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A Numerical Analysis on Thermal Stratification Phenomenon
by In-Leakage in a Branch Piping

Jong-11 Park*
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Thermal stratification in the branch piping of power plants can be generated by turbulent
penetration or by valve leakage. In this study, a numerical analysis was performed to estimate
the thermal stratification phenomenon by in-leakage in the SIS branch piping of nuclear power
plant. Leakage rate, leakage area and leakage location were selected as evaluation factors to
investigate the thermal stratification effect. As a result of the thermal stratification effect accord-
ing to leakage rate, the maximum temperature difference between top and bottom of the hori-
zontal piping was evaluated to be about 185K when the valve leakage rate was about 10 times
as much as the allowed leakage rate. For leakage rate more than 10 times the allowed leakage
rate, the temperature difference was rapidly decreased due to the increased mixing effect. In the
result according to leakage area, the magnitude of temperature difference was shown in order of
3%, 1% and 5% leakage area of the total disk area. In the thermal stratification effect, according
to the leakage location, temperature difference when leakage occurred in the lower disk was

considerably higher than that of when leakage occurred in the upper disk.
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Nomenclature
. Specific heat
. Hydraulic diameter

. Acceleration of gravity

. Turbulent kinetic energy

. Thermal conductivity

. Temperature

. Component of velocity

. Coefficient of thermal expansion

. Dissipation of turbulent kinetic energy

. Coefficient of viscosity

. Coefficient of turbulent viscosity

. Density

Ot, Ok, Oc . Turbulent Prandtl number for T, &, €
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1. Introduction

As more experience is accumulated in the op-
eration of existing power plants, the long term
effects of thermal-hydraulic phenomenon, not
considered in the original designs, are being ob-
served. One such phenomenon is thermal strati-
fication, which has caused through-wall cracks,
thermal fatigue, unexpected piping displacements
and pipe support damage. Thermal stratification
is a phenomenon that arises as temperature lay-
ers are formed due to the density difference be-
tween hot and cold water (EPRI, 1994 ; Roarty
et al., 1994). Thermal stratification, because of
its potential impact upon plant operations, has
become a significant concern for nuclear power
plants.

It has been reported that the thermal stratifi-
cation phenomena in nuclear power plants are
mainly observed in the pressurizer surge line, feed
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water system line, safety injection system (SIS)
line, residual heat removal system line (or shut-
down cooling system line), and chemical and
volume control system line during the design
transients (CEOG Owners Group, 1996 ; NRC,
1979, 1988, 1998). USNRC Bulletin 88~08 re-
quires evaluating the thermal stratification effects
for the main piping in nuclear power plants that
are expected to experience thermal stratification
using analytic evaluation, design improvement,
or ultrasonic testing (NRC, 1998). In Korea, the
evaluation studies for these piping have been
actively carried out according to the recommen-
dation of a regulatory body (KEPRI & KOPEC,
1999 ; Ahn 1996a, 1996b ; Park et al., 2001 ; Youm
et al., 2000).

Thermal stratification can be generated by tur-
bulent penetration. Turbulent penetration results
in forced secondary flow in an otherwise stagnant
branch line due to the RCS (reactor coolant sys-
tem) flow (Kim, 1993). The relative magnitude
and type of flow in the branch is related with the
distance from the RCS. Also, thermal stratifi-
cation can be generated by valve leakage. The
leakage path is divided into in-leakage and out-
leakage. In-leakage is that the source of leakage
is a system with a greater operating pressure than
the pressure of the pipe section being evaluated.
One case in a PWR (pressurized water teactor)
design is a charging system which is sometimes
connected to an isolated system such as the SIS
(safety injection system).

In this study, a numerical analysis was per-
formed to estimate the thermal stratification phe-
nomenon by in-leakage in the SIS branch pip-
ing connected to the RCS piping. Leakage rate,
leakage area and leakage location were selected
as evaluation factors to investigate the thermal
stratification effect.

2. Model Description

2.1 Analysis scope

The schematic diagram of the SIS piping in-
cluding the RCS piping is shown in Fig. 1. The
SIS piping is connected to the RCS cold leg. The
SIS supplies cold boric acid water to secure the

et Valve

Fig. 1

The schematic diagram on the SIS piping
connected to the RCS piping

core cooling and the shutdown margin during an
accident. Because all valves in the SIS pipings
are closed during normal or startup operating
condition, fluid in the SIS piping is usually sta-
gnated. Thus, it is possible that thermal stratifi-
cation results from turbulent penetration or valve
leakage. In case of accidents by foreign nuclear
power plants due to the leakage, these accidents
mainly result from in-leakage. It has been report-
ed that the region of damage mostly appears in
the elbow between the RCS piping and the 1
valve of the SIS piping (EPRI, 2000).

