
 
 

521.1 

Analysis of Steam Generator Tube Rupture (SGTR) Accident for 
NPP Krško  

Vesna Benčik 
Faculty of Electrical Engineering and Computing (FER) 

Unska 3 
HR-10000, Zagreb, Croatia 

vesna.bencik@fer.hr 

Davor Grgić, Nikola Čavlina 
davor.grgic@fer.hr, nikola.cavlina@fer.hr 

ABSTRACT 

Steam Generator Tube Rupture (SGTR) event leads to contamination of the secondary 
side due to leakage of the radioactive coolant from the Reactor Coolant System (RCS) 
through the broken Steam Generator (SG) tube(s). The major concern for the SGTR event is 
the release of contaminated liquid through the secondary side relief valves to the atmosphere 
that may result in an increase of radiological doses. The primary-to-secondary leakage results 
in the RCS depressurization, which leads to an automatic reactor trip (on low pressurizer 
pressure or overtemperature ΔT) and Safety Injection (SI) actuation. Since the RCS pressure 
tends to stabilize at the value where the incoming SI flow rate equals the break flow rate the 
operator must terminate the SI flow to stop the primary-to-secondary leakage and subsequent 
broken SG overfill and radioactive releases to the atmosphere. First, the operator is expected 
to determine that the SGTR has occurred and to identify and isolate the broken SG to 
minimize the contamination of the secondary side. The subsequent controlled RCS cooldown 
and depressurization are aimed to: 1) achieve the conditions that satisfy the SI termination 
criteria and 2) reduce the break flow. The goal of this part of the recovery procedure is to 
equalize the RCS and broken SG pressure in order to terminate the break flow whereas the 
RCS cooling is performed via intact SG using either steam dump or SG safety/or power 
operated relief valves. Finally, the plant cooldown and depressurization to hot and cold 
shutdown conditions with simultaneous depressurization of broken SG are performed. In the 
paper, the results of SGTR event calculation for NPP Krško using RELAP5/mod 3.3 code are 
presented. Various SGTR recovery scenarios regarding the availability of offsite power and 
subsequent operator actions were considered in the analyses. The sensitivity analyses were 
performed to determine the time for operator actions to prevent the steam and liquid discharge 
of contaminated inventory to the environment. The paper does not include the radiological 
consequences calculation, but based on the limited amount of the discharged fluid, they 
should be small. 

1 INTRODUCTION 

The Steam Generator Tube Rupture (SGTR) accident has drawn a significant attention 
from the very beginning of NPPs operation. Despite of the efforts to improve the Steam 
Generator (SG) design and water chemistry control as well as tube inspection techniques, the 
SGTR has remained one of the most likely events. The SGTR event provides a direct path of 
primary coolant to the environment via the secondary side relief valves. The SGTR event 
causes the loss of the primary coolant inventory that exceeds the capacity of Chemical and 
Volume Control System (CVCS). The primary-to-secondary leakage causes the outsurge from 
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the pressurizer and Reactor Coolant System (RCS) depressurization which leads to an 
automatic reactor trip (on low pressurizer pressure or OTΔT trip) and Safety Injection (SI) 
actuation. Unlike other loss of coolant accidents, an early operator involvement is necessary 
to prevent the radiological release to the environment. After SI actuation the RCS pressure 
will tend to stabilize at the value where SI flow equals the flow through the ruptured tube. The 
operator shall determine that the accident has occurred by observing: 1) the difference 
between steam and feedwater flow (if detected before reactor trip) and 2) the increase of the 
radiation level in the affected SG. The recovery procedure performed by the operator is 
primarily aimed to: 1) isolate the ruptured SG and 2) to terminate the break flow before water 
level in the affected SG rises to the main steam pipe. The operator action includes the 
cooldown and depressurization in order to terminate the SI and the primary-to-secondary 
leakage while maintaining the safe plant status, i.e., the adequate RCS subcooling margin, as 
well as pressurizer and intact SG inventory.  

