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Abstract

The response of the full-scale three-loop Pressurized Water Reactor (PWR) RELAP5 computational model on Steam
Generator Break Rupture (SGBR) was investigated in this paper. This model was analyzed in terms of its applicability
and performance regarding the research task conducted by Warsaw University of Technology and the National Center
for Research and Development in Warsaw, Poland. In the paper break sizes corresponding to one, three and six ruptured
tubes (which conform to a Loss-of-Coolant event break size area of 0.02%, 0.054 and 0.11%) were studied at three
different locations (at the top of the hot-leg side tubesheet, U-bend and at the top of the cold-leg side tubesheet). The
reactor at issue was a three-loop PWR of Westinghouse design with thermal output of 2775 MWt.
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1. Introduction

A steam generator tube rupture (SGTR) may seriously
impact the reliability and safety of a Nuclear Power
Plant (NPP). The SGTR event causes a direct flow of pri-
mary coolant from the high-pressure reactor coolant sys-
tem (RCS) to the steam generator (SG) secondary system.
This leads to contamination of the secondary system and
possible release of radiological products into the environ-
ment. The loss of primary coolant can significantly ex-
ceed the make-up capacity of the charging pumps.

For these reasons, SGTR is an important safety concern
and has been classified as a design-basis event (DBE) for
pressurized water reactors (PWRs) [1]. Since the Point
Beach incident in 1975, at least 14 incidents of SGTR
have been reported worldwide [2]. In most cases the con-
sequences of SGTR incidents are strongly dependent on
the number of tubes ruptured. The probability of rupture
of several steam generator tubes has been estimated as
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extremely low [1], and all reported SGTR accidents in-
volved a single ruptured tube. Reactor shutdown was ac-
complished without extensive loss of primary coolant or
significant release of radiological products [3]. Multiple
SGTR may lead to severe accident conditions if the oper-
ator’s response in respect of mitigating the break flow is
inadequate.

SGTRs are usually divided into two categories: sponta-
neous and induced. Spontaneous tube ruptures are caused
by tube degradation mechanisms, including primary water
stress corrosion cracking (PWSCC), outer diameter stress
corrosion cracking (ODSCC), fretting, pitting, tube sheet
and tube support plate denting, wastage, tube fouling and
upper tube support plate high-cycle fatigue [1]. Induced
SGTRs are a consequence of other events, such as incor-
rect installation of anti-vibration devices, abnormal sec-
ondary water chemistry conditions or loose objects left
inside the SGs during earlier maintenance works [1].

Several studies and experiments have been performed
to investigate SGTR events in order to verify the features
and capacity of the reactor safety systems, as well as to op-
timize the effectiveness of the emergency operating pro-
cedures. Calculations regarding SGTR were conducted
by means of a variety of best estimate thermal-hydraulics
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system codes as RELAP5, TRACE and MARS1.4 [3–5].
The computational analyses may be divided into two cat-
egories: (i) modeling and validation based on experimen-
tal data from scale-down facilities of PWRs [6–9] and (ii)
computations regarding full-scale reactors [3, 4]. The first
category is necessary with regard to testing the accuracy
of related thermal-hydraulic and fission product transport
models implemented in best estimate thermal-hydraulics
system codes [10]. Analyses of full-scale models allow
all relevant reactor systems responses to be examined and
are thus employed in DBE analyses.

Some of the findings from SGTR computations were
similar across most of the studies. The magnitude of the
break mass flow rate is dependent on the number of rup-
tured SG tubes (or area of the break section), assumed rup-
ture location, break modeling approach, primary coolant
subcooling and pressure losses along the U-tubes. The
primary and secondary sides of SG are modeled as pipe
components connected by a heat structure. Usually, all
SG tubes are modeled as a common pipe component,
or ruptured tubes are modeled separately from the intact
tubes [3].

The consequences of SGTR accidents also depend on
the efficiency of operator actions. The reactor control and
protection systems are designed mainly to preserve core
integrity and do not include automatic actions to miti-
gate radiological release to the environment. The man-
agement of SGTRs must, therefore, include operator ac-
tion aimed at identifying and isolating the ruptured SG,
and then terminating the SI (Safety Injection) flow to
stop the primary-to-secondary break flow. For thermal-
hydraulic safety analyses, however, the initial phases of
SGTR events are often simulated without operator action,
e.g. [3].

In the present study, the responses of a typical
three-loop PWR, to single and multiple SGTR events
with a fully available emergency core cooling system
(ECCS), are analyzed using the RELAP5Mod3.3 thermal-
hydraulic system code. The analyzed event sequences are
based on real SGTR incidents evidenced in [1, 2]. The re-
actor safety and non-safety systems are assumed to work
in automatic mode and perform their intended functions.
No operator action is assumed during the calculated time
periods of the accidents. Effects in terms of the number of
broken tubes and different tube rupture locations are in-
vestigated. The break sizes correspond to guillotine rup-
ture of one, three and six SG tubes. Three different break
positions along the axial direction of the U-tubes were
chosen: the top of the hot-leg side tubesheet, the U-bend
region and the top of the cold-leg side tubesheet. These

break locations correspond to locations inside recirculat-
ing steam generators where tube wall degradations most
frequently occur [1]. The results obtained are compared
qualitatively with available data and results of other sim-
ilar calculations published in [3, 4] and [5] among other
sources.