A numerical analysis is performed to evaluate
thermal stratification for the SIS piping when
leakage path occurs through the first valve from
the SIS to the RCS. The scope of analysis is from
the first valve of the SIS piping to the cold leg
because the forced secondary flow by the shearing
effects of the RCS flow has to be considered. The
inner diameter of the RCS cold leg piping is
0.7m (27.5”). The nominal diameter of the SIS
piping is 0.15m (6”) of schedule 160.

2.2 Governing equations

Steady, incompressible and three dimensional
conservation equations are used as governing
equations for the thermal flow analysis. The stand:
ard k-& model is used for the turbulent model
and the Boussinesq’s approximation is applied
for the buoyancy effects. Assuming that the pro-
perties of all fluids and solids are constant un-
der given temperature and pressure, the governing
equations are as follows ;
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where, the coefficient, source term, and turbulent
constants are as follows ;
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2.3 Numerical schemes

The Fluent 5.5 code is used to analyze the ther-
mal stratification resulting from the in-leakage
in the SIS piping. The pressure field at each
cell is calculated by SIMPLE algorithm and the
convection term is determined by the upwind
scheme. The convergence criteria are that residu-
al is less than 1.0 107° for continuity and 1.0X
1077 for momentum, energy and turbulence. To
improve the convergence, the under-relaxation
factors on pressure, temperature, velocity, and tur-
bulent terms were applied.

2.4 Boundary conditions
The grid system is shown in Fig. 2 and the

Fig. 2 Grid Systems

number of cells is 86,638. The valve leakage loca-
tion is assumed to be in the bottom of the valve
disk excepting the analysis for the influence of
leakage location. The allowed leakage rate pro-
vided by the leak-test for this valve is used as the
minimum leakage rate and the value is 0.0136
kg/s. Leakage area is assumed to be 3% of total
disk area. The design temperature condition is
used for boundary condition. The design temper-
ature of the SIS and the RCS is 322K and 546K,
respectively. The piping material is assumed to be
SA 304.

3. Results and discussions

Figure 3 shows the vector plots and the streak
lines from leakage inlet for 15 times leakage rate
of the allowed leakage rate. Due to the turbulent
penetration from the RCS piping, a strong up-
ward flow is generated near the connection be-
tween the SIS piping and the RCS cold leg. At
this time, the length of turbulent penetration from
the RCS reaches the middle of the elbow but does
not reach the horizontal piping. Therefore, strati-
fication is stably generated in the horizontal
piping. The hot and cold fluids are mixed around
the weldment between the elbow and the vertical
piping. The counter flow is formed in the vertical
piping as shown in Fig 3. This is due to the
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Fig. 3 Vector plots and streak lines

leakage flow to the RCS piping and penetration
flow from the RCS piping. In the streak lines,
it is observed that a part of leakage flow turns
upward along with the penetration flow from the
RCS piping.

3.1 Influence of the leakage rate

Figures 4, 5 and 6 show the temperature distri-
butions in the SIS piping when the valve leakage
rate is 1, 10, and 25 times of the allowed leakage
rate, respectively.

For the allowed valve leakage rate, the temper-
ature distributions of the SIS piping are showed
in Fig. 4. The cold leakage fluid flows along with
the lower of the horizontal piping, and is merged
into the hot penetration fluid induced by the RCS
flow in the front of elbow. When the leakage rate
is increased to 10 times, the cold leakage flow
reaches the elbow and the flow is mixed into the
hot water of the vertical piping as shown in Fig.
5. When the leakage rate is increased to 25 times,
as shown in Fig. 6, the cold leakage flow reaches
the elbow and the flow is mixed into hot water of
the vertical piping. The temperature difference
between the top and bottom of piping is decreased
because of thermal mixing effects in the horizon-
tal piping.

