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Abstract

Numerical analysis was performed for the two-dimensional turbulent natural convection for a
long horizontal line with different end temperatures. The turbulent model has been applied a
standard k-e two equation model of turbulence similar to that the proposed by the Launder and
Spalding. The dimensionless governing equations are solved by using SIMPLE (Semi-Implicit
Method for Pressure Linked Equations) algorithm which is developed using control volumes and
staggered grids. The numerical results are verified by comparison with the operating PWR test
data. The analysis focuses on the effects of variation of the heat transfer rates at the pipe
surface, the thermal conductivities of the pipe material and the thickness of the pipe wall on the
thermal stratification. The results show that the heat transfer rate at the pipe surface is the
controlling parameter for mitigating of thermal stratification in the long horizontal pipe. A
significant reduction and disappearance of the thermal stratification phenomenon is observed at
the Biot number of 4.82x10". The results also show that the increment of the thermal
conductivity and thickness of the wall weakens a litile the thermal stratification and somewhat
reduces temperature gradient of y-direction in the pipe wall. These effects are however minor,
when compared with those due to the variation of the heat transfer rates at the surface of the
pipe wall.

1. Introduction

Natural convection in long horizontal lines
with different end temperatures can result in
thermal stratification of the fluid. Thermal
stratification in the light water nuclear reactor

581

(LWR) piping systems has recently been
considered as the subject of safety concerns.
The phenomenon of thermal stratification plays
an important role in the piping integrity,
because the significant thermal stresses may
induce the failure and the unexpected
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deformation of the piping lines of PWR
plant[1,2]. Since then, the thermal stresses
resulting in the stratification of the hot and cold
fluids have been considered by the utilities and
vendors for the design and licensing processes
of piping. As a result, these pipes of the PWR
have been recently designed using the results of
thermal stress.

The stability of the flow stratification is
dependent on the differences in temperature and
velocity of the flow. Greater temperature
differences and lower velocities result in more
stable stratification conditions. The Richardson
number gives a measure of the stability of a
stratified flow. It is a dimensionless parameter
representing a ratio of buoyancy force to inertia
force. If the Richardson number exceeds unity,
the stratification may be stable. If the
Richardson number is less than unity, the
stratification is unstable and may become
unstratified. Stratified flow is generated under a
condition in which hotter fluid flows over a
colder region of fluid.

Hong(3] has studied numerically natural
circulations in a horizontal pipe. Bejan and
Tien{4] have modeled for the thermal-hydraulic
aspects of stratified flow. Kimura and Bejan[5]
have found that the flow is characterized by heat
transfer through the boundary layers at the hot
and cold ends connected by a fully developed
flow in the core region. Shiralkar and Tien([6]
have investigated high Rayleigh number
convection in shallow enclosures with different
end temperatures.

Lubin and Kim[7] have developed a model to
predict the wall temperatures in long horizontal
lines with different end temperatures undergoing
natural convection at very high Rayleigh
number. Lubin and Brown|[8] have treated the
thermal stratification in a line connected to a

reactor coolant system as the pin model

For a horizontal circular cylinder, Farouk|9]
has employed the standard k-e model to obtain
numerical solution of the turbulent natural
convection. Park and Lee[10} have performed
an turbulent natural convection flow and heat
transfer in an inclined square enclosure.

The existing analysis have only been studied in
viewpoint of the heat transfer and fluid flow in a
horizontal pipe with thermal stratification.

The purpose of this study is to investigate the
controlling parameter for mitigating and
preventing of thermal stratification of the flow in
a horizontal pipeline through a numerical
analysis and to suggest a feasible design changes
to mitigate thermal stratification in the safety
injection line of the PWR plant. In the horizontal
piping design expected thermal stratification, the
mainly considering parameters are the piping
material specifications and the piping thermal
conditions. The effective parameters of piping
material specifications are the thermal
conductivity of piping and the piping thickness.
And, the effective parameter of thermal
conditions is the heat transfer coefficient of the
piping outside surface if the piping outside
temperature is constant. Therefore, the analysis
is focused on the effects of variation of the heat
transfer rates at the pipe surface, the thermal
conductivities and the thickness of the pipe wall
on the thermal stratification in the long pipeline.

The phenomena of turbulent natural
convection with thermal stratification in
enclosure have been investigated numerically
with standard k-e turbulent model. Also, this
study have been performed for the heat transfer
and flow characteristics in a long horizontal line
(the safety injection line) with different end
temperatures undergoing natural convection at
very high Rayleigh number.



