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ABSTRACT

The integrity of reactor pressure vessels (RPVs) of nuclear power plants is one of the most important
topics in the field of nuclear energy production. Therefore, the integrity of RPVs has to be assessed for
normal operation as well as for emergency transients. A critical transient concerning the RPV integ-
rity is the emergency cooling of a pressurized water reactor, initiated by a leak in the hot leg. Such
shock-like cooling in combination with the pressure, the so-called pressurized thermal shock (PTS),
causes high thermal stresses in the RPV wall and stress intensities of pre-existing cracks which could
exceed the remaining fracture toughness of the material, which is additionally embrittled due to neutron
irradiation. This may result in a cleavage fracture of the most safety relevant reactor component.

We present a PTS study of a reference reactor, starting with the calculation of the thermal-hydrau-
lic system behaviour, followed by the simulation of the cold water temperature injection and mixing
by means of computational fluid dynamics (CFD) method and the subsequent structural and fracture
mechanics calculation. In the safety assessment, we compare the evolution of the stress intensity factors
(SIF) during an emergency cooling transient with the fracture toughness at the tip of postulated cracks.
Results and open questions will be discussed in the light of a realistic estimation of safety margins.
Keywords: computational fluid dynamics, finite element method, fracture mechanics, pressurized
thermal shock, reactor pressure vessel, RELAPS.

1 INTRODUCTION

The fission of atoms in nuclear power plants (NPPs) is a very efficient and clean way (no CO,
emission) of energy production. In Switzerland, 40% of the electricity is produced in NPPs.
However, the drawback is the potential threat to contaminate the environment with radioac-
tive fallout in case of an extreme but rare hazard as occurred in Chernobyl in 1986 and
Fukushima in 2011. Such hazards may be initiated by external impact on the NPP, examples
are flooding, earthquakes, fire, airplane crash or terrorist attack. Beside external hazards, a
release of nuclear material could also be initiated by internal cause. Such a reason would be
the brittle failure of the reactor pressure vessel (RPV), which is the most important safety
barrier for the nuclear fuel, e.g., caused by a so-called pressurized thermal shock (PTS).
Therefore, the RPV has to be assured against its failure by means of a reliable safety assess-
ment. In particular, RPVs have to be assured against a PTS, caused by urgent injection of
emergency cooling water, initiated by a potential leak in the hot leg of the coolant loop. The
hereby shock-like cooling of the inner RPV wall induces high stresses in it. These thermal
stresses are superimposed to those resulting from internal pressure.

A safety assessment in a PTS analysis aims to confirm the integrity of the RPV even in the
presence of cracks in its weakest region, which is mostly achieved by applying fracture
mechanics (FM) methods. It is important that in such analyses also the ageing of the material
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is taken into account. Ageing of RPV steels in form of embrittlement due to neutron irradiation
is a well-known mechanism.

In principle, two different approaches of FM are applied for the integrity assessment of
nuclear components, namely deterministic and probabilistic ones [1]. In a deterministic
integrity analysis, as applied in European countries, all involved parameters are treated as
fixed conservative or best estimate values. The result of the analysis (e.g. the stress intensity
factor (SIF) K, of postulated cracks) is then compared with an admissible value, which nor-
mally is a critical material property (e.g. fracture toughness K| ) divided with an appropriate
safety factor. A component is regarded as safe if the calculated SIF K, is smaller than the
admissible SIF, the fracture toughness K. that is a material property.

In a probabilistic analysis, the concerning parameters are considered as dispersed follow-
ing a certain distribution function. In a Monte Carlo (MC) calculation the random parameters
are varied and thousands of deterministic analyses are performed, whereas the results are
judged either as safe or unsafe (K< K- or K; >K,.). The probability for a component failure
is simply the ratio between the unsafe results and the total number of calculations.

