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Abstract

In this paper, the unsteady 2-dimensional turbulent flow model for thermal stratification in a pres-

surizer surge line of PWR plant is proposed to numerically investigate the heat transfer and flow

characteristics. The turbulence model is adapted to the low Reynolds number K-¢ model {Davidson

model). The dimensionless governing equations are solved by using the SIMPLE (Semi-Implicit Met-

hod for Pressure Linked Equations) algorithm. The results are compared with simulated experimen-

tal results of TEMR Test. The time-dependent temperature profiles in the fluid and pipe wall are

shown with the thermal stratification occurring in the horizontal section of the pipe. The corre-

sponding thermal stresses are also presented. The numerical result for thermal stratification by the

outsurge during heatup operation of PWR shows that the maximum dimensionless temperature dif-

ference is about 0.83 between hot and cold sections of pipe wall and the maximum thermal stress

is calculated about 322MPa at the dimensionless time 28. 5 under given conditions.

1. Introduction

Thermal stratification and striping phenomena are
reported to occur in the piping system of nuclear
power plants. These phenomena are usually obser-
ved in the pipe line of the safety related systems and
may be identified as the source of fatigue damage in
the piping system due to the thermal stress loadings
which are associated with plant operation modes.

The typical thermal stratification can occur in the
horizontal section of the surge line during insurge or

outsurge. In addition, the temperature changes in the
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fluid region due to the thermal stratification bring
about an axial and a circumferential stress in the
pipe.

The thermal stratification is accompanied with the
fluctuation of interface level which is referred to as
thermal striping. The thermal striping also produces a
local thermal stress in the pipe [9,15]. Since the ther-
mal striping amplitude is usually very small, it is as-
sumed that this layer is not considered in the analy-
sis.

The propensity for a stratification of fluid in the

horizontal pipe can be correlated to Richardson num
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ber (Ri) which is the ratio of the gravitational force to
inertial force acting on the fluid. If this number is
greater than unity, the thermal stratification can be
expected to occur. The buovant force is caused by
the density difference between the hot and cold fluid
and its magnitude is related to the temperature dif-
ference. Therefore, the thermal stratification is likely
to occur when the flow velocity is low and the tem-
perature difference is large.

This phenomenon of thermal stratification plays an
important role in the piping integrity, because the sig-
nificant thermal stresses are induced by the failure
and the unexpected motions in piping lines of PWR
[12,13]. Since then, the thermal stresses due to the
stratification of the hot and cold fluids have been
considered by the utilities and vendors for the design
and licensing processes of the piping [5,9,14]. As a
result, these pipes of the PWR have been recently
designed using the results of simple analyses, experi-
ments or monitoring [4,8,15,17].

Since Fraikin et al [7] applied the K-& model prop-
osed by Launder and Spalding [10] to analyze the
turbulent buovance force problem in an enclosure,
some investigations on turbulent buovance force in
an enclosed space have been carried out. For a hori-
zontal circular cylinder, Farouk [6] employed the K-&
model to obtain numerical solution of the turbulent
natural convection. He had question about the use
of wall function to analyze the turbulent flow by buoy-
ance in enclosure. Viollet [16] studied the exper-
iment and numerical modelling of the density effects
following a change in the inlet temperature using the
unsteady K-& model for turbulence. Davidson [3] ap-
plied the modified form of a low Reynolds number
K-& turbulence model to analyze the turbulent natural
convection problem in a tall rectangular cavity of 5:1
aspect ratio.

The potential for the thermal stratification is the
greatest during heatup and cooldown conditions be-
cause of the largest temperature difference between
the pres- surizer and hot leg of PWR [12,14].

Based on this fact, in this study, the phenomena
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of unsteady thermal stratified turbulent flow in a hor-
izontal circular cylinder have been investigated nu-
merically with the low Reynolds number K-¢ turbu-
lent model {Davidson model [3]} when the thermal
stratification in the horizontal pipe of a pressurizer
surge line occurred by outsurge during heat-up oper-
ation of PWR.