In the paper the results of SGTR accident for NPP Krško (NEK) using RELAP5/mod 
3.3 code are presented. The analyses were subdivided into two groups regarding the offsite 
power availability, i.e., 1) CASE 1 with offsite power available and 2) CASE 2 with offsite 
power not available. The guidelines from the standard NPP Krško Emergency Operating 
Procedures (EOPs), e.g., E-3 Steam Generator Tube Rupture [5], were applied for modelling 
of operator actions. Within each analysis group, the time of the first operator action (isolation 
of the broken SG, start of the recovery procedure to stop primary-to-secondary leakage) was 
selected as a critical parameter influencing occurrence of the release of the contaminated 
inventory (steam and liquid) to environment. In all the analyzed cases the operator performed 
the complete RCS cooldown & depressurization to Hot ShutDown (HSD) conditions when 
the Residual Heat Removal (RHR) system can be put in operation (RCS pressure < 2.8 MPa, 
RCS average temperature < 177 °C). The criteria for safe and successful RCS cooldown & 
depressurization were considered in the analyses, i.e., 1) RCS subcooling>19 °C, 2) 
pressurizer level>25 % and 3) cooldown rate<55.6 °C/hour. 

2 CALCULATIONAL MODEL FOR NPP KRŠKO 

The standard RELAP5/mod 3.3 nodalization for NPP Krško that has been developed at 
Faculty of Electrical Engineering and Computing (FER) was used for SGTR analysis, [1] and 
[2]. The current NPP Krško RCS narrow range temperature measurement configuration with 
explicit RTD bypass model was assumed in the analyses, [3]. The RELAP5 model has 543 
thermal-hydraulic nodes, 577 junctions, 450 heat structures (with 2659 mesh points), and 684 
control variables, with 199 variable and 208 logical trips, respectively. The break is located at 
a bottom of one tube in the loop 1 (loop with pressurizer). The sensitivity analyses to identify 
the location of the break resulting in a maximum break flow were performed (the results are 
not presented here for brevity purposes). The outlet-cold side of the tube was found to have 
the maximum break flow, which is also confirmed by other analyses, e.g., [4]. A doubled 
ended break was assumed having two sides, i.e. the break side 1 at the tube sheet outlet and 
the break side 2 at the tube bottom, respectively. The broken U-tube is modeled separately 
with realistic tube cross sectional area and heat transfer area. The double ended break of U-
tube is modeled by opening of the two valves connecting the break ends with the heat 
exchanger section on the SG secondary side, and closing the valve that connects the ends of 
tube before break occurrence. 

The SGTR analyses were performed for Beginning Of Life (BOL), cycle 24, and 
nominal power (1994 MW). The boundary conditions for SGTR analysis are summarized in 
Table 1. In the analysis it was assumed that automatic rod control system is not available. The 
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boundary conditions define the scenarios including operator actions regarding two basic 
criteria, i.e., the availability of the offsite power (CASE 1: steam dump for RCS cooldown 
and pressurizer spray for RCS depressurization) and the scenario with the loss of offsite 
power at a time of reactor trip (CASE 2). In the CASE 2 the steam dump is not available due 
to loss of offsite power and it was assumed that the operator selects the Power Operated 
Relief Valve (PORV) valve of the intact SG to perform the RCS cooldown. Due to trip of 
both reactor coolant pumps the pressurizer spray is not effective. Therefore, in the CASE 2, 
the operator controls the pressurizer PORV operation (ON/OFF) to depressurize the RCS. The 
operator actions assumed in the analyses in this paper were adopted from the NPP Krško 
Emergency Operator Procedure (EOP) E-3, Steam Generator Tube Rupture, [5]. The operator 
actions are performed in two steps: 

1. Identification and isolation of the damaged SG (Main Steam Isolation Valve (MSIV) 
closure and isolation of main feedwater). Next, the operator performs the actions in the 
following order in order to terminate the primary-to-secondary leakage: a) first cooldown 
performed as fast as possible, b) subsequent depressurization and c) SI termination. The latter 
two actions are aimed to equalize the primary and secondary pressure thus stopping the 
leakage. The RCS cooldown is aimed to provide the required RCS subcooling after SI had 
been terminated. The target core exit temperature is determined according to NEK EOP 
recovery procedure, i.e., as the saturation temperature corresponding to the damaged SG 
pressure minus the RCS subcooling uncertainty.  

