on best estimate codes [3], [4]. 

The Krško nuclear power plant (NPP), which is a two-loop pressurized water reactor, 
Westinghouse type, was modernized in 1999 and 2000. Part of the modernization project was 
also plant specific full scope simulator. In the preparatory phase it was assessed that with the 
plant specific simulator the nuclear safety of Krško NPP is increased [5]. For the reference 
hypothetical small-break loss-of-coolant accident (SBLOCA) calculations for initial 
validation in 2000 [6], [7], [8], the RELAP5/MOD2 code was used. Recently, the reference 
SBLOCA calculations with RELAP5/MOD3.3 were performed. In addition, the thermal-
hydraulic response of the reactor coolant system (RCS) was studied in detail. 
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To independently assess the Krško full scope simulator (KFSS) for SBLOCA the 
authors decided to compare reference RELAP5/MOD3.3 code calculations with the results of 
RELAP5/MOD2 calculations in 2000 and KFSS data recorded in 2002. 

2 THE METHODS 

2.1 Computer codes description 

The basic RELAP5/MOD3.3 thermal-hydraulic model uses six equations: two mass 
conservation equations, two momentum conservation equations and two energy conservation 
equations. The system of basic equations is enclosed with empirical correlations. The 
RELAP5/MOD3.3 was produced by improving and extending the modelling base that was 
established with the release of RELAP5/MOD2 in 1985. Code deficiencies identified by 
members of International Code Assessment and Applications Program (ICAP) and Code 
Applications and Maintenance Program (CAMP) through assessment calculations were noted, 
prioritized, and subsequently addressed. Consequently, several new models, improvements to 
existing models, and user conveniences have been added to RELAP5/MOD3.3. 

Krško full scope simulator uses ANTHEM2000, which is ROSE (Real-time Object-
oriented Simulation Environment) based version of ANTHEM thermal-hydraulic code. 
ANTHEM is a non-equilibrium, non-homogeneous drift-flux model of two-phase flow. The 
thermal-hydraulic model uses five equations: conservation of liquid mass and gas mass, 
conservation of mixture momentum and conservation of liquid energy and gas energy. More 
detailed description is given in [13]. 

 
2.2 Description of input models 

The analysis was performed for uprated conditions (2000 MWt) with new SG and Cycle 
21 settings, corresponding to the expected plant state after outage and refuelling in September 
2004. For the thermal-hydraulic analysis the RELAP5/MOD3.3 code and input model 
delivered from Krško NPP were used. The basic RELAP5/MOD3.3 input models of two-loop 
Krško pressurized water reactor Westinghouse type included all important components of 
reactor coolant system (RCS) and secondary side, reactor protection system, control systems 
and safety systems, model of the replacement steam generators and auxiliary feedwater 
(AFW) logic. The input model was delivered by Krško NPP and is documented in the plant 
reports [9] and [10]. It consists of 469 volumes, inter-connected with 497 junctions. Plant 
structure communicates with primary and secondary coolant, containment and environment 
atmosphere through 378 heat structures with 2107 radial mesh points. The presently used 
RELAP5/MOD3.3 input model is more detailed than the RELAP5/MOD2 used in 2000. The 
RELAP5/MOD3.3 input model was mainly improved and refined in the core region, around 
SG tubes (primary side) and correspondingly in the SG riser region. For the containment 
analysis the standard verified input model for Krško NPP was used to assure the quality of the 
results [11]. Please also note that RELAP5/MOD2 input model includes point reactor kinetics 
best-estimate data for cycle 17 while RELAP5/MOD3.3 for cycle 21. Thermal-hydraulic 
input model for ANTHEM consisted of 79 volumes and 106 junctions [12]. When the 
ANTHEM input model is compared to RELAP5/MOD2 and RELAP5/MOD3.3 input model, 
it can be seen that thermal-hydraulic input model for ANTHEM is more simple. 

