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ABSTRACT: In the nuclear power plant, emergency core coolant system (ECCS) is furnished
at reactor coolant system (RCS) in order to cool down high temperature water in case of
emergency. However, in this coolant system, thermal stratification phenomenon can occur due
to coolant leaking in the check valve. The thermal stratification produces excessive thermal
stresses at the pipe wall so as to yield thermal fatigue crack (TFC) accident. In the present
study, effects of turbulence penetration on the thermal stratification into T-branches with
square cross-section in the modeled ECCS are analysed numerically. Standard #— & model is
employed to calculate the Reynolds stresses in momentum equations. Results show that the
length and strength of thermal stratification are primarily affected by the leak flow rate of
coolant and the Reynolds number of duct. Turbulence penetration into the T-branch of ECCS
shows two counteracting effects on the thermal stratification. Heat transport by turbulence
penetration from main duct to leaking flow region may enhance thermal stratification while
the turbulent diffusion may weaken it.
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Ay - area tensor Re : Reynolds number
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u;u; - Reynolds stress tensor
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Greek symbols

B . thermal expansion coefficient

I'"  : diffusion rate tensor

£ . dissipation rate of turbulent kinetic
energy

u . viscosity

Uy : turbulent viscosity

&' : general coordinate

0 . density

Oy, 0; : turbulent Prandtl number

Subscripts
k . turbulence kinetic energy
m * bulk mean

nb  : neighbor point
1. Introduction

On the horizontal part of T-branch in the
emergency core coolant system (ECCS) of nu-
clear reactor, thermal stratification phenomenon
can occurr by coolant leaking in the check
valve."V
fication and cycling produce excessive thermal
stresses on the T-branch to lead to fatigue
crack” On December 9, 1987, while nuclear
reactor Farley 2 was operating, the licensee
noted increased moisture and radioactivity with-

Continuing existence of thermal strati-

in containment. The source of leakage was a
circumferential crack extending through the wall
of a short, unisolable section of ECCS piping
that is connected to the cold leg of loop in the
RCS. On June 18, 1983, same kind of event
occurred at the Tihange 1, Westing House-type,
pressured-water reactor. Examining the events,
NRC (Nuclear Regulatory Commission), published
Bulletin 83-08, 88—11,(4) Information notice No.
91-19,® 91-28® to provide information to ad-
dressees about the coolant leaking events and
emphasize the need for sufficient examination
of unisolable piping connected to the reactor

coolant system to assure that there are no
rejectable crack or flow indications. Characteri-
stics of the reported events are summarized as
follows.

(1) The events occurred due to the leak of
coolant in the check valves of ECCS that were
connected to the hot legs of RCS.

(2) Turbulence penetration may play an im-
portant role to generate the thermal stratifi-
cation in the T-branch by transporting thermal
energy of high temperature from the main pipe
to leaking area.

Fig. 1 is the schematic diagram showing the
effect of turbulence penetration on the thermal
stratification.

NRC emphasized the need for enhanced ul-
trasonic testing and for experienced examina-
tion personnel to detect cracks in piping.

Most of nuclear power plants have followed
the recommendations of NRC, but the cause of
the events is not yet understood correctly, be-
cause only a few theoretical studies have been
performed on the thermal stratification pheno-
mena and the corresponding damages”'g) at the
T-branch of ECCS. EPRI (Electric Power Re-
search Institute) proposed to use TASCS pro-
gram to examine the effect of the leaking flow
in the check valve of ECCS on the soundness
of piping, but the results are known to be un-
satisfactory.

RCS Cold leg

Turbulent

penetration Stratified coolants

Branch line

Leaking
valve
Cycling zone
{potential site for fatigue crack inttiation)

Fig. 1 Schematic diagram showing the effect
of turbulent penetration on the thermal
stratification.
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Fig. 2 Schematic diagram of main duct and T-
branch with square cross-sections {mo-
del of ECCS).

outlet

In the present study, to find the primary pa-
rameters that affect the thermal stratification
occurred in the cold leg of ECCS, numerical
analysis is performed for the leak flow in the
T-branch of square cross-section. The reason
we selected a square sectioned T-branch as
shown in Fig. 2 instead of a circular section as
the object of numerical analysis is for the ther-
mal stratification by reactor coolant leaking is
due to its simple flow passage shape for grid
generation and computation. We suppose that
the fundamental mechanics between turbulence
penetration and thermal stratification in the T-
branch may not be different from that of the
T-branch of square cross-section and that of
circular cross-section.