2. RCS cooldown & depressurization to HSD conditions when RHR system can be put in 
operation. In both CASE 1 and CASE 2 the maximum allowed RCS cooldown rate was 
limited to 55.6 °C/hour and the depressurization rate was adjusted to maintain the required 
RCS subcooling (19 °C). This is particularly important in the CASE 2, where due to low 
capacity of one SG PORV, the cooldown to the target temperature runs at a much slower rate 
than the maximum allowed and the RCS subcooling margin may be compromised. In that 
case the operator action with monitoring the actual cooldown rate and adjusting the 
programmed depressurization rate was modelled.  

During recovery procedure, the operator is required to maintain the pressurizer level 
greater than minimum level (25 %) to ensure the pressurizer pressure control and less than the 
maximum level in order to prevent pressurizer liquid solid conditions. For the CASE 1 with 
pressurizer spray, the upper limit for pressurizer level was set at 60 %, whereas for the CASE 
2, the maximum pressurizer level for pressurizer PORV operation was set to 80 %. These 
values were obtained as a result of performed sensitivity analyses resulting in the sufficient 
margin to pressurizer liquid solid condition and successful cooldown & depressurization to 
HSD conditions, whereas for the lower limit (25 %) the generally accepted value was applied. 

Both cases (CASE 1 and CASE 2) were further investigated regarding the major 
concern for SGTR event, i.e., the release of contaminated inventory through the damaged SG 
PORV. First, the less severe case (only steam release) was analyzed. The cases where steam is 
released through the damaged SG PORV (CASE 1b and CASE 2b) and the cases with no 
release (CASE 1a and CASE 2a) were identified. Furthermore, the maximum time for the first 
operator action was determined for relief of only steam (CASE 1c and CASE 2c) and the time 
where liquid is discharged (CASE 1d and CASE 2d), respectively. For all the analyzed cases 
(both with and without discharge through the damaged SG PORV) the whole event with both 
cooldown phases to HSD conditions was simulated. 
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Table 1: Boundary conditions for SGTR analysis 
Boundary condition CASE 1 (Offsite power available) CASE 2 (Offsite power not 

available) 
RCP trip - At a time of reactor trip 
Type of RCS cooldown Steam dump (not available before 

cooldown) 
SG 2 PORV, Steam dump not available 

RCS depressurization Pressurizer spray Pressurizer PORV 
1st cooldown1: 
Operator action to prevent steam 
release from SG 1 
Operator action to prevent liquid 
release from SG 1 

 
CASE 1a: 25 min after trans. begin 
CASE 1b: 30 min after trans. begin 
CASE 1c: 50 min after trans. begin 
CASE 1d: 60 min after trans. begin 

 
CASE 2a: 15 min after trans. begin 
CASE 2b: 25 min after trans. begin 
CASE 2c: 30 min after trans. begin 
CASE 2d: 40 min after trans. begin 

Start of operator action to 
depressurize RCS after first 
cooldown  

3 minutes after 1st cooldown: 
Operator adjusts pressurizer setpoint 
pressure 2 bar above SG 1 pressure 

3 minutes after 1st cooldown: 
Operator adjusts pressurizer setpoint 
pressure 2 bar above  SG 1 pressure 

Operator turns off  SI (60 s delay) RCS subcooling >19 °C 
PRZR level >15% 
SG NR level of intact  SG>20% 

RCS subcooling >19 °C 
PRZR level >15% 
SG NR level of intact  SG>20% 

2nd cooldown: 
- Operator starts RCS depress.. & 
coold. to HSD (2.8 MPa, 177 °C) 
- Operator enables CVCS, PRZR 
level setpoint=25 %) 