The complete integrity analysis involves several numerical methods. In a first step, the
system behaviour of the cooling transient has to be simulated in order to get the time-depend-
ent pressure and temperatures at the inner wall of the RPV for the whole transient. This can
be done with the system code RELAPS. However, RELAPS calculates axisymmetric temper-
ature distribution only and does not consider local cooling caused by the so-called cooling
plumes, which are developed below the inlet nozzles of the cold leg. To calculate more
detailed temperature fields by considering the mixing of cold and hot water and local cooling
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Figure 1: Interplay of the numerical tools for an integrity assessment of a RPV subjected to
PTS loading.
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effects, computational fluid dynamics (CFD) simulations are performed to provide full
three-dimensional temperature fields in the RPV. These temperatures are needed as input in
the FM calculations. An alternative approximate approach to consider the local effect of
cooling plumes is realized using the code GRS-MIX [2]. This code is based on an empirical
model that allows the calculation of local heat transfer coefficients (HTC) and temperatures
based on antecedent RELAPS calculations to provide the boundary conditions for the com-
putation of stresses.

Structural and FM calculations are mostly performed by means of the finite element
method (FEM). However, if the loading conditions and geometry are very simple, FM calcu-
lations can be performed with the code FAVOR [3]. This code is based on analytical formulas
for the calculation of SIFs of cracks in axi-symmetrically loaded cylinders. The code is
designed as a probabilistic tool that allows calculating also probabilities for crack initiation
and RPV failure by means of MC simulations.

Figure 1 illustrates the interplay between the numerical models. Note that RELAP5 does
not consider cooling plumes and only provides axisymmetric results, whereas CFD and
GRS-MIX consider the local cooling effect of the cold plume. The FEM and XFEM provide
full 3D stress-strain fields and SIFs, whereas FAVOR calculations result in deterministic SIFs
and in probabilities for crack initiation and RPV failure. FAVOR results are based on an
axisymmetric model of the RPV in the core region.

In the following, a deterministic analysis of a reference case is presented.

2 SYSTEM ANALYSIS OF A MODEL REACTOR
We analyse the thermal-hydraulic system behaviour of a reference two-loop pressurized
water reactor (PWR) assuming break leaks of different sizes in one of the hot leg. Figure 2
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Figure 2: RELAPS nodalization of a reference two-loop PWR.
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Figure 3: System pressure evolution during different PTS transients.

shows details of the nodalization for the adopted PWR reference design. The two accumula-
tors (Acc) A and B are available to inject cooling water at 10°C as soon as the reactor coolant
system (RCS) pressure is low enough, that is, below 5 MPa. The break is assumed to occur in
the hot leg of Loop A, which is the loop without the pressurizer.

For long-term high pressure safety injection, two different safety injection systems
(JSIA&B and JSID) inject 30°C water into each cold leg when RCS pressure is below about
10 MPa, they become available 4s after RCS low pressure signal at 12 MPa. The reactor
scrams from 100% power at start of the transient. The main reactor coolant pumps trip off and
begin 45 second coast down at the start of the transient.

In the thermal-hydraulic calculations with the system code RELAPS, the following break
sizes given in cm? in the hot leg were postulated: 3, 10, 20, 40, 60, 70, 80, 200, 450, 1,000,
3,832, 2 x 3,832 (double guillotine break). Note that the 3 cm? break leak is hereafter named
in this work as small break loss-of-coolant accident (SBLOCA) and the 70 cm? leak as
medium break loss-of-coolant accident (MBLOCA).

The primary output variables from the RELAPS calculations are: reactor system pressure
shown in Fig. 3, primary coolant temperature shown in Fig. 4, and the heat transfer coeffi-
cients (HTC) between the primary coolant and the RPV inner wall in the downcomer at core
height shown in Fig. 5, the mass flow rate of all injected emergency cooling systems (ECCS)
including JSIAB, JSID) and in both accumulators, shown in Fig. 6, the void fractions in the
downcomer and the mass flow rate of primary reactor coolant system in each loop.

These results are used as initial and boundary condition input for the CFD calculation and
for the deterministic and probabilistic fracture mechanics calculations of K| with the code
FAVOR.