2. The mathematical and numerical modei
2.1 Governing equations

The equations of mean motion for the tur-
bulent flow of water in the square-sectioned
main duct and T-branch are conveniently ex-
pressed in tensor form:

Continuity

B 77y =
axz_(pU,) 0 )]

Mean momentum

D HU.U) =
axi(pUzU/)
_9P, 8, (3U, 3U;\_ —
6‘x,~ 8x,[#( 8x,~ + ax,- ) puiui] @)
+£i(0g—p)

The gravitational term in the right hand side
of Eq.{(2) is the buoyancy force term. The
buoyancy force term can be correlated by the
Boussinesq approximation. However, in the com-
putational heat transfers with large temperature
change, direct calculations of the term give bet-
ter results than those obtained using Boussinesq
approximation. Therefore, in the present study,
the buoyancy force term is calculated directly
using the reference density and temperature at
the inlet of main duct.

Generally the transportation of the turbulent
kinetic energy from the main duct into T-branch
by recirculating motion and turbulent diffusion
is called turbulence penetration. The transported
heat by the turbulence penetration from the main
duct to T-branch region has been recognized as
the primary cause of the thermal stratification
phenomenon due to the coolant leaking in the
ECCS.

In order to clarify the effect of turbulence
penetration on the thermal stratification in the
T-branch of ECCS, turbulence structure in the
T-branch should be analyzed. Standard k—e¢
model is employed to close the Reynolds stresses
in the momentum Eq. (2). In the standard k—&
model considered, the following closed-form
transport equations are solved for turbulent
kinetic energy and its dissipation rate:

Turbulence energy

0 0 _
27 PR+ 2, (oUk) = @

%[ (ﬂ‘i‘%)% + Py+ Gy o€
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Turbulence energy dissipation rate

3t(pe)+ (pue) ax,[(ﬂ‘*'_)ai'

2
+ Cls'z‘(Pk‘*' Ge)— sz%

(4)

On the other hand, to calculate the heat trans-
port in the T-branch and main duct, the follow-
ing energy equation is solved.

_a_ _of(# [ #\oT
8x,-(pUiT) - x,[( Pr a,)ax,- ®)

where the turbulent viscosity ( #,), turbulence
shear production rate ( P;), turbulence buoyancy
production rate ( G,) and turbulence model con-

stants are given bym

2
/":"Cﬂk?' Fa= V'(%g, 3x,)’
Gi="2te85L, c,=009,
0,=10, o0.=13, 0,=10,
Ca=l44, Co=192, B=-k

2.2 Discretization of governing equations

Governing equations are transformed from the
physical space ( x;) to the computational space
(&"). Transformed governing equations into cur-
vilinear coordinate are expressed as the follow-
ing form.

where

U¥'=U-a

" , . Ai,Ai
U:alia]=

£ ;g
Al=Vgd

Source term S; in Eq. (6) includes all the terms

except unsteady diffusion and convection terms.
By control volume integration, the Eq.(6) can
be discretized to

AD 72 ZA nb Umb + S (7

If the pressure field of the computational do-
main is known discretized momentum equations
can be solved. In the present study, SIMPLE
algorithm is employed to revised the pressure
field until the convergence is reached. The mass
source in pressure correction equation serves as
a useful indication of the convergence of the
fluid-flow condition. Iteration is continued until
the relative overall mass source becomes smaller
than 107%

2.3 Boundary conditions and wall treatment

Fully developed 363.15K water flow is given
as the inlet boundary condition for main duct.
Uniform and steady leak flow of 293.15K is as-
sumed to take place at the lower part of check
valve located in T-branch. Adiabatic condition
is imposed as the wall boundary of energy
equation. After obtaining the temperature distri-
bution from energy equation, the density, vis-
cosity, thermal conductivity and other proper-
ties of water, which are the function of only
temperature, are curve fitted by the values of
363.15K and 293.15K. For the corresponding
Reynolds numbers, fully developed velocity pro-
files of the square sectioned straight duct were
precalculated before the main calculation so as
to be used as the inlet velocity conditions of
the main duct. Due to the three dimensionality
of the computational domain, grid numbers can
not be increased to be able to adopt fine grid
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Fig. 3 Dimension and grid generation of T-branch in ECCS.

systems. Therefore, in the present steady, the
wall functions modified adaptable to the cur-
vilinear coordinate system were employed.

