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ABSTRACT

Nuclear power plant simulators are intended to be used for training and maintaining
competence to ensure safe, reliable operation of nuclear power plants throughout the world.
The simulator shall be specified to a reference unit and its performance validation testing shall
be provided. In this study a small-break loss-of-coolant accident (SB LOCA) response of
Krško nuclear power plant (NPP) was calculated for full scope simulator verification. The
investigation included five cases with varying the break size in the cold leg of reactor coolant
system. The plant specific and verified RELAP5/MOD2 model of Krško nuclear power plant
(NPP), developed in the past for 1882 MWt power, was adapted for 2000 MWt power (cycle
17) including the model for replacement steam generators.

The results showed that the plant system response to breaks with small break area was
slower compared to breaks with larger break area. The core heatup occurred in most of the
cases analyzed. The acceptance criteria for emergency core cooling system were also met.
The predicted results of the SB LOCA analysis for Krško NPP suggest that they may be used
for verification of the Krško Full Scope Simulator performance.

1 INTRODUCTION

The functional requirements for full-scope nuclear power plant control room simulator
used for operator training or examination are established in ANSI/ANS-3.5-1993 standard [1].
Among other requirements also simulator performance validation testing shall be provided.
The intent of validation is to “ensure that no noticeable difference exist between the simulator
control room and simulated systems when evaluated against control room and systems of the
reference unit” [1]. The results are evaluated against actual or predicted reference nuclear
power plant data. Examples of simulator design data that serve to validate a simulator’s
performance are transient data, best estimate transient data, operating procedures, Safety
Analysis Report, observed operations and startup tests. The plan for verification and
qualification for Krško full scope simulator (KFSS) as well as reference data is described in
ref. [2] while the purpose and the role of the KFSS is described in ref. [3]. In this study for
Krško nuclear power plant simulator performance validation the transients were compared to
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the best estimate code calculations with RELAP5/MOD2. Currently the last version released
is the RELAP5/MOD3.2.2 Gamma. However, the RELAP5/MOD2 best estimate thermal-
hydraulic computer code was selected and required for transient and accident simulations.

As the basis for the performed analyses, Krško NPP has delivered the verified input
model for RELAP5/MOD2 [4]. The purpose of this study is to present the calculated results
of a spectrum of the small-break loss-of-coolant accident (SB LOCA) which were used for
full scope simulator validation. The results are of importance as no other cold leg SB LOCA
transient data exists for Krško NPP.

2 PREPARATION FOR THE ANALYSIS

The basis for the analysis was the “Master input model” of Krško NPP for
RELAP5/MOD2, provided by Krško NPP and documented in Nodalization Notebook [5]. The
basic input model consists of 309 volumes, inter-connected with 339 junctions. Plant structure
communicates with primary and secondary coolant, containment and environment atmosphere
through 299 heat structures with 1622 radial mesh points. Measurement equipment, regulation
and protection systems are represented by 300 trips and 441 control variables.

In the analysis a spectrum of five different break sizes is considered with breaks 2.54
cm, 5.08 cm, 7.62 cm, 10.16 cm and 20.32 cm (1 to 8 inch) in diameter, located in the cold
leg of reactor coolant system. The plant specific and verified RELAP5/MOD2 model of
Krško NPP, developed in the past for 1882 MWt power, was adapted for 2000 MWt power
(cycle 17) including the model for replacement steam generators [5], [6]. The standard model
includes 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 (RSG) and auxiliary feedwater (AFW) logic. The model does not include
new main feedwater (MFW) logic, since it was not known at that time when the study was
performed. MFW is therefore put in “manual” mode. For the presented analysis we provided,
based on experience [8, 9, 10, 11, 12], additional models for analysing different scenarios of
SB LOCA transient. These include break models for five selected breaks and additional
triggering logic for various systems for the case with loss of offsite power assumption.
Because of oscillatory behaviour of certain primary system parameters, observed in the
transient analysis using original nodalization [5], the changes were introduced to standard
model. These changes include certain junction area reductions in the reactor vessel. Namely,
at lower pressures and uncovered core the coolant recirculation through the downcomer and
downcomer bypass was too high.

The initial assumptions, shown in Table 1, were the same for all break sizes except
20.32 cm (8 inch), where loss of off-site power was assumed and successful emergency diesel
generator start. After emergency diesel start one train was available.