Evaluation of Thermal Stratification Effect in a Long Horizontal Pipeline --- M. H. Park, etal 583

] .
? Cold ' Leg 5

Fig. 1. Isometric Diagram on the Safety Injection
Line of PWR Plant of CE Type

2. Model Formulation
2.1. Physical Phenomena

The safety injection line connects the safety
injection tanks to the cold leg of the reactor
coolant system of CE type as shown in Fig.1. The
line runs from a safety injection nozzle, oriented in
a vertical up position on the cold leg of the RCS.
Typical lines have one or more long horizontal
sections between vertical rises. Line size is 0.34 m
nominal diameter and schedule of 160.

In normal operation, the safety injection (S]) line
is isolated from the cold leg by a check valve that
is normally closed. And the motor operated valve,
that is used to isolate the safety injection tank, is
open. However, during plant heatup, cooldown
and refueling operation, the motor operated valve
is closed to prevent the injection of SIT fluid to
reactor coolant system. The fluid temperature of
RCS is varied from 38¢C at cold shutdown to full
power operation. But fluid in the safety injection
tanks is typically maintained about 38%¢C as
containment temperature.

In general, wall temperatures between the RCS
and the check valve is close to the RCS

temperatures and indicate small variation with
angular location. However, those between the
check valve and the motor operated valve, while
lower than the RCS temperature due to the
thermal resistance of valve, have top-to-bottom
variations in wall temperature of about higher than
60 [8]. Wall temperature distributions were
observed to be directly related to RCS
temperature. As a result of this and absence of
forced flow in the line, the observed wall
temperature differences were credited to natural
convection between a source of high temperature
at the check valve and cold temperature close to
the motor operated valve.

2.2. Assumption of Calculation Domain

The large pipe diameter and high temperatures
resulted in a Rayleigh number for natural
convection on the order of magnitude of 10*. An
approximate region map for natural convection in
long enclosures shows that natural convection for
these Rayleigh numbers falls in what may be
termed the “intrusion layer regions”[11].

Practically, pipe shape is three-dimensional
cylindrical shape. However, the natural convection
flow in long enclosures could be divided into two
regions: a boundary layer near the ends and at
about the order of magnitude of the plate spacing
from the ends(boundary layer region), and a core
flow region(intrusion layer region)[11].

The flow is characterized by heat transfer
through the boundary layers at the hot and cold
ends connected by a fully developed flow in the
core region. Specially, in the natural convection by
high temperature difference, the circulation flow of
enclosure occurs almost near to pipe wall, and
then the flow of core region is almost stationary
(The thin top and bottom intrusion layers are
connected by an almost stationary core). Also, the

flow variation of circumferential direction in the
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Fig. 2. Schematic Diagram of the Calculation
Domain

intrusion layer region{core) is out of existence,
but the flow of z-direction occurs strongly and the
small scale boundary flow occurs in the vertical
wall. The main focus of the this study is to
analyse the temperature difference of the bottom
and top of pipe core flow region when the
thermal stratification exists in the horizontal
pipe. Therefore, the calculation domain is
assumed to be a rectangular section because the
variation of temperature with angular direction is
very small in the long horizontal pipe lines.
Therefore, we can assume the steady two-
dimensional turbulent model for the rectangular
enclosure flow{7, 8].

In this study, the calculation domain as Fig. 2 is
selected to analyze the stratified flow for cylindrical
enclosure. The horizontal pipe length between two
valves, L, and the inner diameter of pipe, H, are
1.708 m and 0.284 m, respectively and the wall
thickness, a, is 0.028 m. The temperature of hot
fluid, Thet, is 149 and that of cold fluid, Teo, is
381. Also, the ambient temperature is 38°C and
the equivalent heat transfer coefficient of insulated
piping, h., is 0.026 W/m?K.

2.3. The Governing Equations

The major assumptions to solve the governing
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quations are as follows;

3) the fluid flow and the heat transfer of hot and
cold fluids is two-dimensional.

5) properties of fluid and solid except density in
the body force term are treated as constant.

:) the compressibility effects, viscous dissipation
and radiation heat transfer of fluids are
neglected.

For this term a linear variation of density with
temperature is assumed, according to the
following equation.

P=p1-B(T-T')] (1)
Some simplification of the resulting body force
terms is represented by defining an effective
pressure, P*.