0.5 hours after SI termination 0.5 hours after SI termination 

SG NR level setpoint for 
auxiliary feedwater operation 

SG 1: cycling between 50 and 60% 
SG 2: cycling between 60 and 70% 

SG 1: cycling between 50 and 60% 
SG 2: cycling between 60 and 70% 

3 CALCULATION RESULTS 

The transient was initiated after 1000 seconds of steady state calculation by 
simultaneously opening of two break valves simulating the double ended break of one U-tube 
to the bottom of the SG 1 riser section and closing the valve connecting the U-tube ends. The 
main events for the CASE 1 and CASE 2 runs are summarized in Table 2 and Table 3, 
respectively. Only the cases without any discharge to the environment (1a and 2a) are shown 
in a more detail. Due to loss of RCS inventory through the break, the pressurizer level 
decreases thus reducing the primary pressure, Figure 1 and Figure 2. The automatic reactor 
trip (320.61 s after transient begin) was actuated on OTDT reactor trip signal (actuated due to 
primary pressure decrease) and the turbine trip is actuated immediately after reactor trip. The 
cooldown following the reactor trip causes decrease of coolant specific volume, which 
increases the outsurge flow from the pressurizer and the RCS pressure starts to decrease more 
rapidly. Finally, the SI on low-2 pressurizer pressure is actuated (at time=348 s for CASE 1 
and at time=340.4 s for CASE 2). The SI adds the inventory to the RCS and increases the 
primary pressure which supports the primary-to-secondary leakage and the increase of the 
broken SG inventory, Figure 1, Figure 3. The main feedwater is isolated before SI actuation 
on low RCS average temperature signal in combination with reactor trip. On the secondary 
side, the secondary pressure increases after turbine trip. Subsequently, the SG narrow range 
(NR) level decreases due to pressure increase, Figure 2. The first secondary pressure decrease 
starting at around 400 s and ending at 900 s occurs due to condensation of steam after 
injection of cold auxiliary feedwater (AFW). Due to the fact that the steam dump was 
assumed unavailable before first operator action (not before 1500 s in the CASE 1a), the 
secondary pressure begun to rise after closing the AFW flow. The first operator action 
consists of the isolation (closing of the main steam isolation valve of the broken SG) and the 
cooldown & depressurisation performed as fast as possible to terminate the SI and stop the 
primary-to-secondary leakage. The secondary pressure of both SGs that were coupled via 
steam header before the isolation of the damaged SG, Figure 1, decouple after SG 1 isolation. 

                                                 
1 Main steam isolation of the damaged SG and first RCS cooldown to stop primary to secondary leakage 
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Subsequently, the SG 1 pressure increases, whereas the pressure of the intact SG rapidly 
decreases due to either steam dump (CASE 1) or SG 2 PORV (CASE 2) operation. In the 
analysis, it was assumed that the operator has limited the steam dump flow to 110 kg/s. The 
maximum flow of the SG 2 PORV during first cooldown is less than the half the maximum 
steam dump flow. Thus, the first cooldown has lasted between four and five minutes for the 
CASE 1 and around 12 minutes for the CASE 2, Table 2, Table 3. Three minutes after the 
cooldown to the target temperature had been performed, the operator started the 
depressurization using either pressurizer spray (CASE 1) or pressurizer PORV (CASE 2). 
However, due to persisting SI flow the RCS pressure rises again, Figure 1, Figure 3. Finally, 
the SI is terminated when the required conditions are fulfilled (RCS subcooling>19°C, PRZR 
level>15% and intact SG level>20%). After SI termination the primary pressure decreases 
and approaches the broken SG pressure, whereas the break flow stops. The analyses have 
shown that ending of the primary-to-secondary leakage follows after SI termination in both 
CASE 1 and CASE 2. Since the condition for SI termination are fulfilled after first cooldown, 
the analyses demonstrate the importance of the first operator action performed in a due time 
to prevent the broken SG overfill. The analyses were performed to investigate the influence of 
operator actions on most relevant parameter during SGTR event, i.e., the release of the 
inventory through the broken SG PORV. The analyses have shown that the discharge  through 
the broken SG (either steam or both steam and liquid) ends before the beginning of the second 
cooldown, Table 2, Table 3 and Figure 5. Therefore, only the influence of the time of the first 
operator action on discharged mass will be investigated. These are the results of the 
sensitivity analyses (parameter: the time of the first operator action): CASE 1: a) less than 25 
min (no release), b) 30 min, discharged mass=596 kg of steam, c) 50 min, discharged 
mass=6232 kg of steam (no liquid) and d) 60 min, discharged mass=10666 kg (steam and also 
liquid discharge) and CASE 2: a) less than 15 min (no release), b) 25 min, discharged 
mass=448 kg of steam, c) 30 min, discharged mass=796 kg of steam (no liquid) and d) 40 
min, discharged mass=2686 kg (steam and also liquid).  