2. Model Formulation

At normal operation, since the difference of tem-
perature between the pressurizer and the hot leg is
relatively small, the effects of thermal stratification
has been observed to be small. However, during the
some modes of plant heatup and cooldown, the tem-
perature difference in system could be as high as
167, in which the effects of the thermal stratifi-
cation must be accounted for. The potential for ther-
mal stratification is increased as the difference of tem
perature between the pressurizer and the hot leg
increases and as the surge flow rates decrease. Ther-
efore, in this study, the heatup mode is selected for
analysis model as shown in Fig. 1 (a). Symmetry al-
lows half of the pipe cross section to be considered
as shown in Fig. 1(b).

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

(a) the flow of hot and cold fluids is 2-dimensional,

(b) the thermal and hydrodynamic conditions are

symmetrical with respect to the vertical center
line,

{c) the properties of fluid and solid except density

in the body force term are treated as constant,

(d) the compressibility effects, viscous dissipation

and radiation heat transfer of fluids are neglec-
ted,

{e) the thickness of the interface layer is neglected,

and

(f) the interface level is changed only from top to

center of the piping during the constant time
when the hot fluid with constant low velocity

flows into a upper region of the stagnant cold
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fluid.
A linear variation of density with temperature is as-

sumed according to the following equation

p = P/{I".B(T‘~T;rm)} (1)

Some simplification of the resulting body force ter-

ms is represented by defining an effective pressure,
P =P +p, g7 cos 6 (2)

Dimensionless variables are formed as follows :

y= :a: 7;,,_1‘7:’“:—7(4]—;’”: (l};’f= trU
o= Z“? °T EUrJ F= pfpgfnz
e R T
Re= U”y"" L Gr=EE Y?:’(Z}m"ﬂ-old) ,

Bie h (r;,—rl'.)

Pressurizer
T = 218 %

Hot Leg
Te= 49 %
L= 284NPa

(a) The Heatup Condition

(b) Schematic Diagram of Calculation Domain (A’-A)

Fig. 1. The Heatup Condition and Calculation Domain
of the Surge Line
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where, Uo is the constant velocity in the axial di-
rection and asterisks represent the dimensional val-
ues. Although the fluid flow is assumed to be two
dimensional, the axial velocity is used to define the
dimensionless parameter, Ri { =Gr/Re").

For a unsteady two-dimensional flow, the following
governing equations represent the conservetion of the
dimensionless time-averaged quantites. The same
2-D low Reynolds number K- model for turbulence
as employed by Davidson [3] has been used for the
present study.

1.9 1 0 -
oy ot 5@ =0

aU l_a_ 2 l_a__ :—_a—
—7+—r 37(7U)+r a0(uy) e
1 9 (,0dvy 1 9 (1 dv
+D1{7 37(7 r)+ ¥ 86’( r a }+S‘ (6)
096 1 9 1 9
ot 7 ar Tty g (ud)
(19 (, 08,1 3 (1 o
D°{7’ 37(7 87’)+r 60( ¥ ag)}+s¢ (7)

where D; and D; in the equation (5}, (6) and (7)
represent the diffusion coefficients in the momentum
equations and the other equations such as energy,
kinetic energy and rate of dissipation of turbulent en-
ergy equation, respectively, which state

1

D, = [ oo (L+n) at flu%'d (8a)
o) at soiid
7}5( -+ T ¢> at fluid (8b)
D, - % at solid (energy equation)
oo at solid (K and e equation)

where I'; is the exchange coefficient for the trans-
port of property ¢ (=T, K and ¢&).
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rr- —:—;_— at energy equation (9a)
Ik = —5—;— at K equation (9b)
r, - —:—:— at € equation {9c)

The source term, S, in the governing equations

are as follows ;

S.= 2|

Hafon 1 2y _u
+ r(ar+r8 T)}
_L’f’ _%-1;-6‘?& ——Igezz- ~T-sin 8 (10a)

_ 28, 0w _2n, @ _ 2 3K
» @ 7v}+ 7 3 or
+—G—’f T-cos 8 (10b)
Re
Sr =10 {10c)
Sx = 4;G—¢—B (10d)
S =_5-(_1_.f.CG~sz~CB)(10€)
& K Re 1 1 2 2 3
_ v\ ofl ou vy
G”"{Z(ar) +z(rae +r)
lav o ful
+(L 2 +ra,(r))} (100
_ Gr #:(3T _1lasT
B= o dr( S, cos6 — 2 smG) (10g)

The turbulent viscosity, w, is related to K and ¢ as
follows :
_fu Cu K

&

" = Re (11)

Numerical values for C,, C;, Cp, G, o7, ox and o.
are taken as recommended by Davidson[3]. They are
given in Table 1.

