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ABSTRACT

The purpose of this analysis was to perform SGTR accident calculations for simulator
verification of RCS thermal-hydraulic response. For the thermal-hydraulic analyses the
RELAP5/MOD2 code and the input card deck for NPP Krško was used. The analyses for
SGTR accident consist of spectrum of rupture sizes, corresponding to equivalents of 0.5, 1, 2
or 3 double-ended (d-e) steam generator (SG) tubes ruptured. The rupture was supposed to be
located at the hot side of the U-tubes, near the tube sheet. Sensitivity study results show the
influence of rupture size on the course of the SGTR transient. Additionally, a sensitivity
analysis of rupture location was performed, for the case of 1 d-e SGTR (1 SGTR). Two cases
with different rupture locations were considered: the base case with the rupture located at the
hot side of the U-tubes, near the tube sheet and the case where the rupture was assumed to be
located at the top of U-tubes bend.

1 INTRODUCTION

NPP Krško has, as a part of the Modernization plan, also obtained Krško Full Scope
Simulator (KFSS). KFSS will support the training for the complete range of operation, which
can be performed from the main control room and some selected plant areas (remote
shutdown panels, etc), in real time. Various activities have been performed for the purpose of
simulator verification.  As a very important part of the simulator verification process, the
results of the best estimate analyses of selected design basis accidents and some other
transients have been used. This approach is in the compliance with ANSI/ANS-3.5-1993
standard [1]. “Jožef Stefan” Institute (IJS) was contracted to perform the following accident
and transient analyses, based on the model provided by NPP Krško ([2] and [3]):

� 5 scenarios of the Small Break Loss-of-Coolant Accident (LOCA),
� 2 scenarios of the Loss of Main Feedwater transient (LOFW),
� 2 scenarios of the Anticipated Transient without Scram (ATWS) and
� 4 scenarios of the Steam Generator Tube Rupture (SGTR) + 1 additional sensitivity case

In this paper the SGTR analyses are presented. The model used for the present analysis
includes the new Siemens-Framatome replacement steam generators (RSG) type SG 72
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W/D4-2. The analyses have been performed for 2000 MWt nominal reactor power conditions,
corresponding to the expected plant state after modernization.

The RELAP5/MOD2 [4] best estimate thermal-hydraulic computer code and NPP
Krško standard input data set was used for thermal-hydraulic calculations. This includes
model of the replacement steam generators and Auxiliary Feedwater logic, tuned to steady
state at 2000 MWt. The model does not include new MFW logic, since it was not known at
the time when analyses were performed. MFW is therefore put in “MANUAL” mode.

For the present analysis, IJS has initially provided additional models for the purpose of
analyzing different scenarios of SGTR transient, according to the NPP Krško Specification
and previous experience in modeling SGTR events [5]. Since the purpose of the present
analysis was not to demonstrate the efficiency of operator actions in the mitigation of the
accident consequences, but to provide basis for KFSS calibration, NPP Krško has required a
simplified, but phenomenologically clear scenario to be simulated by RELAP5/MOD2. The
number of operator actions has therefore been reduced to a very few, as described below.

2 MODEL, SCENARIOS AND ASSUMPTIONS

Transient simulations of the SGTR scenarios were performed using a standard “NPP
Krško Master input deck” ([2] and [3]), which includes the model of new Siemens-
Framatome replacement steam generators, initialized and stabilized at the plant parameters
corresponding to the full nominal power of 2000 MWt.  Nodalization scheme of the “NPP
Krško Master input deck”, provided by NPP Krško, which consists of 309 control volumes,
339 junctions and 299 heat structures. Besides, 443 control variables and 245 logical
conditions (trips) represent the instrumentation, regulation (PRZ level and pressure, steam
dump, SG pressure, etc.) and protection (reactor protection, SI and AFW triggering logic,
steamline isolation, etc.) systems.

Four different scenarios shown in Table 1 were analyzed for 100% power. In this study
the SGTR accident starts after the 200 seconds of steady state plant operation. NPP Krško
specified the initial and boundary conditions common to all scenarios as follows:

� 100 % reactor power – 2000 MWt
� availability of both trains of RHR, SI and accumulators (LPSI, HPSI),
� availability of both MD AF pumps,
� control rod system in MANUAL,
� main feedwater regulation system in MANUAL.

Table 1 Specification for SGTR scenarios

Available equipment
Case Rupture

Size
Cross-section

Area (m2) HPSI
pumps Accumulators LPSI

pumps
MD AFW

pumps
0.5 SGTR 0.5 d-e 1.1176E-4 2 2 2 2
1 SGTR 1    d-e 2.2352E-4 2 2 2 2
1 SGTR
(sensitivity)

1    d-e
(sensitivity) 2.2352E-4 2 2 2 2

2 SGTR 2    d-e 4.4704E-4 2 2 2 2
3 SGTR 3    d-e 6.7056E-4 2 2 2 2
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There were no operator actions assumed, except:

� isolation of the ruptured SG (MFW, AFW, MSIV, BD, ...), when the NR liquid level
difference between the intact and ruptured SG exceeds 5%,

� maintaining of the liquid level between 65 and 70 % NR in the intact SG.