 
2.3 Scenarios description 

In order to investigate basic phenomenology during SBLOCA, the scenarios of 
reference calculations were simple. Because KFSS validation in 2000 was performed only for 
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5.08 cm and 20.32 cm equivalent diameter break scenarios, the RELAP5/MOD3.3 reference 
calculations for validation in 2004 were performed only for these two scenarios. For 5.08 cm 
cold leg break both trains of emergency core cooling system (ECCS) were available and both 
motor driven auxiliary feedwater (AFW) pumps. For 20.32 cm cold leg break loss of off-site 
power was assumed and successful emergency diesel generator start. After the emergency 
diesel generator start one train of safety systems was available. No operator actions were 
specified in the scenarios except reactor coolant pump (RCP) trip per emergency operating 
procedures. The initiating event was opening of the valve simulating the break. In the case of 
5.08 cm break after the break opening rapid primary pressure drop caused the reactor trip on 
low pressurizer pressure signal at 12.99 MPa. The reactor trip further caused turbine trip. The 
safety injection (SI) signal was generated on the low-low pressurizer pressure signal at 12.27 
MPa. The SI signal actuated the high pressure safety injection (HPSI) pumps and low 
pressure safety injection (LPSI) pumps and motor driven (MD) AFW pumps. On SI signal 
coinciding with high steam generator level signal also both main feedwater (MFW) pumps 
were tripped. The RCPs were tripped manually on subcooling signal according to the 
emergency operating procedures allowing additional 60 s for operator actions. The 
accumulators (ACC) start to inject at 4.93 MPa. Above described sequence of events was 
typical for both analysed cases. Note that in the case of 20.32 cm break simultaneous break 
opening and loss of offsite power occurred. So the reactor trip, SI signal, both RCPs trip, 
MFW trip and turbine trip occurred at 0 s. 

3 RESULTS 

In Table 1 is shown the sequence of events for RELAP5/MOD3.3 reference calculations 
and in Fig. 1 are shown parameters to explain the phenomena during 5.08 cm and 20.32 cm 
SBLOCA. Finally, in Fig. 2 is shown comparison between RELAP5/MOD3.3 and 
RELAP5/MOD2 reference calculation, and KFSS recorded data. 

 
3.1 RELAP5/MOD3.3 reference calculations 

The time sequence of events is shown in Table 1 and mostly follows the scenario 
described in Section 2.3. The break opens at 0 s. Please note that HPSI pump actuation is 
delayed 5 s on SI signal. In the case of LPSI pumps after actuation on SI signal the injections 
starts when primary pressure is below 1.13 MPa. The AFW pump start is delayed 25 s on SI 
signal and the injection is terminated when steam generator level is recovered. In the case of 
20.32 cm break additional 10 s for diesel generator start on loss of offsite power must be 
added to pump actuation times. In the case of 5.08 cm break the pressure did not drop below 
the LPSI setpoint. Nevertheless, the pressure drop was sufficient for accumulator injection. In 
the case of 20.32 cm break the refuelling water storage tank (RWST) was emptied at 6860 s 
therefore the injection was terminated since no recirculation of spilled coolant from 
containment sump was assumed. This caused severe core heatup about 2100 s later. 

Figure 1 shows the important parameters calculated by RELAP5/MOD3.3 for a 5.08 cm 
and 20.32 break. It can be seen that the calculated plant response during SB LOCA largely 
depends on the break size. As larger is the break size, as faster is the hot leg temperature drop 
[(see Fig. 1(a)], as more quickly the inventory is lost [see Fig. 1(b)], the core uncovers earlier 
and sharper [see Fig. 1(c)] and the core is heated up earlier due to emptying refuelling water 
storage tank [see Fig. 1(d)]. At the larger break also more coolant is discharged through the 
break [see Fig. 1(e)] and larger is the ECCS injection as shown in Fig. 1(f). Slightly more 
mass was discharged through the break than was injected into the primary system. The 
closure of the turbine valves and core heat transferred to the steam generators resulted in an 
initial steam pressure increase [see Fig. 1(g)], which resulted in a decrease of calculated steam 
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generator water level [see Fig. 1(h)]. On the turbine trip also the steam dump was activated 
for short time, which limited the initial pressure increase below the SG relief and safety 
valves setpoints and then decreased the pressure. On SI signal with 25 s delay the AFW 
injection was started removing the decay heat therefore the steam dump valves closed soon. 
When the SG level was recovered the AFW injection was terminated. Besides due to the 
break size the scenarios may change by different operator interventions and assumed safety 
systems available. However, this influence was not studied in the reference calculations 
intended to be used for KFSS validation. 

Table 1: Time sequence of events for RELAP5/MOD3.3 reference SBLOCA calculations. 