In general, an earlier operator action is required in the CASE 2 than in the CASE 1 to 
prevent both steam and liquid discharge. The following discussion is aimed to clarify the 
different behaviour for the CASE 1 and CASE 2. For the difference in the time of begin of 
operator action to prevent the steam release, the comparison for the case with 25 min for 
operator action was selected, Figure 4. In general, for the case with forced coolant flow 
(CASE 1) a more intensive heat transfer to the secondary side with higher secondary pressure 
in the broken loop than in the CASE 2 was obtained. Following the first operator action that 
includes the isolation of the broken SG and opening of the steam dump (CASE 1) or SG 2 
PORV (CASE 2), the RCS cooling with subsequent RCS depressurization results. Since the 
steam dump flow enables much more efficient cooling than the SG 2 PORV, the effect of the 
RCS depressurization is more pronounced in the CASE 1 than in the CASE 2. The break flow 
in the CASE 1 becomes significantly lower than in the CASE 2. Subsequently, the SG 1 
pressure in the CASE 1 stops increasing whereas in the CASE 2 the SG 1 pressure rises 
further and the SG 1 PORV opens. The time for operator action equal to 1800 s is the most 
indicative for explaining the influence of secondary side pressure increase rate on the steam 
release for the operator action initiated after SG 1 pressure exceeds the SG 1 PORV setpoint 
pressure (CASE 1) from the CASE 2, respectively. Here, due to faster secondary side pressure 
increase in the CASE 1 than in the CASE 2, the SG 1 PORV in the CASE 1 opens before the 
first operator action (1662 s, Table 2), whereas for the CASE 2, the SG 1 pressure increases 
more slowly and the SG 1 PORV opens with a delay regarding to MSIV isolation (1980 s, 
Table 3). The difference in the transferred heat and the subsequent difference in the secondary 
pressure increase rate between the CASE 1 and CASE 2 are also responsible for the earlier 
discharge of the liquid in the CASE 2 than in the CASE 1 as it is illustrated in Figure 4. Here, 
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the CASE 2d (40 min for operator action) with liquid discharge is compared with the CASE 
1c (50 min for operator action) where the SG fills with liquid but still only steam is 
discharged from the SG 1 PORV as it is also shown in Figure 5. Here, again, in the CASE 1 
the higher secondary pressure has resulted in an earlier steam release than in the CASE 2. The 
earlier start of steam release and the steam release at a larger rate has resulted in the less 
accumulation of liquid than in the CASE 2 where the broken SG 1 has filled at a faster rate 
and finally the liquid discharge took place 3700 sec after transient begin. For the CASE 1 the 
liquid discharge begins 1 hour after transient begin if the operator has not started the first 
action. In all the analyzed cases the primary-to-secondary leakage as well as the release of the 
inventory to the environment were successfully stopped by available operator actions. A half 
an hour after SI termination the operator begins with the cooldown & depressurization to 
HSD conditions. In the CASE 1 the operator has programmed the steam header pressure to 
perform the cooldown at the maximum allowed rate (55.6 °C/hour). At the same time the 
operator starts the RCS depressurization by adjusting the pressurizer spray flow to decrease 
the RCS pressure to the target value (2.8 MPa). The successful cooldown (to 177 °C) and 
depressurization were performed, with RCS subcooling and PRZR level, considerably larger 
than the limiting values (i.e., 19 °C and 25 %, respectively), Figure 2. For CASE 2, the plant 
cooldown to 177 °C was prolonged significantly, Figure 3, when compared with CASE 1. 
Despite of the fully open SG 2 PORV, the valve flow decreases along with the decreasing 
pressure difference between SG 2 and the atmospheric pressure. The cooldown lasted for 
approximately 12.5 hours, with average cooldown rate equal to 7°C/hour. Due to loss of 
forced RCS flow after reactor trip, the temperature difference between hot and cold leg is 
much higher (not less than 20 oC), throughout the transient when compared with the CASE 1. 
Whereas in the intact loop, a low positive flow was established and almost constant 
temperature difference between the hot and cold leg was maintained, in the broken loop the 
fluid was almost stagnant and the temperatures were greatly influenced by the break flow. In 
the period of the intensive back flow from the secondary to primary side that lasted until 
approx. 20000 s, the hot leg temperature in the broken loop was dominantly influenced by the 
incoming secondary flow. First after secondary to primary flow was terminated, the fluid in 
the broken SG moved from the hot to the cold leg thus increasing the cold leg temperature. 
Thereafter, the similar temperature difference between the hot and cold leg of the broken and 
intact loop was established. Later, due to ON/OFF opening of the AFW flow in the broken 
SG, the periodic oscillations (having small amplitude) of the RCS temperature in the broken 
loop and subsequent rather small back flow to the primary system occurred. The average 
temperature was monitored as criteria for ending the cooldown to HSD conditions (177 °C). 