According to the scenario specification, operator does not turn off the safety injection.
Therefore the overpressurization of the primary system is expected, causing uncontrollable
high liquid level in the ruptured SG with the threat of steamline flooding. For the purpose of
simple and clear scenario, it was assumed that operator does not act before reactor trip. The
operator action after the reactor trip is assumed to be delayed for 60 sec, then the operator is
allowed to enter EOP and to perform necessary steps in mitigating the consequences of the
assumed SGTR event.

Initially, four scenarios were analyzed for the SGTR transient, differing only in number
of the ruptured U-tubes. The SGTR transient was calculated for 0.5, 1, 2 and 3 d-e ruptured
tubes. One ruptured U-tube represents a d-e rupture, while half-ruptured tube still represents a
d-e rupture, but with both rupture areas reduced to 50 %. The expected differences between
the scenarios were higher final liquid level in the ruptured SG, sooner steam line flooding or
even the release of contaminated water through the ruptured SG PORVs into the environment,
especially in the cases with 2 or 3 ruptured tubes.

Additionally, the sensitivity case to the 1 SGTR case was analyzed, where the rupture
location was moved from the hot side of the ruptured U-tube (near the tube sheet, closer to the
hot leg) to the top of the ruptured U-tube bend.

2.1 Initial conditions and main events

Initial and boundary conditions for SGTR are the same as for other NPP Krško best
estimate transient analyses and are shown in Table 2. Primary and secondary side parameters
are shown first as input for the RELAP5/MOD2 transient simulation.

Table 2 Initial conditions for SGTR analyses

Parameter Value Parameter Value
Primary side Secondary side

Core power 1994 MW Steam line 1 flow 542.7 kg/s
Taverage – average 579.68 K SG 1 pressure 6.50 MPa
Tupper head 592.36 K SG 1 NR level 69.35 %
PRZ pressure 15.51 MPa Main FW 1 flow 542.67 kg/s
PRZ level 62.30 % Steam line 2 flow 545.7 kg/s
PRZ heaters power 190.2 kW SG 2 pressure 6.48 MPa
loop 1 flow (vessel inlet) 4696 kg/s SG 2 NR level 69.35 %
loop 2 flow (vessel inlet) 4694.3 kg/s Main FW 2 flow 545.7 kg/s

Table 3 shows the main sequence of events for different SGTR scenarios, as calculated
by RELAP5/MOD2 code. The triggering time for each event is given.
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Table 3 Main sequence of events for different SGTR scenarios

Event Timing [s]
0.5 double-
ended

1 double-
ended

2 double-
ended

3 double-
ended

1 d-e
(sensitivity)

Primary side
Accident 200 200 200 200 200
Letdown isolation 605.3 557 371.7 314.5 542.6
PRZ heaters off 605.3 557 371.7 314.5 542.6
Rx trip signal generation 596.5 602.5 382.5 317.9 535.6
Scram 596.5 602.5 382.5 317.9 535.6
Charging isolation 1309 611.7 389.7 324.6 947.9
HPSI pump 1 and 2 injection 1314 616.7 394.7 329.6 952.8
PRZ PORVs discharge N.A. N.A. N.A. N.A. N.A.
RCP 1 and 2  trip N.A. N.A. N.A. N.A. N.A.

Secondary side
Turbine trip 596.5 602.5 382.5 317.9 535.6
MFW pump 1 and 2 trip 594 600 380 321.2 533.1
AFW pump 1 and 2 start 619 625 405 346.2 558.1
Steam line 1 and 2 isolation 656.5 662.6 390.3 377.9 595.6
Steam dump actuation N.A. N.A. N.A. N.A. N.A.
SG 1 PORV discharge 812 2210 N.A. N.A. 762
SG 1 SV 1 to 5 discharge N.A. N.A. N.A. N.A. N.A.
SG 2 PORV discharge 774 4030 2500 2085 722
SG 2 SV 1 to 5 discharge N.A. N.A. N.A. N.A. N.A.