3 COMPUTATIONAL FLUID DYNAMICS SIMULATION
The knowledge of pressure, water temperature and heat transfer coefficient between water
and RPV wall, calculated by RELAPS, is in principle sufficient for calculating the impact on
the RPV. Actually, many PTS integrity analyses rely on these parameters. However, these
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Figure 4: Water temperature at the inner wall in the downcomer at core height for different
PTS transients.
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Figure 5: Heat transfer coefficient at the inner wall in the downcomer at core height for
different PTS transients.

results from RELAPS are averaged and axisymmetric values and are not considering local
cooling due to cold water plumes, which are formed when the mixed/cold water flows down
from the inlet nozzles under the effect of gravity towards the bottom region of the RPV. For
amore realistic calculation of local stresses, it should be taken into account that the emergency
cooling does not act homogeneously on the RPV, but will enforce the cooling locally, result-
ing there in higher stresses. Nowadays CFD allows to realistically simulating the formation
of such cooling plumes, although the computational effort is still large.

In order to realistically predict the thermal mixing in the cold leg and the effect of the
plume cooling in the downcomer, CFD simulations are performed to simulate the three-
dimensional behaviour of the PTS transients in the RPV. The results from RELAPS analyses
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Figure 6: ECCS mass flow rates into cold leg B for high pressure injection pumps A and B
combined (JSIA&B) and pump D (JSID) and the Acc B for the 3 and 70 cm? leak
PTS transients.
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Figure 7: CFD model of the reference RPV.

for SBLOCA of 3 cm? and the MBLOCA of 70 cm?in the hot leg are used to define the initial
and boundary conditions for the CFD simulations. The CFD model shown in Fig. 7 considers
all relevant geometry details of the RPV which have impact on the predictions and a struc-
tured mesh, following the best practice guidelines for application of CFD in nuclear safety
analyses [4], was constructed as shown in Fig. 8. Mesh sensitivity study was performed
showing insignificant change of the results with change of the mesh refinement.

As the CFD simulations require substantial computational resources, the simulations were
performed in the most relevant time window of the SBLOCA and MBLOCA transients. The
origin of the time window for the simulations was selected at the time when the flow rate in
the loops approaches zero. Simulating the initial part of the transient with high flow rate in
the loops would enhance mixing between the two streams, resulting in temperature gradients
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which are too small to create significant stresses in the RPV walls. For the SBLOCA case, the
ECC injection is accomplished by the high pressure Safety Injection Pumps (SIP) with a
mass flow rate of about 12 kg/s while the accumulator remain inactive because the pressure
of the system stabilizes at a high value of 9.8 MPa. On the other hand, for the MBLOCA both
the SIPs (80 kg/s) and accumulator (200 kg/s) in loop B are available to provide the ECC
water. The CFD simulations were conducted for about 2,500 s for SBLOCA and 800 s for the
MBLOCA case. The results of temperature distributions in the RPV wall were interpolated
for the FM analyses.

Table 1 presents different boundary conditions for the CFD simulation of a 70 cm? break
in the hot leg. Three cases were calculated, a asymmetric case I in which only one accumula-
tor injects water into loop B, a symmetric case II in which water is injected in both loops A
and B and a two-phase case III which considers the phases water and steam with a void
fraction of 0.5.

In Table 2, the boundary conditions used for the calculation of a small break with a size of
3 cm? in the hot leg are shown. Note that in this case no accumulators are active.

Snapshots of the calculated temperature distributions at the inner RPV wall are shown in
Fig. 9 for the SBLOCA at time t = 118 and in Fig. 10 for the MBLOC case at t = 29 seconds.
For the SBLOCA case, thermal stratification prevails in the cold leg due to the low ECC

Table 1: Boundary conditions used in calculation of the MBLOCA.

CASE1 CASEII CASE III

LoopA LoopB LoopA LoopB LoopA LoopB

Accumulator, m [kg/s] 0 200 200 200 0 200
SIP, m [kg/s] 80 80 80 80 80 80
Accumulator, T [K] 283 283 283 283 283 283
SIP, T [K] 303 303 303 303 303 303
Cold leg, m [kg/s] 0 0 0 0 0 0
Initial pressure [bar] 69 69

Initial temperature [K] 558 558

Void fraction [-] 0 0.5

Table. 2: Boundary conditions used in calculation of the SBLOCA.