Table 1: Initial assumptions for equipment availability

Scenario Break Size No. of HPSI
Pumps

No. of
Accumulators

No. of LPSI
Pumps

No. of MD
AFW Pumps

Case a 2.54 cm (1 inch) 2 2 2 2
Case b 5.08 cm (2 inch) 2 2 2 2
Case c 7.62 cm (3 inch) 2 2 2 2
Case d 10.16 cm (4 inch) 2 2 2 2
Case e 20.32 cm (8 inch) 1 2 1 1
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Initial and boundary conditions of the most important parameters used in the SB LOCA
analysis are shown in Table 2.

Table 2: Initial and boundary conditions

parameter value parameter value
primary side Thot loop 2 598.3 K

core power 1994 MW Tupper head 592.4
core flow 8963.1 kg/s secondary side
cold leg no. 1 flow 4696.0 kg/s SG no. 1 pressure 6.50 MPa
cold leg no. 2 flow 4694.3 kg/s SG no. 2 pressure 6.48 MPa
PRZ pressure 15.51 MPa SG no. 1 NR level 69.4 %
PRZ level 62.3 % SG no. 2 NR level 69.4 %
Taverage loop 1 579.7 K steam line no. 1 flow 542.7 kg/s
Taverage loop 2 579.6 K steam line no. 2 flow 545.7 kg/s
Tcold loop 1 561.2 K MFW no. 1 flow 542.7 kg/s
Tcold loop 2 561.0 K MFW no. 2 flow 545.7 kg/s
Thot loop 1 598.3 K turbine flow 1088.4 kg/s

In the scenario specification no operator actions were modelled except reactor coolant
pump trip per emergency operating procedures. The initiating event was opening of the valve
simulating the break. After the break opening rapid primary pressure drop followed, which
caused the reactor trip on low pressurizer pressure signal (lead-lag compensated) at 12.99
MPa. Reactor trip further caused turbine trip. The safety injection (SI) signal was generated
on low-low pressurizer pressure signal at 12.27 MPa. The SI signal actuated the high and low
pressure safety injection pumps and motor driven auxiliary feedwater pumps. On SI signal
also both main feedwater pumps were tripped. The reactor coolant pumps were tripped
manually on subcooling signal according to the emergency operating procedures [7] allowing
additional 60 s for operator actions. The steamline was isolated on the high-high containment
pressure at 0.2048 MPa. This sequence of events as described above was typical for all the
analysed cases. The most important phenomena were similar for all break sizes. However, as
expected, the dynamics of transients was confirmed to be different.

3 ANALYSIS AND RESULTS

The SB LOCA transients were simulated from 0 to 10200 s. The only calculation,
which terminated slightly earlier was case e when fuel clad was overheated after refuelling
water storage tank (RWST) depletion. The main time sequence of events, described in Section
2, is shown in Table 3. In the case e calculation only one train was assumed. The break
opened at 200 s. The high pressure safety injection (HPSI) pumps start on SI signal with 5 s
delay for pump start. In the case e for loss of offsite power additional delay of 10 s and 15 s
was taken into account for high and low pressure safety injection pumps, respectively. During
simulation time the accumulators isolated (emptied) for larger breaks (case c, d and e) only.
The reactor coolant pumps (RCP) were tripped on subcooling signal with 60 s delay for cases
a, b, c and d, while in case e loss of offsite power was assumed. On the secondary side turbine
trip on reactor trip occurred. Main feedwater pumps were tripped on SI signal plus high steam
generator (SG) level and with 25 s delay (35 s for case e) started auxiliary feedwater. Finally,
steamline was isolated for all cases. Comparison of event times for cases a, b, c, d and e from
Table 3 shows that larger was the break faster was the plant response.
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Table 3: Time sequence of events

Time (s)

Event Case a
(2.54 cm)

Case b
(5.08 cm)

Case c
(7.62 cm)

Case d
(10.16
cm)

Case e
(20.32
cm)