2.2 RELAP5/MOD2 additional input set for the ruptured U-tube

To analyze different SGTR scenarios, IJS has provided additional models of the
ruptured U-tubes. The base case of the tube rupture was assumed at the location, which was
proved to be the most critical in the W-D4 steam generators and is expected to be the most
exposed to different stress loads and corrosion also in the new Siemens-Framatome steam
generators. This is the bottom part of the U-tubes on the hot side (closer to the hot leg), near
the tube sheet, so that the primary coolant flows directly from the location where U-tubes
penetrate the tube sheet, into the SG riser. The ruptured tubes have been modeled separately
from the intact tubes, in order to provide correct conditions for the RELAP5 critical flow
calculations. They were added to the tube bundle of the second SG as shown in Figure 1 (a).
The increase of coolant and structure mass and primary-to-secondary heat transfer area due to
addition of ruptured tubes, originating from this model addition, was assumed negligible.

In the case of several ruptured tubes these were represented by a single tube (with
correspondingly multiplied length and heat transfer area) regardless of their number.
However, the hydraulic diameter of a single tube was preserved, whereas the rupture cross
section area was modified according to the number of ruptured tubes. Equivalent cross section
areas for 0.5, 1, 2 and 3 ruptured tubes were 1.1176E-4 m2, 2.2352E-4 m2, 4.4704E-4 m2 and
6.7056E-4 m2. The detailed rupture nodalization is shown in Figure 1 (a). White boxes
represent added volumes of the ruptured tubes connected to the existing volumes of the base
NPP Krško input deck, which are colored gray.
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In the Figure 1 (b) is shown the nodalization of the case with the rupture at the top of
the U-bend.  Calculation with the rupture located at the top of the U-bend was performed only
for 1 ruptured U-tube. The nodalization of ruptured U-tube is similar as the nodalization of
the intact U-tubes in the base NPP Krško input deck. The rupture opening is connected to the
volume 519 on the secondary side (SG riser top).
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Figure 1 Rupture models for the SGTR analysis: (a) rupture close above the tube sheet

(b) rupture at the top of the U-bend

3 COMPARISON OF SGTR TRANSIENTS FOR DIFFERENT RUPTURE SIZES

A descriptive set of parameters was selected to show the most important differences
between the four similar scenarios of the transient initiated by the different rupture sizes in the
SG U-tubes, as described in previous section. The compared parameters on Figure 2 through
Figure 7 clarify the most important SGTR phenomena, as follows: rupture flow development,
SG overfill, contaminated coolant discharged through SG relief valves and SG level control
(AFW cycling, controlled by operator).

The long term primary pressure stabilized above 14 MPa for the 0.5 SGTR case, around
13.5 MPa for the 1 SGTR case, around 11.5 MPa for the 2 SGTR case and slightly below 10
MPa for the 3 SGTR case (Figure 2). There could be some qualitative differences observed
between 0.5 and 1 SGTR cases versus 2 and 3 SGTR cases, since there was no primary re-
pressurization observed at larger rupture sizes. Due to lower primary pressure the primary
inventory was recovered faster with larger rupture sizes (Figure 3).

The main observations concerning the differences between different SGTR cases can be
summarized as follows. Basically, rupture flow increases slightly slower than linearly with the
rupture size, except for the 3 SGTR case, where the rupture flow is only slightly over 4 times
larger than in the 0.5 SGTR case, while the rupture opening ratio is 6 (Figure 7). The
differences in the rupture flow reflect more on the secondary side. More rapid ruptured SG
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level rise was calculated for the 2 and 3 SGTR cases than for 0.5 and 1 SGTR cases, as shown
in Figure 4. In the 2 and 3 SGTR cases ruptured SG steamline was flooded and large amounts
of liquid were being discharged through ruptured SG PORV in the later phase of the transient
(Figure 6). For the 0.5 and 1 SGTR cases intact SG was also used for cooldown (Figure 5),
since the amount of cold ECCS water was small due to higher primary pressure, as well as the
ruptured SG PORVs were not opened sufficiently to provide adequate heat sink.

9

10

11

12

13

14

15

16

0 2000 4000 6000 8000 10000
Time [s]

Pr
es

su
re

 [M
Pa

]

0.5 SGTR 1 SGTR
2 SGTR 3 SGTR

Figure 2 Intact loop primary pressure

120000

125000

130000

135000

140000

145000

150000

155000

160000

0 2000 4000 6000 8000 10000
Time [s]

M
as

s [
kg

]

0.5 SGTR
1 SGTR
2 SGTR
3 SGTR

Figure 3 Primary mass

0

20

40

60

80

100

0 2000 4000 6000 8000 10000
Time [s]

Le
ve

l [
%

]

0.5 SG TR
1 SGTR
2 SGTR
3 SGTR

Figure 4 Ruptured SG NR level

0

5000

10000

15000

20000

25000

30000

0 2000 4000 6000 8000 10000
Time [s]

M
as

s [
kg

]

0.5 SGTR
1 SGTR
2 SGTR
3 SGTR

Figure 5 Intact SG PORV flow integral

0

50000

100000

150000

200000

250000

300000

0 2000 4000 6000 8000 10000
Time [s]