P=P+o,ey+5 0.k (2)

Dimensionless variables are then formed as

follows;
X ¥ —.a
x= H: y Hy a H 1)
. 2
u=u'—H-, v=v’ﬂ, p=-L Hz,
v 4 BV
T_Tcold . __ﬂ _ I{2
T= T‘;m T.cau, E = €& T K—K‘ N (3)

For a steady two-dimensional flow, the following
governing equations represent the conservation of
the dimensionless time-averaged quantities. The
same two-dimensional standard k-& model for
turbulence as employed by Farouk[9] and Park[10]
has been used for present study.

su 8V _
ax'*'ay"0 )
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3
e () + 55 () =

apP

_aP (5)
ax

B¢, Uy, 8, du
+ ax(ue. ax )+ ay (Aue/fay)+su

Ea;(uv)+aiy(v2)=
6)

_8P 8., 8vy, 3, 23y
8y + ax (ﬂeffax)"i' oy (ﬂe/fay)+sv

a3
SE(”¢)+'%(”¢)=
(7)

ax(F¢.effax)+ ay(F¢.effay)+S¢

Where my (=# +1) is the effective viscosity, an
d I', is the exchange coefficient for the transport
of property ¢ (=T, K and &).

The exchange coefficient of energy, turbulent
kinetic energy and rate of dissipation of turbulent
energy are I'req =(t /o1) + (1 / Pr), Dot = (& /0%)
+land I = (s / 0 + 1, respectively.

The source term, S, in the governing equations
are as follows:

8 (, BuN, 3 ( 8V
S,= ax(u’ax)+ Py (utay) (8)
So= 35 i )+ gl +Gr T (9)
Sk=G— ¢ —B (11)
SE=“%(.CIG— Cye — C3B) (12)

G= w20 (3E) + (221 + (F¥+0)% (13)

e aT

B= Gr o oy

(14)

Table 1. The Constant Used in Turbulence
Modeling

C,, C1 C2 C3 g7 oy o,
0.09 144 192 0.7 1.0 1.0 1.3

K2
H= C#T (15)

Numerical values for C,, C,, Cs, Cs, 6+, 64 and .
are taken as recommended by Launder and
Spalding[12]. The constant C; in the buoyancy
term of above equation has been adopted from
Fraikin et al.[13].

They are given in Table 1. -

The following boundary conditions have been

used:

x=0 ;T=00,u=v=K=0 (16)
H ’

y=0,1422a ;
AT __Bipr _ = k=01®
ay— a(Tg Tw):u—v—f{—o

_ . p 0T, T
y=a, 1+2a ; k L=kt (19

The time-averaged rate of dissipation of turbulent
energy, &, is proportional to K¥2/I. Since both K
and | approach zero at the wall, the boundary
condition for € is undefined. The e equation is
solved only in a reduced domain excluding the
same as previous investigators Fraikin[12] and
Ozoe et al.[13], thus

e1=(C¥KD/(x4)) (20)

where subscript 1 denotes the nearest grid point

from the wall, x is Von Karman' s constant having
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a value of 0.42 and 4, is the dimension of the
first node from the wall.

The horizontal upper and lower walls are
conducting wall, and then the vertical hot and cold
walls are zero-thickness, non-conduction wall and
constant temperature wall.

3. Numerical Analysis

The standard k-e model turbulent governing
equations have been solved by the finite volume
calculation procedure including SIMPLE(Semi-
Implicit Method for Pressure Linked Equations)
algorithm([15] which is developed using control
volumes and staggered grids, the power law
scheme, and TDMA (Tri-Diagonal Matrix
Algorithm).

In order to improve convergence, the under
relaxation factors of velocity, pressure,
temperature, K, € and g are applied 0.01, 0.03,
0.05, 0.02, 0.02 and 0.05, respectively. A grid
distribution in the x and y direction is 64 and 42,
respectively. The grids were tested for some
selected situation (54x 32, 64x42, 72%x42 and
72 x52). It was found that the grid dependency on
the calculated results was within 5% as a whole.
The grid node near the four walls is distributed
into a denser node than that of core region. The
converged solutions are obtained when the error
of energy balance is less than 0.01% and such
that;

] e

The numerical results are compared with the
measured values of a operating PWR plant to
verify the analysis program(7, 8]. The plant data of
Lubin[7, 8) were made for a reactor coolant
system line of typical CE type in a light water
nuclear reactor. This data, taken from an
operating plant, consists of horizontal run of about
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Fig. 3. Comparison Between Plant Test and our
Analysis Data(at Th=149C and T.4s=38C)

4.9m between two valves. The horizontal line is a
0.333m, schedule 160 stainless steel line, with an
inner diameter of 0.267m and wall thickness
0.033m. The ambient environment is 38°C and
the line is insulated with an equivalent heat
transfer coefficient of about 0.026 W/m?K.