CASE1
Loop A Loop B

Accumulator, m [kgfs] 0 0
SIP, m [kg/s] 12 12
SIP, T [K] 303 30
Cold leg, m [kg/s] 0 0
Initial pressure [bar] 98

Initial temperature [K] 470

Void fraction [-] 0
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Figure 8: Structured mesh of the RPV for CFD.

Tomparatusm

470.0
461.2
4524
436
4348
426.1
4173
4085

a7
3909
3|21
a7raa
345
3557
69
332
3294
3206
ana

303.0

Figure 9: Temperture distribution at the inner RPV wall for the SBLOCA att= 118 s.

Temperature K]
558.00
54353
520.05
51458
500.11
485.63
anag
456.68
aaz2n
42774
41326
20879
384.92
265.84

Figure 10: Temperture distribution at the inner RPV wall for the MBLOCA att=29s.

injection flow rate, while for the increased mass flow rate case (MBLOCA) the interface
moves towards the cold leg inlet nozzle. Figures 9 and 10 show the development of the cool-
ing plume and the importance of three-dimensional representation of the adopted models to
study the PTS phenomenon.
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The CFD simulations showed a pronounced dynamic behaviour of the cooling plume with
large temperature differences (AT of about 100°C with a frequency of about 0.166 Hz) for the
MBLOCA. The largest temperature shock of about 230°C appears 1 meter below the inlet.
Symmetric cooling (loop A and B) results in a faster mixing of the cool water with the hot
water, whereas unilateral cooling lead to a more stable cooling plume. Two-phase flow results
in a larger thermal shock than the corresponding single-phase case.

4 STRUCTURAL MECHANICS CALCULATION
The integrity analysis of the RPV, subjected to PTS transients ranging from 3 to 3,832 cm?
leaks are studied by the FAVOR code, based on temperatures and HTC evaluated by RELAPS
and as well by GRS-MIX. Additionally, FM analysis for the SBLOCA and MBLOCA were
performed by means of the FEM based on the temperatures and HTC calculated by CFD.

The material properties used in the structural mechanics calculations are given in Table 3.
In PTS analyses, it is common practice to start the calculation at operating conditions (17
MPa, 288°C) and to assume that the RPV is stress free at this temperature. Since the mean
thermal expansion coefficients given in Table 3 are temperature dependent, special attention
has to be paid to their proper use [5].

Figure 11 shows the ring models with the temperatures calculated by CFD and the resulting
radial (c,,), angular (G,,) and axial stresses (G,,) for a certain time, calculated by the FEM.
Similar values for circumferential and axial stresses can be observed, whereas radial stresses
are almost zero and can be neglected. The localized and asymmetric stress distribution result-
ing from the moving cooling plume shows the importance of three-dimensional CFD analyses.

Temperature
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4207350402
+2.621e+02
+ 02

Core Ring Finite Element Model.
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Figure 11: Example of temperature and stress effect of the plume on the inner RPV wall after
351 seconds (MLOCA).
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Table 3: Material properties for structural mechanics calculation.

Temperature [°C] 0 20 100 200 300 400
Elastic Modulus [GPa] 206 206 199 190 181 172
Mean linear thermal expansion 103 103 11.1 12.1 129 135
coefficient [10° C]

Thermal conductivity [W/(m K)] 444 444 444 432 41.8 394
Specific heat capacity [J/(Kg K)] 450 450 490 520 560 610
Density [103 Kg/m3] 76 16 16 16 76 16
Poisson’s ratio 03 03 03 03 03 03

Axial crack mesh Crack tip mesh

Figure 12: Finite element model of an axial and circumferential crack.

The detailed analysis of the transient stress field allows the evaluation of critical locations for
the postulation of cracks used in the subsequent FM analysis.

In the integrity assessment, an axial surface crack with depth of 17 mm and aspect
ratio (length/depth) of 6 is assumed in the most embrittled core region of the RPV.
Note that 17 mm equals to 1/10 of the vessel wall thickness and corresponds to two
times the nondestructive detection limit. Figure 12 shows the FEM mesh of the axial
and circumferential crack. These cracks were considered in a local ring model of the
RPV’s core region.

The transient pressure acting on the inner surface of the RPV is also considered in the
stress calculation. The resulting axial and circumferential stresses are superimposed on the
thermal stresses.