Table 2: Time table of events for CASE 1 – parameter: begin of first operator action 
Event CASE 1a 

 (25 min) 
CASE 1b 
 (30 min) 

CASE 1c 
 (50 min) 

CASE 1d 
 (60 min) 

Transient start 0 s 0 s 0 s 0 s 
Reactor trip (OTDT trip), turbine trip 320.61 s 320.61 s 320.61 s 320.61 s 
Main FW isol. (on low Tavg & reactor trip) 331.9 s 331.9 s 331.9 s 331.9 s 
SI actuation (on low-2 pressurizer pressure) 348.0 s 348.0 s 348.0 s 348.0 s 
1st operator action: 1st coold. & MSIV 1 isol. 1500 s 1800 s 3000 s 3600 s 
Time to achieve target core exit temperature 
during first cooldown 

1791 s 
(538.7 K) 

2030 s 
(541.7 K) 

3225 s 
(541.4 K) 

3817 s 
(541.8 K) 

1st RCS depressurization 1971 s 2210 s 3405 s 3997 s 
Operator turns off SI (60 s delay) 2249 s 2501 s 3692 s 4280 s 
2nd coold. & depress. to HSD; CVCS 4049 s 4301 s 5492 s 6080 s 
End of primary-to-secondary leakage 4080 s 4280 s 5000 s 5490 s 
HSD conditions achieved, cooldown rate 9900 s 

(53.4 °C/hour) 
10200 s 
(55.3 °C/hour) 

11430 s 
(55.4 °C/hour) 

12100 s 
(55.0 °C/hour) 

Steam discharge through SG 1 PORV - 1662 s 1662 s 1662 s 
Liquid disch. - SG 1 PORV (voidfj > 0.1) - - - 3600 s  
Discharged mass through SG 1 PORV 0.0 kg 596.3 kg 6231.7 kg 10666.0 kg 
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Figure 1: CASE 1a: Primary and secondary pressure (left); RCS and SG mass, break mass 

flow rate (right) 

  
Figure 2: CASE 1a: RCS temperature, RCS subcooling (left); pressurizer and SG level (right) 
 

Table 3: Time table of events for CASE 2 – parameter: begin of first operator action 
Event CASE 2a 

(15 min) 
CASE 2b 
(25 min) 

CASE 2c 
(30 min) 

CASE 2d 
(40 min) 

Transient start 0 s 0 s 0 s 0 s 
Reactor trip (OTDT trip), turbine trip 320.61 s 320.61 s 320.61 s 320.61 s 
Trip of both RCPs (on reactor trip) 320.61 s 320.61 s 320.61 s 320.61 s 
Main FW isol. (on low Tavg & reactor trip) 336.4 s 336.4 s 336.4 s 336.4 s 
SI actuation (on low-2 pressurizer pressure) 340.4 s 340.4 s 340.4 s 340.4 s 
1st operator action: 1st coold. & MSIV 1 isol. 900 s 1500 s 1800 s 2400 s 
Time to achieve target core exit temperature 
during first cooldown 

1714 s 
(531.02 K) 

2278 s 
(535.16 K) 

2515 s 
(538.37 K) 

3043 s 
(541.5 K) 

1st RCS depressurization  1894 s 2458 s 2695 s 3223 s 
Operator turns off SI (60 s delay) 2071 s 2682 s 2937 s 3479 s 
2nd coold. & depress. to HSD; CVCS 3871 s 4482 s 4737 s 5279 s 
End of primary-to-secondary leakage 2380 s 3080 s 3680 s 4000 s 
HSD conditions achieved, cooldown rate 47500 s 