2. Computational model

The presented model applies to a typical three-loop PWR
of Westinghouse design with a rated thermal power
of 2,775 MWt and a total vessel mass flow rate of
13,800 kg/s. The reactor core is composed of 167 fuel
assemblies of the 17×17 lattice design.

The RELAP5 nodalization, shown in Fig. 1, consists of
270 volumes connected with 284 junctions and 353 heat
structures. The modeled steam generator is Westinghouse
type F design with 5626 stainless steel U-tubes and a total
heat transfer area of 4645 m2.

The reactor pressure vessel (RPV) model, volumes
100 through 270, consists of the vessel cylindrical shell
with hemispherical bottom and upper heads, downcomer,
lower plenum, core region and core bypass, upper plenum
and guide tubes.

The core region is modeled as a single flow channel,
by means of pipe component 170 with 14 axial nodes.
The point kinetic model is used. The moderator density
and Doppler reactivity coefficients are calculated with the
separable model using core averaged, relative axial power
distribution for axial weighting.

The plant has three independent primary loops (vol-
umes 300 to 390, 400 to 490, and 500 to 590). Each loop
consists of the hot leg (HL), the steam generator (SG) with
U-tubes, the reactor coolant pump (RCP), the cross-over
leg, and the cold leg (CL). The pressurizer (290) is at-
tached to the hot leg of loop 2 through the surge line (pipe
285).

The SG secondary side (components 600 to 650 for SG1,
700 to 750 for SG2 and 800 to 850 for SG3) is mod-
eled by means of riser, steam separator (“separatr” com-
ponents 610, 710 and 810), steam dryer and steam dome,
and downcomer.

The calculation model also contains the main steam
lines with the relief valves, steam header, turbine throttle
and bypass valves, and secondary water feeding systems
including the main and auxiliary feedwater systems.

Three independent safety injection (SI) trains are mod-
eled by time dependent volumes and junctions, and con-
nected to the cold legs of each loop, with one high pres-
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Figure 1: Nodalization scheme of PWR RELAP5 model.
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Figure 2: Investigated steam generator break locations.

sure safety injection (HPSI) line and one low pressure
safety injection (LPSI) line. The accumulators are mod-
eled by means of the RELAP5 “accum” components.

The control and protection systems are modeled using
the RELAP5 specific control variables. Several trips are
considered in the model to simulate all the prescribed sys-
tem responses during the calculated transients.

Investigated break locations are at the top of the hot-leg
side tubesheet, U-bend and at the top of the cold-leg side
tubesheet of the SG and they are depicted in Fig. 2. All
U-tubes are simply modeled as an averaged single flow
channel.

A double-ended guillotine break/rupture is modeled by
means of two valve junctions connecting a primary side
pipe and a secondary side pipe. In order to simulate the
tube break, the valve junctions are opened for 0.001 sec.
The break flow is calculated using the RELAP5 default
critical flow model.

The transient calculations were preceded by the steady-
state run. The comparison of the main steady-state fea-
tures of the plant and calculation model is shown in Tab. 1.

3. Results

3.1. SGTR Transient Analysis
Figs 3 through 5 show the primary and secondary system
pressures for the simulated SGTRs at the top of the hot-
leg side tubesheet. The tube ruptures cause a decrease in
reactor coolant system pressure. For all simulated events,
the reactor trip occurs due to the low pressurizer pressure.
The reactor trip signal automatically trips the turbine and
MFW (Main Feedwater) system. Immediately after that,
all RCPs start to coastdown because the PZR water level

Table 1: Initial conditions of the computational model (NSSS = Nu-
clear Steam Supply System, PZR = Pressurizer, SG = Steam Genera-
tor).

Parameter De-
sign

Calcu-
lation

Er-
ror,

%

NSSS Power, MW 2775 2775 0.0
Total vessel mass flow
rate, kg/s

13800 13870 0.6

Primary pressure,
MPa

15.51 15.51 0.0

PZR water level, % 61 59.9 0.3
Loop mass flow rate,
kg/s

4575.7 4626.0 1.1

Core bypass mass
flow rate, kg/s

511.9 522.3 2.0

Guide tube mass flow
rate, kg/s

226.2 230.6 2.0

Hot leg
temperature,◦C

323.25 323.25 0.0

Cold leg temperature,
◦C

288.35 287.75 0.2

Pump speed, rpm 1185 1185 0.0
Feedwater mass flow
rate, kg/s

1536 1556 1.3

Steam mass flow rate,
kg/s

1536 1556 1.3

Steam line pressure,
MPa

6.24 6.28 0.6

SG water level
(narrow range), %

50.0 50.2 0.4

drops below 12%. The safety injection (SI) is triggered by
the low-low pressurizer pressure signal despite maximum
charging flow, and the proportional and back-up heaters
being fully on. The pressurizer heaters are turned off when
the pressurizer level drops below 17%.