Primary Side
• Break occurrence 200.00 200.00 200.00 200.00 200.00
• Reactor trip signal 305.96 219.16 206.49 201.06 200.00
• Safety injection signal 316.92 229.96 214.07 208.86 200.00
• HPSI pump no.1 injection 321.92 235.00 219.08 213.86 215.05
• HPSI pump no.2 injection 321.92 235.00 219.08 213.86 N.A.
• LPSI pump no.1 injection 326.92 240.00 224.10 218.90 220.10
• LPSI pump no.2 injection 326.92 240.00 224.10 218.90 N.A.
• RCP 1 trip 903.65 321.65 292.55 278.25 200.02
• RCP 2 trip 903.65 321.65 292.55 278.25 200.02
• Accumulator no.1 injection N.A. 1454.50 760.30 552.00 316.95
• Accumulator no.2 injection N.A. 1454.40 760.30 552.00 316.85
• Accumulator no.1 isolation N.A. N.A. 1893.20 1103.40 364.25
• Accumulator no.2 isolation N.A. N.A. 1889.90 1102.95 365.75
Secondary Side
• Turbine trip 306 219.2 206.5 201.08 200.02
• MFW pump no. 1 trip 317 230.04 214.09 208.9 200.02
• MFW pump no. 2 trip 317 230.04 214.09 208.9 200.02
• AFW pump no. 1 start 341.92 255 239.1 233.9 235.10
• AFW pump no. 2 start 341.92 255 239.1 233.9 N.A.
• Steam line 1 isolation 4490.7 1332.5 606.9 417.7 200.02
• Steam line 2 isolation 4490.7 1332.5 606.9 417.7 200.02
End of transient 10200 10200 10200 10200 10087

To give some deeper insight in the transients relevant phenomena for SB LOCA are
shown in Table 4. Due to rupture the pressurizer empties very quickly (for cases b, c, d and e
in less than 1 minute). The results for case a showed that no other phenomena from the list in
Table 4 appeared during transient. The reason was small break size and sufficient capacity of
emergency core cooling systems (ECCS) to prevent the core uncovery and to recover the
pressurizer level after two hours and half. Approximately at the time the pressurizer was
emptied the upper head voiding occurred. Then the primary system reached the saturation and
single phase natural circulation (NC) was interrupted. During two phase natural circulation
the heat transfer from the primary to the secondary system decreased and when the core was
sufficiently uncovered it started to heat up. As a result of heating the peak cladding
temperature was reached and two-phase natural circulation was interrupted. Depending on the
break size loop seals cleared before or after peak cladding temperature (PCT) occurrence.
After loop seal clearance the core was quenched a short time before all primary inventory was
in the reactor vessel only. Due to some qualitative criteria based on visual observation for
some cases the timing of phenomena shown in Table 4 may be slightly different as described
above. During long-term cooldown the RWST was emptied for the cases d and e. In the case e
the calculation was interrupted because of core overheating while in the case d the core started
overheating and after approximately 1000 s this calculation would also be interrupted.
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Table 4: Relevant phenomena during SB LOCA

Time (s)
Phenomenon Case a

(2.54 cm)
Case b

(5.08 cm)
Case c

(7.62 cm)
Case d

(10.16 cm)
Case e

(20.32 cm)
Pressurizer level below 1% 329 237 220 214 211
Upper head voiding* N.A. 256 225 214 206
Primary system saturated* N.A. 329 269 234 221
Single phase NC interrupted N.A. 522 297 261 214
Core starts to heat up N.A. 992 510 397 283
Time of first PCT occurrence N.A. 1235 598 506 323
Two phase NC interrupted* N.A. 1320 642 470 317
Loop 1 seal clearing* N.A. 1370 664 492 272
Loop 2 seal clearing* N.A. 1365 666 488 271
Time of core quench* N.A. 1395 690 520 362
Primary inventory confined only
in reactor vessel* N.A. 1400 692 532 310

RWST empty N.A. N.A. N.A. 7700 6840
Core overheating causing
calculation abort N.A. N.A. N.A. N.A. 10087

* - the time obtained based on quantitative plus qualitative criteria

Table 5 shows values of mass and volume related parameters at start and end of
transient. Because of more mass discharged through the break than injected into the reactor
coolant system the RCS inventory is lower at transient end. The mass in the steam generators
increased because of AFW injection. Due to calculation difficulties the mass error for case e
started to increase at 3000 s and reached 20% of initial RCS inventory at transient
termination. The RWST was depleted for case d and e (for times refer to Table 4).