(6.7 °C/hour) 
50000 s 
(6.7 °C/hour) 

51000 s 
(6.9 °C/hour) 

52000 s 
(7.1 °C/hour) 

Steam discharge through SG 1 PORV - 1960 s 1980 s 2100 s 
Liquid disch. - SG 1 PORV (voidfj > 0.1) - - - 3700 s 
Discharged mass through SG 1 PORV 0.0 kg 448.0 kg 796.0 kg 2686.0 kg 
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Figure 3: CASE 2a: Primary and secondary pressure, primary and secondary mass (left); RCS 

temperature (cl – cold leg, hl – hot leg), RCS mass flow rate (right) 

  
Figure 4: Left: CASE 2b vs. CASE 1a–Pressurizer pressure, SG 1 pressure, break (side 1) 

mass flow rate; Right: CASE 2d vs. CASE 1c–SG 1 pressure, discharged mass through 
broken SG PORV, SG 1 mass 

  
Figure 5: Discharged mass through the damaged SG PORV and liquid fraction of the flow 

through the PORV; CASE 1 (left), CASE 2 (right) 

4 CONCLUSION 

In the paper the results of SGTR accident for NPP Krško using RELAP5/mod 3.3 code 
are presented. The guidelines from the NPP Krško EOP procedures for recovery following the 
SGTR event were applied for the modelling of operator actions. The analyses were primarily 
performed to demonstrate the capability of the plant systems as well as adequacy of operator 
actions to prevent the discharge of the contaminated inventory to the environment. Also the 
plant conditions during cooldown & depressurization to hot shutdown conditions were 
monitored to ensure the safe operation, i.e., by ensuring the adequate RCS subcooling margin, 
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pressurizer level and intact SG inventory for heat removal. The performed analyses did not 
include the radiological consequences calculation, but based on the limited amount of the 
mass of the discharged fluid, they should be small. Following conclusions can be drawn from 
the presented analyzed cases: 
1. For both CASE 1 and CASE 2, the analyses have shown that only the time of the 
beginning of the first operator action (main steam isolation of broken SG and the first 
cooldown & depressurization) has an influence on the occurrence of the discharge (both steam 
and liquid) through the broken SG PORV. First, the steam discharge can be prevented by 
timely initiating the first operator action (RCS cooldown) before the broken SG pressure rises 
above the SG PORV opening setpoint (CASE 1). Second, the safety injection that has the 
major influence on filling the ruptured SG with liquid and subsequent liquid discharge can be 
terminated first after successfully finishing the first cooldown initiated by the operator. 
2. The analyses have shown that an earlier operator action is required in the CASE 2 than 
in the CASE 1 to prevent both steam and liquid discharge. For the CASE 1 the larger heat 
removal capacity following the first cooldown has stopped the secondary pressure increase 
earlier than in the CASE 2 and the first operator action can be performed later (25 min vs. 15 
min) to prevent the steam release. For the first operator action initiated after 25 minutes the 
influence of the larger heat transfer and subsequently the larger broken SG pressure in the 
CASE 1 than in the CASE 2 has a major influence on both steam and liquid release. For the 
first operator action later than 25 minutes for the CASE 1 an earlier steam release results than 
in the CASE 2. Subsequently, in the CASE 1 the broken SG fills with liquid at a slower rate 
than in the CASE 2. 
3.  Discharge through the broken SG PORV can be prevented if the first operator action 
is initiated not later than 15 minutes after transient begin for the CASE 2 and 25 minutes for 
the CASE 1, respectively. In order to prevent liquid discharge the first operator action must be 
initiated not later than half an hour for the CASE 2 and not later than 50 minutes for the 
CASE 1, respectively. In all the analyzed cases (also with liquid discharge) the operator can 
successfully stop the primary-to-secondary leakage and the discharge through the broken SG 
PORV. 
4. The complete RCS cooldown & depressurization to hot shutdown conditions has been 
performed for all the analyzed scenarios. The procedure lasted about 1 hour and 40 minutes 
for the CASE 1 (steam dump available) with the cooldown rate close to the maximum 
allowed (55.6 °C/hour). In the CASE 2 due to low capacity of one SG PORV, the cooldown 
lasted very long (12.5 hours) with cooldown rate equal to around 7 °C/hour. 
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