This comparison is shown in Fig. 3. The
nurnerical results are shown to agree well with the
plant measured data except for small discrepancies
near the top wall.

4. Result and Discussion

The design specification of safety injection tank
line for the numerical analysis is shown in the
Table 2 (ASME and ASTM A376 Gr TP316), in
which the heat transfer coefficient is for the
insulated pipe. All properties are calculated by the
harmonic mean temperature of cold and hot fluid.

Under the above condition, the dimensionless
variables are G,=1.74x 10", Pr=1.91 and
Bi=4.82x 10°, and the other variables are T.
=0.0, a=0.1, k./k/=22.3. In this study, the
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Table 2. Design Spec. of Safety Injection Tank X
Line 9 } ? ? zf ? Eli
Properties & Spec. Value
] 54 T4 o5 0.3
1.D of pipe 0.284 m o oo oa
Thickness of pipe 0.028 m =5 o D)5.0]
: : 0.1(0.1)0.9
Material .o.f pipe SA-312-TP-347 (A) Isotherms
Conductivity 15.1W/mK _ i
Heat transfer coef. 0.026 W/m* K
Ambient temp. 38°C

numerical analysis was carried out for the above
conditions

4.1. The Dimensionless Distribution of
Physical Quantities

The dimensionless distribution of isotherms,
streamlines, turbulent kinetic energy and turbulent
viscosity for the in case of standard calculation are
shown in Fig. 4. The bracket in the Fig.4 denotes
[minimum value (interval) maximum value] of the
variables.

In Fig. 4{a)(b), it is shown that thermal stratified
flow occurs in the pipe line at the Biot number of
4.82x10%, i.e., hotter fluid flows the upper
portion of the pipe line and colder fluid flows the
lower portion of the pipe line, Heat is transferred
through the top (hotter) intrusion layer and by
conduction in the y-direction (circumferential
direction) to the lower section of the pipe line,
where it is then transferred to the bottom (cooler)
intrusion layer.

The distribution of dimensionless turbulent
kinetic energy, K, and turbulent viscosity, #, are
shown in Fig.4 {c), (d). We can show from this
figure that the turbulent quantities(K and g} of the
core regions are not appear but only strongly
appear near the hot and cold wall. This means
that the turbulent flow exists to only the hot and
cold wall regions and the remain regions(almost
core) does not exist turbulent flow, i.e, stationary

[1.0° (x1.0%)1.0%]
(c) K—lines

I
31 1
41 21
=1 3

[1.0(10)41]
(d) u, —lines

Fig. 4. The Distribution of (a)lsotherms, (b)Stre-
amlines, (c)Turbulent Kinetic Energy and
{d)Turbulent Viscosity
(Gr=1.74x 10", Pr=1.91, Bi=4.82x107,
k./k=22.3 and a=0.1)

flow.

4.2. The Effect of Heat Transfer Rates of
Pipeline

Fig. 5 shows the temperature distribution of
pipe wall at the selected axial distance (x=3). This
temperature distributions are calculated by the
assumption that those of fluid are a function of
circumferential direction(y-direction) because the
temperature distribution at the same level is nearly
equalized by the thermal stratification in the
enclosures. The angular variation in wall
temperature is the consequence of pipe wall
conduction in the circumferential direction around
the wall. The local variation in fluid temperatures
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Fig. 5. The Temperature Distribution for y
Direction for Various Biot Numbers at x=3
(Gr=1.74x 10", Pr=1.91, k./km22.3 and
a=0.1)

will not appreciably alter the intrusion layer flow
pattern. It is known that the wall temperature
between top and bottom of pipe significantly
reduces as the heat transfer rate at the pipe wall
increases, because of the mixing effect by natural
convection. The results show that the thermal
stratification exists in the pipe; however, a
significant reduction of the temperature difference
of pipe wall from top to bottom can be observed
over the Biot number of 4.82x 10

So, the thermal stress of the pipe wall may be
reduced significantly. Therfore, as a result, the
heat transfer coefficient of outside surface in pipe
should be increased in order to significantly reduce
the thermal stratification phenomenon. In case of
the Biot number of 4.82x 10" of the Fig. 5, we
can show that the temperature of inside fluid is
hotter than that of the outside wall between
y=0.75 and y=1.0. This means that the heat flux

1.0 [ :
ks/kf=223.0
ks/kf=111.5

0.8 -

0.6 v

- //
0.4 2/
| _ =737\ ks/kf=22.3
— ks/kf=2.23
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0.0 0.25 0.5 0.75 1.0
Y

Fig. 6. Temperature Distribution for y Direction
for Various Thermal Conductivities at x=3
(Gr=1.74x10", Pr=1.91, Bi~4.82x10°
and a=0.1)

of outside surface in pipe is more than that of
inside fluid because of the large heat transfer rates
of pipeline wall.