Table 5: Calculated values of mass and volume related parameters at end of transient

Value at end of transient
Safety parameter

value at
start of

transient
Case a

(2.54 cm)
Case b

(5.08 cm)
Case c

(7.62 cm)
Case d

(10.16 cm)
Case e

(20.32 cm)
RCS inventory (kg) 131618 152373 44729 49364 23386 19160
SG 1 sec. side mass (kg) 49096 76487 74156 78723 77468 79610
SG 2 sec. side mass (kg) 48974 76514 74010 74832 75779 49879
Discharged mass:
• through the break (kg) 0 477577 782940 1172503 1426883 1454191
• through ECCS (kg) 0 492712 690626 1082988 1313049 1313043
• through HPIS (kg) -1.5 492624 630787 669708 505228 330524
• from accumulators (kg) 0 0 59729 71039 71029 71042
• through LPIS (kg) 0 78 94 342247 736570 911320
Calc. RCS mass error (kg) 0 -16 240 2284 -34 -25676
Discharged volume from
RWST (m3)

0.1 496 635 1019 1250 1250
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Figure 1: Pressurizer pressure Figure 2: RCS inventory
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Figure 3: Steam generator 1 pressure Figure 4: Steam generator 2 pressure
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Figure 5: Core collapsed liquid level Figure 6: Integrated break flow
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Figure 7: Peak cladding temperature Figure 8: Discharged volume from RWST
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Figures 1 through 8 shows important safety and plant parameters. The times on the x-
axes are selected to present the most important phases of the SB LOCA. From Figures 1 and 2
we can see that larger was the break size faster was the pressurizer pressure decrease and RCS
inventory depletion. The pressure in both steam generators (Figures 3 and 4) increased at the
time of break occurrence because of heat input from the primary side while turbine valves
closed. The pressure started to decrease when auxiliary feedwater pumps started to inject and
stabilised when this injection was terminated. On Figure 3 small pressure drops can be seen
after 1800 s for cases c, d and e due to temporary AFW injection. When injections stops
(sufficient level in SG) the pressure again stabilises. The only exception was steam generator
no. 2 pressure behaviour because auxiliary feedwater pump no. 2 was not available. After
saturation the SG no. 2 pressure decreased slower than SG no. 1 pressure and it was higher
than the primary pressure. The pressure stabilised when the secondary pressure started to
follow the primary pressure at around 2400 s. When the core was emptied (Figure 5) it started
to overheat (Figure 7). Finally we can see that the trends of discharged mass through the
break (Figure 6) and discharged volume from the RWST (Figure 8) were similar.

The response of the plant during the SB LOCA accident depends on the break size. The
calculated results showed that larger is the break faster is the response of the plant. However
it is not meaningful to suggest a unique path of event developments following a small break.
Besides the break size the scenarios may change by different operators interventions and
assumed safety systems available. This study is partially limited by the quality of the transient
model. The preliminary results showed that reactor core bypass model was not adequate for
later phases of transient. In this study this was partially resolved. However, some oscillations
were still observed in later phases. Nevertheless results showed that overall calculated
response was within the expectations. The calculated results can therefore be used for
validation of the KFSS response. To further improve the results the uncertainty had to be
quantified (example refs. [11, 12]) when best estimate code is used for analysis. However, this
was beyond the scope of the analysis.

4 CONCLUSIONS

The RELAP5/MOD2 best estimate computer code was used for analysis of break
spectrum for SB LOCA. The model used for the analysis, initial and boundary conditions,
assumptions used and modifications to the model were described.

The results showed that the plant system response to breaks with small break area is
slower compared to breaks with larger break area. The core heatup occurred in most of the
cases analysed. The acceptance criteria for emergency core cooling systems were met for all
five cases. Analysis for 10000 s long transient also showed that operator action is needed to
switch the low pressure safety injection pump supply from RWST to sump. Without this
operator action second core heatup occurred which lead to cladding temperatures higher than
safety criterion for PCT. The results also showed that one train of emergency core cooling
system was sufficient to mitigate the consequences of SB LOCA.

The predicted results of the small break LOCA analysis for Krško NPP suggest that
they may be used for verification and calibration of the Krško Full Scope Simulator.

5 NOMENCLATURE

ANS American Nuclear Society
ANSI American National Standards Institute
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HPIS High Pressure Injection System
LPIS Low Pressure Injection System
MD Motor Driven
NR Narrow Range
PRZ Pressurizer
RELAP5 Reactor Excursion and Leak Analysis Program
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