M
as

s [
kg

]

0.5 SG TR
1 SG TR
2 SG TR
3 SG TR

Figure 6 Ruptured SG PORV flow integral

0

10

20

30

40

50

60

0 2000 4000 6000 8000 10000
Time [s]

M
as

s f
lo

w
 [k

g/
s]

0.5 SGTR
1 SGTR
2 SGTR
3 SGTR

Figure 7 Rupture flow - total

4 INFLUENCE OF RUPTURE LOCATION ON THE SGTR TRANSIENT

The tube rupture for the sensitivity case was assumed at the location, which causes the
largest threat to the environment as far as the radiological consequences are concerned. This is
the top part of the U-tubes at the hot side of the riser region, so that the primary coolant flows
directly from the top of the U-bend into the riser as shown in Figure 1 (b). During some parts
of the transient, when the top of the U-tubes might be uncovered, the contaminated primary
coolant could escape non-diluted into the main steamline and further via the ruptured SG
PORV directly to the environment. This study presents the primary and secondary system
response to the two variations of the 1 d-e SGTR accident. It can be observed that for the case
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of the SGTR accident with the rupture located at the top of U-bend, the predicted rupture flow
is considerably lower than in the case when the SG tube is ruptured at its hot side, near the
tube sheet (Figure 11). This is mainly due to the different rupture flow enthalpy and less due
to the different pressure distribution along the cold and hot side of the ruptured U-tube.
Meanwhile, the ruptured SG PORV was discharging steam only as a consequence of hot
primary coolant inflow.

The long term primary pressure stabilized at about 14 MPa for the case with the rupture
located at the top of U-bend, while in the case with tube rupture at the tube sheet (hot side) the
primary pressure stabilized around 13.5 MPa (Figure 8).

The differences between the two scenarios reflect more on the secondary side. A direct
consequence of the rupture flow differences is observed in the ruptured SG NR level (Figure
9) and ruptured SG secondary mass (Figure 10), where in the case with bottom located
rupture the ruptured SG is filled more rapidly. There were slight differences observed in the
intact SG parameters, mainly because of the slight differences in the steam discharge (heat
removal) via the intact SG PORV.
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5 CONCLUSIONS

The comparison of the SGTR analyses results for the spectrum of rupture sizes reveals
some interesting facts. The rupture flow appears to be somewhat less than linearly dependent
on the rupture size. The same could only be stated for the ruptured SG level (and mass)
behavior in the 1, 2 and 3 SGTR cases, while in the 0.5 SGTR case the SG level and mass rise
was disturbed by early SG PORV opening.

Primary pressure behaves in different manner, that is similarly for the smaller rupture
size cases (0.5 and 1 SGTR), when re-pressurization is observed after pressurizer refill, but
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qualitatively different for the two cases with larger rupture sizes (2 and 3 SGTR). Obviously,
for this last two cases, hot saturated primary liquid was pushed out of the pressurizer and
surge line sufficiently deep that later, when pressurizer was refilled, enough of the relatively
colder hot leg water re-entered the pressurizer, so that no re-pressurization was observed.

Another conclusion could be drawn from the comparison of the SGTR sequence of
events, previously presented in Table 3. The 3 SGTR case appears to be more “LOCA-like”,
meaning that the cause for the reactor trip came from the primary side (low PRZ pressure)
instead from the secondary side (from turbine trip on high level in the ruptured SG).

The results of the sensitivity analysis of the rupture location show that from the thermal-
hydraulic point of view there are some differences between the two scenarios. These are
mainly caused by the different enthalpy of the rupture flow due to the changed rupture
location, being moved more to the cold side of U-tubes, towards cold leg. This consequently
produces differences in SG level and mass development, but also influences some of the
primary parameters. Most evident differences in primary parameters were observed between
the primary pressure values later in the transient, which differed for about 0.5 MPa.
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7 NOMENCLATURE

AF, AFW - Auxiliary Feedwater ATWS - Anticipated Transient w/o Scram
BD - Blowdown d-e - double-ended
ECCS - Emergency Core Cooling System EOP - Emergency Operating Procedures
FW, MFW - Main Feedwater HPSI - High Pressure Safety Injection
KFSS - Krško Full Scope Simulator LOCA - Loss-of-Coolant Accident
LOFW - Loss of Main (Normal) Feedwater LPSI - Low Pressure Safety Injection
MCR - Main Control Room MD - Motor Driven
MSIV - Main Steam Isolation Valve NR - Narrow Range
PORV - Power Operated Relief Valve PRZ - Pressurizer
RCP - Reactor Coolant Pump RCS - Reactor Coolant System
RHR - Residual Heat Removal RSG - Replacement Steam Generator
Rx - reactor SGTR - Steam Generator Tube Rupture
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