4.3. The Effect of Thermal Conductivity of
Wall Pipeline

In order to see if the thermal conductivity of the
wall pipeline might effect thermal stratification, the
analysis is done only for the variation of thermal
conductivity of pipeline with other fixed
conditions. The dimensionless distribution of
physical quantities for the variation of the thermal
conductivity are similar to that shown in Fig. 4. It
is shown that the pattern of physical quantities is
nearly not changed even if the thermal
conductivity of pipeline increases. Also, as shown
in Fig. 6, the temperature difference between top
and bottom of pipe circumference direction is
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nearly not changed even if the thermal
conductivity of pipeline increases. The results
show that the increase of the thermal conductivity
of the wall weakens a little the thermal
stratification and somewhat reduces temperature
gradient of y-direction in the pipe wall. These
effects are however minor, when compared with
those due to the variation of the heat transfer rates
at the surface of the pipe wall.

4.4. The Effect of Pipeline Wall Thickness

In order to see if the thickness of the pipeline
might effect thermal stratification; also, the
analysis is performed only for the variation of
pipeline thickness with other all fixed conditions.
The dimensionless distribution of physical
quantities for the variation of the wall thickness are
nearly similar to that shown in Fig. 4. It is shown
that the pattern of physical quantities is nearly not
changed even if the thickness of pipeline
increases. However, as shown in Fig. 7, the
temperature difference between top and bottom of
pipe circumference somewhat reduces as the
thickness of pipeline increases between y=0.5 and
y=0.8 due to conduction effect thréugh the wall.
The results show that the increase of the wall
thickness of the wall weakens a little the thermal
stratification and somewhat reduces temperature
gradient of y-direction in the pipe wall. These
effects are however minor, when compared with
those due to the variation of the heat transfer rates

at the surface of the pipe wall.
5. Conclusions

This study have been performed for the heat
transfer and flow characteristics in a long
horizontal line {the safety injection line) with
different end temperatures undergoing natural

convection at very high Rayleigh number. From
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Fig. 7. The Temperature Distribution for y
Direction for Various Wall Thickness at
x=3.(Gr=1.74x10'!, Pr=1.91, ks/kf =
22.3 and Bi= 4.82x10®)

this study, we obtain the following conclusions:

The results show that the heat transfer rate at
the pipe surface is the controlling parameter which
can reduce thermal stratification in the pipeline
and that the thermal stratification occurs at the
Biot number of 4.82x 10 which corresponds to
the design and environmental conditions of the
safety injection line of the PWR plant. A
significant reduction and, eventually, the
disappearance of the phenomenon are observed
over the Biot number of 4.82 x 10,

The results also show that the increase of the
thermal conductivity and the thickness of the wall
weakens the thermal stratification and reduces
temperature gradient of y-direction in the pipe
wall, but their influence is less pronounced than
that due to the variation of the heat transfer rates
at the surface of the pipe wall. Therefore, the
increase of heat transfer rate at the surface of the
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pipe is a major factor to prevent thermal
stratification of the flow in the safety injection line
connected with the RCS main pipe line of the

PWR plant.
Nomenclature
a : thickness ratio of pipe

B : buoyancy term
B, : Biot number

Cy, Cy, C3, C,. : empirical turbulence model

constants
G, : Grashof number
h : heat transfer coefficient
H : length from top to bottom
k : thermal conductivity
K : turbulent kinetic energy
L : length from left to right
P : pressure
P, : Prandtl number
T : temperature
u,v : velocities in the x and y directions
x,y : cartesian coordinate
B : coefficient of thermal expansion
x : Von Karman' s Constant
I' : exchange coefficient
4 ,: dimension of the first node from the wall
€ : dissipation rate of turbulent kinetic energy
# : molecular viscosity
# : turbulent viscosity

oy, ar, @, : turbulent Prandtl number for K, T and ¢

v : kinematic viscosity
¢ : general dependent variable

Subscripts

hot, cold : hot and cold regions
f : fluid regions

s : solid regions, surface regions
o : environment

eff : effective value

Superscripts

m : iteration number
* . physical quantity
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