Event Time (s) 
Break size 2.54 cm 20.32 cm 

 Loop 1 Loop 2 Loop 1 Loop 2 
Primary Side 

 Break occurrence 0 0 
 Reactor trip signal 21.4 0 
 SI signal 29.6 0 
 HPSI 1/2 injection 34.7 34.7 15.0 N.A.* 
 LPSI 1/2 injection N.A. N.A. 362 N.A.* 
 RCP 1/2 trip signal 126.2 126.2 0 0 
 ACC 1/2 injection 2381 2382 98 98 
 ACC 1/2 isolation N.A. N.A. 247 247 

Secondary Side 
 Turbine trip 21.4 0 
 MFW pump 1/2 trip 29.7 29.7 0 0 
 AFW pump 1/2 start 55 55 35 N.A.* 
 AFW pump 1/2 stop 1000 966 1145 N.A.* 

* train of safety systems no. 2 not available by assumption 
 

To give some deeper insight in the thermal-hydraulic response of the plant, time occurrence 
of relevant phenomena during SBLOCA are shown in Table 2. The sequence of phenomena 
occurrence for 5.08 cm and 20.32 cm break is slightly different. Below is described the 
sequence only for 5.08 cm break. Due to the break pressurizer empties very quickly. 
 

Table 2: Relevant phenomena during SB LOCA 

Phenomenon Time (s) 
 5.08 cm 20.32 cm 
Pressurizer level below 1% 38 11 
Upper head voiding 54 7 
Primary system saturated 212 3 
Single phase NC interrupted 248 15 
Two phase NC interrupted 1495 83 
Loop 1 seal clearing 2000 59 
Loop 2 seal clearing 2000 57 
Heat transfer from primary to secondary side reverted 2012 43 
Primary inventory confined only in reactor vessel N/A 275 
RWST empty N/A 6860 
Core starts to heat up 2140 8780 
Core overheating causing calculation abort N/A N/A 
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Figure 1: Comparison between 5.08 cm and 20.32 cm SBLOCA calculation 
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Approximately at the time the pressurizer was emptied and then the upper head voiding 
occurred. Then the primary system reached the saturation followed by single-phase natural 
circulation (NC) and two-phase NC interruption. Loop seal clearing in both loops occurred 
approximately at the same time. When saturated primary pressure drops below secondary 
pressure heat transfer from primary to secondary side is reverted. The core heatup for 5.08 cm 
is rather weak as can be seen from Fig. 1(d). In the case of 20.32 cm break the reason for 
heatup is empty RWST. 

 
3.2 Comparison of KFSS with RELAP5 codes 

In the original KFSS validation process the scenarios with 5.08 cm and 20.32 cm break 
were used. Because the KFSS data used for validation were not electronically archived for the 
purpose of the comparison the KFSS data were recalculated in the year 2002. Important plant 
parameters like primary system pressure, reactor vessel level and cold leg temperature were 
provided. This set of parameters does not include typical parameters used in the RELAP5 
analysis like cladding temperatures, break flow, pressure drops across the loop etc. because 
the plant is not instrumented for measuring such parameters and thus these parameters are not 
available for operator decision making. Besides, such parameters are not proposed in the 
guidelines for the conduct of simulator operability testing included in ANSI/ANS-3.5 [14]. 

In Fig. 2 the recorded simulator data (marked KFSS) are compared to RELAP5/MOD2 
and RELAP5/MOD3.3 calculations for 5.08 cm and 20.32 cm break. Please note that 
comparison is qualitative as different core cycles were used. The RELAP5/MOD2 calculation 
was performed for cycle 17, the KFFS data were measured for cycle 19 while the 
RELAP5/MOD3.3 calculation was performed for cycle 21. The difference between cycle 17 
and 21 is in initial boron concentrations, delayed neutron constants, moderator density 
feedback coefficients, fuel temperature feedback coefficients and bypass flows due to 
different geometry of fuel elements. Nevertheless it can be seen that agreement between the 
simulator and RELAP5 predictions for scenarios with 5.08 cm and 20.32 cm is satisfactory. 
The important physical phenomena were simulated. However, there were some quantitative 
differences between the RELAP5 and KFSS results.  