2.4 Grid generation and computational
conditions

The hydraulic diameter ( Dy) of main duct is
37.5mm and that of branch is 25 mm. Table 1
shows the reference condition and the other
cases for numerical analysis. The reference Rey-
nolds numbers of main duct and the in-leakage

flow rate are selected for the thermal stratifica-
tion to occur mostly for that condition. Stand-
ard grids employed to cover the cross-section
of main duct and branch were 4333 and 21 X
21 respectively, while the grids in longitudinal
direction of main duct and branch were 67 and
121,

3. Results and discussions

Fig. 4, Fig.5 and Fig.6 shows the stream-
lines, temperature and turbulence energy distri-

Table 1 Specifications of reference condition and other conditions for computations

Inlet In-leakage (D Down| @ Curved |® Upper
Re Velocity| Inl |Velocity Area2 In2 Length r R | Length
(mvsl | [keg/s]l | [m/s] |[E-3m°]|[E-Kg/s])| [mm] |[mm]|[lmm]| [mm]
Refence model} 57000 05 0.675 0.01 0.03435 | 0.3432 75 20 45 75

Al 34300 0.3 0.405 0.01 |0.03435 | 0.3432 75 20 45 75
A2 114430 1.0 1.35 0.01 0.03435 | 0.3432 75 20 45 7
A3 228860 2.0 2.7 0.01 |0.03435| 0.3432 7 20 45 75
Bl 34300 0.3 0.405 005 |0.03435] 1.716 75 20 45 75
B2 34300 0.3 0.405 0.1 0.03435 | 3.432 75 20 45 75
B3 34300 0.3 0.405 0.2 0.03435 | 6.864 75 20 45 75
B4 34300 0.3 0.405 0.1 017175 | 17.16 75 20 45 5
C1 57000 0.5 0.675 0.01 (0.03435 | 0.3432 150 20 45 150
c2 57000 05 0.675 0.01 |0.03435 | 0.3432 225 20 45 225
C3 57000 05 0.675 001 |0.03435| 0.3432 300 20 45 300
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Fig. 4 Streamlines of recirculating flows in the
T-branch for the reference condition.

butions in the T-branch of square cross—section
for the reference flow condition. The strong re-
circulating vortex found in the left hand side
of Fig.4 is driven by the forced convection of
main duct, and the weak recirculating vortex
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found in the upper part of right hand side in
Fig. 4 is driven by the leak flow. The axes of
the two recirculating vortices are orthogonal and
meet at the elbow region of T-branch. Ther-
mal and turbulent Kkinetic energies are trans-
ported from the main duct flow to the upper
branch region by the interaction of these two
orthogonally recirculating vortices. Transfer of
thermal energy and turbulence by the interac-
tion of two orthogonally recirculating vortices is
of very interesting. Thermal stratification may
be enhanced by the thermal energy transport
by the recirculating flow, but the turbulence
penetration by the interaction of two vortices
may reduce the thermal stratification by in-
creasing the thermal diffusion in the upper part
of branch.

Variation of the maximum wall temperature
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Fig. 5 Turbulence kinetic energy distribution [m%/sec’] in the T-branch for the reference condition.
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Fig. 6 Temperature distribution [K] in the T-branch for the reference condition.
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Fig. 7 Variation of maximum wall temperature
differences with respect to the distance
from main duct.
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Fig. 8 Variation of bulk mean turbulent kinetic

energy with respect to Reynolds number.

difference and the bulk mean turbulent kinetic
energy for various Reynolds numbers in the
cross—sections of T-branch are compared in
Fig.7 and Fig. 8. The maximum wall tempera-
ture difference, which indicates the strength of
thermal stratification, decreases according to the
increase in Reynolds number. However bulk
mean turbulent kinetic energy increases sharply
with the increase of Reynolds number in the
main duct. It is due to the increase in the
strength of primary vortex driven by the main
duct flow. Decrease in maximum wall tempera-
ture difference in accord with the increase of
Reynolds number is relevant to the increased

m  A1( 1x Leakage)
70 < B1(5x Leakage)
] B2(10x Leakage)

60| v B3(20x Leakage) r
B4(50x Leakage) IS

50

404

30 A

20+

Temperature difference[K]

0.00 0.05 0.10 0.15 0.20
distance{m]
Fig. 9 Variation of maximum wall temperature
differences with respect to leak flow
rate.

bulk mean turbulence kinetic energy in the T-
branch region. The increased turbulence kinetic
energy may enhance the thermal mixing to re-
duce the temperature inhomogeneity in the T-
branch region.

Fig.9 shows the variation of maximum wall
temperature difference with respect to leak flow
rate. According to the increase of leak flow
rate up to 10 times of the reference condition,
the length and strength of thermal stratification
decrease gradually. However, if the leak flow
rate increases over 20 times of the reference
condition, the thermal stratification disappears
entirely in the upper part of T-branch while it
is found in the lower part of T-branch. In this
state, leaking flow can not form the wall jet
mandatory for the generation of thermal strati-
fication.