SIFs for the whole transient time are evaluated for the postulated crack. The comparison of
mode I SIF K| with K, (the limiting value given for Swiss NPPs by [6]) is shown in Figs
13-15.

Figure 13 shows the SIF versus crack tip temperature calculated by FAVOR and based on
temperatures calculated with RELAPS, meaning that plume cooling is neglected. The results
are compared with those for SBLOCA and MBLOCA based on temperatures calculated by
GRS-MIX (considering plume cooling). In Fig. 14, the SIF vs. crack tip temperatures based
on GRS-MIX of all transients are summarized. It is seen that the curves are shifted to lower
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temperatures, meaning that safety margin is reduced. For most of the transients, K, is higher
than K;, meaning that no crack initiation will occur. However, during the MBLOCA transient,
K, is higher than K, for a large part of the time. Thus, with regard to crack initiation,
MBLOCA is the most critical transient. In addition to the MBLOCA transient, the transients
due to 10 cm?, 20 cm? and 1,000 cm? leak breaks may also lead to the initiation of the axial
surface crack (a = 17 mm). Therefore, the critical transients concerning crack initiation are
MBLOCA, 10 cm?, 20 cm? and 1,000 cm? leak break transients.

Finally, Fig. 15 shows the resulting SIF based on temperatures evaluated by means of CFD
simulations. The observed peak values for K; are about 40% higher than the values that are
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Figure 13: SIFs for a 17 mm deep axial surface crack in the core region of the RPV due to
different sizes of breaks in the hot leg, based on temperatures from RELAPS.
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Figure 15: SIFs for a 17 mm deep axial surface crack in the core region of the RPV by
considering plume cooling for a MBLOCA. Temperatures based on CFD.

based on temperatures from axisymmetric models (RELAPS). This tendency is also observed
in the results from GRS-MIX. It should be noted that GRS-MIX results are based on empir-
ical correlations whose accuracy are influenced by changes in the geometry and operating
conditions. Also it requires input boundary conditions for temperatures of the recirculated
flow and outside the plume which are approximated based on one-dimensional analyses from
RELAPS. A significant difference between the K, of cracks inside, outside and at the border
of the plume is observed. Further, it is seen that for cracks inside the cooling plume no safety
margins exist with respect to the K curve.

5 CONCLUSIONS

The impact of a PTS on the structural integrity of a RPV was demonstrated. For this pur-
pose, a spectrum of PTS transients, initiated by different postulated leak sizes in the hot
leg of a two-loop PWR, was simulated with RELAPS, GRS-MIX, and CFD. Whereas
RELAPS and GRS-MIX provide stable temperature fields, the CFD simulations showed a
pronounced dynamic behaviour of the cooling plume with large temperature differences
(about 100°C and ~0.166 Hz). The largest temperature shock of about 230°C appears 1
meter below the inlet nozzle. Symmetric cooling (loop A and B) results in a faster mixing
of the cool water with the hot water, whereas unilateral cooling lead to a more stable cool-
ing plume.

The comparison of corresponding stress intensities at the crack tip of postulated cracks,
based on different thermal-hydraulic tools, showed large differences. It was shown that CFD
followed by 3D FEM structural mechanics calculations are necessary for a more realistic
evaluation of the inhomogeneous load, that is, by fluctuating cooling plumes. Peak K, of the
cracks inside the plume increases about 33% compared with that outside. Furthermore, the
analyses have shown that GRS-MIX is an appropriate tool for describing the plume cooling,
as long as its verified application range is respected.

The analyses of the transients allowed evaluating the most critical ones, which are
MBLOCA, 10 cm?, 20 cm? and 1,000 cm? leak break transients. Due to these transients,
crack initiation may occur if certain cracks exist in the most embrittled part of the RPV. For
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these critical cases the integrity should be assessed by additional crack growth and arrest
analyses. The appropriate tool for the latter is 3D-FEM simulations based on temperatures
calculated with CFD.

However, there are open questions, that is, the influence of two-phase flow conditions in
three-dimensional CFD calculations on the integrity of the RPV is not yet clear, other
scenarios than the described ones are not yet analysed, neither operator failure leading to
re-pressurization or other effects.
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