For 5.08 cm break the KFSS pressure drop [see Fig. 2(a)] was faster therefore LPSI 
system actuated at around 4400 s causing KFSS reactor vessel level increase [see Fig. 2(c)] 
while in the case of RELAP5 calculations in the observed time interval there was no LPSI 
injection. The KFSS cold leg temperature shown in Fig. 2(e) is comparable to RELAP5 
versions in intermittent intervals. The differences are partly due to the fact the KFSS had only 
two volumes between the reactor vessel and reactor coolant pump. Therefore the cold ECCS 
water was injected in the same volume where the temperature was measured in thermowell 
while in the case of RELAP5 mixing was present.  

For scenario with 20.32 cm break the primary system pressure shown in Fig. 2(b) is in a 
good agreement except of slight KFSS overprediction around 200 s. Fig. 2(d) shows the 
reactor vessel level. After the break occurrence the level was decreasing until accumulator 
injection that caused the level recovery. In the RELAP5 calculations the accumulators 
emptied earlier than in the case of KFSS and are sufficient to recover the core. For example, 
in RELAP5/MOD3.3 the accumulators injected during period 98 - 248 s. The cold leg 
temperature in the plant is measured from the thermowell that was modelled also by 
RELAP5. The cold leg 1 temperature as measured in the plant is shown in Fig. 2(f). The 
disagreement between RELAP5 and KFSS is a consequence of different ECCS injection 
times. 
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Figure 2: Comparison of KFSS with reference calculations 

Major difference between RELAP5/MOD2 and RELAP5/MOD3.3 is in the RCS mass 
distribution what can be seen from reactor vessel level shown in Fig. 2(c). In the case of 
RELAP5/MOD3.3 the core is sufficiently covered to prevent heatup in the middle of the core 
while in the case of RELAP5/MOD2 the mass from the core was redistributed to SG inlet 
plenum and upward U-tubes. Similar finding was found in NUREG/IA-0071 [15] where in 
the analysis of UPTF test the RELAP5/MOD2 predicted badly the countercurrent liquid flow 
in UPTF Hot Leg Separate Effects Test, underestimating by a factor of more than three the 
steam flow-rate needed to prevent liquid drainback. 

4 DISCUSSION 

In general the comparison of parameters in Fig. 2 shows that the direction of changes for the 
simulated parameters corresponds between the simulator and RELAP5 predictions and is thus 
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assumed to be correct. Nevertheless, as explained above there are some quantitative 
differences in the results. The first reason is that the RELAP5 thermal-hydraulic input model 
geometry was more detailed than the geometry in the KFSS thermal-hydraulic model. On the 
other hand, because the ANTHEM code is integrated in the ROSE, simulator offers better and 
easier modelling of logic of control, protection and safety systems, relief, safety and isolation 
valves, pumps of emergency core cooling system and details in modelling of other 
components of pipelines. These systems and components have also influence on the results. 
Other important sources of discrepancies are also different times of emergency core cooling 
system activation. The times of actuation depend on the primary system pressure - which 
governs the transient progression. Finally, the simulator data were measured in the year 2002 
on the simulator using at that time valid setpoints and core (cycle 19) for the purpose of this 
comparison. The simulator was originally validated with the presented RELAP5/MOD2 
reference calculations for point kinetics, cycle 17. The RELAP5/MOD3.3 calculations were 
performed for point kinetics, cycle 21. The authors are of the opinion that the influence of 
different point kinetics on the results is small comparing to different nodalizations and code 
versions used. 

5 CONCLUSIONS 

With the RELAP5/MOD3.3 a reference calculation for hypothetical SBLOCA in the 
modernized nuclear power plant Krško was simulated. The input model used for the analysis, 
assumptions used and modifications to the input model were described. The comparison 
between RELAP5 calculations and KFSS showed that acceptance criteria for simulators were 
met. Nevertheless, quantitative differences were found even in RELAP5 calculations resulting 
from different primary side mass distribution. Besides for the simulator validation the 
performed reference calculation can be used for operator education on the physical 
phenomena and processes. This analysis can be also used as an independent analysis to the 
license SBLOCA calculation performed by original nuclear steam supply system designer - 
supplier. However, the conclusions on the results would be limited because the uncertainty 
was not evaluated. The study also suggests that when the Safety Analysis Report type of 
analysis is based on best estimate plus uncertainty method it may replace the need for separate 
reference calculations for simulator validation. 
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