Fig. 10 shows the temperature distributions
and secondary flow vectors at the three cross—
sections in the T-branch. In Fig. 10 (a), where
is the nearest cross-section from the in-leakage
place, thermal stratification is clearly shown
and small vortices are also formed in the lower
part of duct. This vortices may be generated
by the flow instability induced by the high
shear between stagnant fluid and leaking wall
jet flow. Fig. 10 (b) is the cross-sectional view
at the 37.5mm away from the in-leakage sec-



58 Young Don Choi, Seok Woo Hong, Min Soo Park

B I e e
R T T e

B TN

e N bt
Wiromew o w77 22000
R A | e
WSS N 1 ose w : ’\x/\;
NN
ALY
RSN
Piyssa
(a) Just before in-leakage
1
38315
35965
35615
— 35265
34915
34565
34215
33865
33515
38185 L.y v v v v v v xaaan
[ 32815
- a2485 Jreoes o v o o < < v AL
[ 32115
} ! (Y
e N
s Qe oy, -~ vt
o [ 306y, 2L
- : s | e .
/‘_’“—*\: [ sses '+ Tt
/“__/—/—ﬁﬁms i .
=———">"Sms [
< — ey iz

LY N R

G

(¢) 75.0 mm from in-leakage

Fig. 10 Temperature distribution and secondary
flow vectors at the section.

tion. This comes under the central part of hori-
zontal region of T-branch. Thermal stratifica-
tion is weakened, but the secondary vortices
are developed more clearly. The cross-sectional
view at the 75mm away from the in-leakage
section where is the elbow region, is shown in
Fig. 10 (c). Thermal stratification is more weak-
ened, but the secondary vortex flow form a
large swirling motion. This is due to the influ-
ence of convection in the main duct flow.

The effect of the length of T-branch on the
thermal stratification is also investigated in the
present study. Fig. 11 and Fig. 12 show the dis-
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Fig. 11 Variation of maximum wall tempera-

ture differences with respect to the
length of branch.
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Fig. 12 Variation of bulk turbulence kinetic
energy with respect to the length of
branch.

tributions of maximum wall temperature differ-
ence and bulk mean turbulent Kinetic energy
with respect to the length of T-branch. Tur-
bulence penetration increase with the increase
in the length of T-branch, while the maximum
wall temperature differences decrease with the
increase in the length of T-branch.

Primary concern in the thermal stratification
analysis of the T-branch in ECCS is how to
relieve the thermal stratification in the case of
check valve leaking. We suppose that the gra-
dient of T-branch may affect the strength of
thermal stratification. Therefore we investigate
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Fig. 13 Schematic diagram showing the incli-
nation of T-branch in ECCS.

the effect of the gradient of T-branch on the
thermal stratification by inclining the branch
angles to 30° and 45° as shown in Fig. 13.

Distribution of bulk mean temperature and
maximum wall temperature difference for the
two inclination angles are shown in Fig. 14 and
Fig. 15, The figures show that the thermal stra-
tification can be reduced significantly inclining
the T-branch angle to 30° and 45°.
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Fig. 14 Variation of bulk temperature with re-
spect to the inclination angle of T-
branch.

4. Conclusions

In the present study, the following conclu-
sions are drawn from the numerical analysis of
convective heat transfer in the T-branch of
ECCS with variation of Reynolds number, leak
flow rate, length of branch and inclination angle
of branch.

(1) The recirculating flows driven by main
duct flow and leaking wall jet flow meet at
the elbow region with orthogonal axes so that
turbulence and thermal energies are {ransported
from the main duct to the upper T-branch re-
gion by the interaction of the two recirculating
vortices.

(2) As with the increase of Reynolds num-~
ber, turbulence penetration length increases so
as to reduce the thermal stratification by en-
hancing the thermal mixing between leaking
flow and stagnant fluid.

(3) There exists the leak flow rate that ma-
ximizes the thermal stratification.

(4) At the nearest cross—section from the in-
leakage place, small vortices are formed in the
lower part of branch duct. This vortices may
be generated by the flow instability induced by
the high shear between stagnant flow and leak-
ing wall jet flow. High shear hetween stagnant
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Fig. 15 Variation of maximum wall tempera-
ture difference with respect to the in
clination angle of T-branch.
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fluid and leaking wall jet induces flow insta-
bility to generate secondary flow vortices in
the cross—sectional plane of T-branch.

(5) Inclining the T-branch angle to 30° and
45°, thermal stratification can be reduced signi-
ficantly.
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