In order to evaluate the effect of thermal strati-
fication with the variations of leakage rate, a
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Fig. 4 Temperature distributions for the allowed

leakage rate

number of case studies were performed. Leakage
rate was assumed to be increased from the allow-
ed leakage rate to 100 times the allowed leakage
rate to the maximum. The locations of point 1
(valve weldment) and point 2 (elbow weldment)
for temperature estimation are shown in Fig. 7.
Fig. 8 shows the inner wall temperature difference
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Fig. 5 Temperature distributions for 10 times of the
allowed leakage rate

between top and bottom at the point 1 and point
2 versus leakage rate. Up to 10 times the allowed
leakage, the temperature difference at point 1 is
rapidly increased with the leakage rate increment.
However, the temperature difference is decreased
of over 10 times the allowed leakage rate because
of the increased mixing effect of the leakage flow.
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Fig. 6 Temperature distributions for 25 times of the

allowed leakage rate

On the other hand, the temperature difference at
point 2 is rapidly increased with the leakage rate
increment up to 15 times the allowed leakage rate.

3.2 Influence of the leakage area
Figure 9 shows the temperature difference at
point 1 and 2 in the SIS piping when the valve
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Fig. 8 Inner wall temperature difference between top
and bottom versus leakage rate
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Fig. 9 Inner wall temperature difference between top
and bottom versus leakage area

leakage area is 1%, 3% and 5% of total disk area.
Leakage rate was assumed to be 10 times the al-
lowed leakage rate. In the results, the temperature
difference in the case of the 1% and 5% leakage
area are lower than that in the case of 3% leak-
age area. In particular, the result of 5% leakage
area shows that the temperature difference of
point 2 is higher than that of point 1. The magni-
tude of temperature difference is shown in order
of 3%, 1% and 5%. Fig. 10 shows the temperature
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Fig. 10 Temperature distributions in the case of 1%
and 5% leakage area of disk area
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distribution in the middle sectional area of the
SIS piping to evaluate the effect of thermal strati-
fication according to the variations of leakage
area. Fig. 10(a) is the result of 1% leakage area
and Fig. 10(b) is the result of 5% leakage area.
The results of 1% and 5% leak age area show a
weak thermal stratification effect compared with
the result of 3% leakage area showed in the Fig.
5. The contour shape in the case of 1% leakage
area is similar with the contour shape showed in
Fig. 6, the result when leakage rate is increased.
This is probably because of the increase of leak-
age velocity due to the decease of leakage area.
Also, the decrease of thermal stratification in the
5% leakage area is probably because the region
of the lower temperature is extended due to the
increase of leakage area.

3.3 Influence of the leakage location

In this section, thermal stratification effect ac-
cording to the leakage location is investigated.
Fig. 11 is the result of temperature difference at
point 1 and 2, in case the valve leakage occurs in
the upper disk and the lower disk, respectively.
Leakage area is 3% of disk area and leakage rate
is 10 times the allowed leakage. In point 1, tem-
perature difference when leakage occurs in the
lower disk is 4.6 times higher than that of when
leakage occurs in the upper of disk. In the point
2, temperature difference when leakage occurs
in the lower of disk is 2.8 times higher than that
of when leakage occurs in the upper disk. Fig.
12 shows temperature distribution in the middie
sectional area when valve leakage occurs in the
upper disk. The result shows temperature differ-
ence is considerably decreased compared with
Fig. 5 when leakage occurs in the lower disk. This
is because the mixing effect is increased due to
the buoyancy effect.

4. Conclusions

In this study, a numerical analysis was per-
formed to estimate thermal stratification phenom-
enon by in-leakage in the branch piping. Leak-
age rate, leakage area and leakage location were
selected as evaluation factors to investigate the
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age occurs in the upper of disk

thermal stratification effect.

The temperature difference between the top and
bottom of horizontal piping is different from the
leakage rate even if leakage area is the same. The
temperature difference is evaluated less than 50K
for the allowed leakage. The maximum tempera-
ture difference is about 185K at the valve weld-
ment when the leakage rate is 10 times of the
allowed leakage rate. For leakage rate more than
10 times the allowed leakage rate, the tempera-
ture difference is rapidly decreased due to the
increased mixing effect in the horizontal piping.
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The temperature difference between the top
and the bottom of horizontal piping is different
with the leakage area even if leakage rate is same.
As a result of temperature difference according
to 1%, 3% and 5% leakage area of total disk
area, the temperature difference in the case of the
1% and 5% leakage area are lower than that in
the case of 3% leakage area. The magnitude of
temperature difference is shown in order of 3%,
1% and 5%.

In the thermal stratification effect according to
the leakage location, temperature difference when
leakage occurs in the lower disk is considerably
higher than that of when leakage occurs in the
upper disk.
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