The turbine trip and following feedwater pump trip causes
an increase in steam generator pressure and a rapid drop in
steam generator water level. The water levels in PZR and
steam generators are shown in Figs 6 to 8. The decrease in
SG level generates the auxiliary feedwater actuation sig-
nal. The turbine driven auxiliary feedwater is supplied
immediately. The motor driven auxiliary feedwater is sup-
plied with a small time delay needed for pump loading.
After some time, due to the reactor trip and actuation of
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Figure 3: Primary and secondary system pressures. Single U-tube
break at the top of the hot-leg side tubesheet.

Figure 4: Primary and secondary system pressures. Rupture of three
U-tubes at the top of the hot-leg side tubesheet.

the SIS (Safety Injection System), steam generation at the
steam generator secondary side decreases and the water
level starts to rise again.

The auxiliary feedwater is supplied to SGs until the nar-
row range water level reaches 8%. The main steam iso-
lation valve is automatically closed on a high-level sig-
nal in the affected steam generator. After the MSIV
(Main Steam Isolation Valve) is closed, the secondary sys-
tem pressure increases and reaches the MSIV opening set
point. Fig. 9 shows the steam flow rate through the PORV
(Power-Operated Relief Valve) on the affected SG.
The presented results relate to approximately the first 30
minutes of the transients. After this time operator ac-
tion is necessary. Operator action consists of the further
cooldown of the RCS using the intact SGs and depressur-
ization of the primary system pressure using either pres-

Figure 5: Primary and secondary system pressures. Rupture of six
U-tubes at the top of the hot-leg side tubesheet.

Figure 6: Collapsed water level in pressurizer and steam generators.
Single U-tube break at the top of the hot-leg side tubesheet

surizer spray or pressurizer PORV to terminate the SI in-
jection and stop the primary-to-secondary break flow.
The results shown in Figs 3 through 9 are very similar
to results presented in [11] for the simulation of multiple
steam generator rupture under similar assumptions, i.e.,
the offsite power as well as all reactor control and protec-
tion systems are fully available during the transient, and
there is no operator action. The results are also similar to
results of single [12] and multiple [13] SGTR simulations
for initial periods of the transients until operator interven-
tion.

3.2. Effects of the Number of Ruptured Tubes (Break Size)
and Rupture Position.

The higher the number of ruptured U-tubes, the larger the
primary-to-secondary break flow. Fig. 10 shows the break
flow into the secondary system for one, three, and six
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Figure 7: Collapsed water level in pressurizer and steam generators.
Rupture of three U-tubes at the top of the hot-leg side tubesheet.

Figure 8: Collapsed water level in pressurizer and steam generators.
Rupture of six U-tubes at the top of the hot-leg side tubesheet.

ruptured tubes at different break locations. For the tube
rupture model used in the calculations the initial pressure
difference between the primary and secondary systems is
not sufficient to result in critical flow, and the break flow
is a pressure difference driven flow during the entire tran-
sient. The largest temporary break flow rate as well as
the integrated outflow mass occurs for the break at the top
of the cold-leg side tubesheet, where the primary coolant
density is the greatest.

Fig. 10 shows the break and SI integrated flow masses
for the break at U-bend.

The larger break flow results in faster depressurization
of the primary system, and in turn, in earlier reactor and
turbine trip, and SIS actuation. Figs 12 and 13 show the
influence of the number of broken tubes on the SI actua-

Figure 9: Steam flow rate through PORV on the affected SG.

Figure 10: Mass flow break for one, three and six U-tubes at the top of
the hot-leg side tubesheet.

tion and MSIV isolation times.

4. Conclusions

The SGTR event is the most common cause of radioactive
leakage from the primary to the secondary side and a fairly
frequent cause of reactor shutdown.

This paper presents the results of analysis of the single
and multiple SGTR events, using RELAP5/Mod3.3. The
calculations were performed for a typical 3-loop PWR
of Westinghouse design with the classical FSAR assump-
tions of no operator action for the first 30 minutes of an
accident.

The results obtained are very similar to results pre-
sented in available literature concerning simulations of
single and multiple steam generator ruptures with similar
assumptions.
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Figure 11: Integrated break and SI flow masses. Rupture of one, three,
and six U-tubes at the top of the hot-leg side tubesheet.

Figure 12: SI actuation time vs. number of ruptured tubes.

Direct rupture modeling is used from the pipe repre-
senting all the SG U-tubes to the secondary side with two
valve junctions. This is the most conservative approach
used for most FSAR calculations, due to the pipe rep-
resenting the whole package of U-tubes maintaining the
same pressure as the rest of the primary system.

The number of ruptured U-tubes has a major impact
on the primary-to-secondary break mass flow rate. How-
ever, for the applied tube rupture model the influence of
the locations of the breaks on the primary-to-secondary
break mass flow is insignificant. The largest break flow
rate occurred for the break at the top of the cold-leg side
tubesheet, where the primary coolant density is the great-
est.
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