Also, the function of f,, f, are taken as recommen-
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Table 1. The constant used in turbulence modeling

C, C C Cs or oK a:

0.09 144 1.92 144 09 1.0 13
ded by Davidson [3].
_ _ 3.4
fu= eXD( m) (12a)
fi=1 +(97£-‘1)3 (12b)
fo=(1-0.27exp (— Re’)) (1 — exp(— Re,))
(12¢)

where Re, and Re, represent the local Reynolds
number.

*2
Re— LK _ g K (13a)
pe €
Re, = L/_;K_ﬂ_ = Re-VK-n {13b)

where n* is the nommal distance from the nearest
wall. The initial and boundary conditions are as fol-
lows ;

@ t=0
0< r< lta: u=v=T=10
0 < r<1 K = 0.005
e = 0.1 K
1< rvr< l+a: K= ¢ = (14a)
b t> 0
0< r< l+a, 0 = (0 and =
— oy _ T _ oK _ 3e _
U=36 T a6 ~ 96 a6 0
0 < 8 < gandl < < 1+a
u=v=K=¢ =10
0 < 6 < x and
r=1+a le BZ(TO—Tatm)
I a
_ aT, , 8T,
r=1 b=t = k5t (14D)



Numerical Analysis for Unsteady Thermal Stratified Turbulent Flow---J.S. Ahn, and B.H. Park

3. Numerical Method and
Model Verification

The governing equations have been solved by the
finite volume calculation procedure including SIM-
PLE(Semi-Implicit Method for Pressure Linked
Equations) algorithm, the power law scheme and
line-byline TDMA (Tri-Diagonal Matrix Algorithm)
[13].

The preliminary tests for the number of grid sys-
tem and the time step, t, have been carried out and
then an optimal grid system (X6 =62 %52} and an
optimal dimensionless time step, 0.003, are determined
for this model.

A arid distribution in the 6-direction is decreased
in accordance with the increase of the angle and the
r-direction is divided into three regions. Each of the

regions is uniformly arranged, but we give dense nod-

es near interface of fluid and pipe well. The dim-
ensionless time step, t, is 0.003 for the first dim-
ensionless time 50 and after that time, increased to
0.015 to reduce the calculation time.

In order to improve convergence, the under relax-
ation factors of velocity, pressure, temperature, K and
¢ are applied 0.15, 045, 045, 0.15 and 0.15, re-
spectively.

The converged solutions are obtained when the
error of energy balance is less than 0.01% and the

errors of each variables were as follows ;

[t (15)

The analysis results are compared with the meas-
ured values of a TEMR (T33. 19) Test [17] to verify
the program. The TEMR-experiments were to perfor-
med examine the thermal stratification behavior in a
horizontal pipe. The horizontal pipe (normal diam-
eter : 400mm, length : 6135mm) is connected to the
vessel. A wvertical pipe section (normal diameter:
450mm) connects to the cold fluid supply. The cold
fluid enters the horizontal pipe via the elbow. The
experiment conditions of TEMR-test (T33. 19) are
given in Table 2.

Table 2. The condition of TEMR-experiment {17]

Simulation PWR condition (T33.19)
Test Duration 100 sec
Average Hot 210 ¢
Temperature Cold 605 C
Volumetric Flow 13003 %103 m*/sec
Cold Layer Hight 183 mm
Velocity (Cold) 24.70 cm/sec

~. 200 °oe

o

T

1]

=

= 1004

o

v o TEMR(T33.19) Data

=9

£

[<}]

= 0 . - r

0 100 200 300 400
Diameter(mm)

Fig. 2. The Comparison between Our Results and
the TEMR Experiment (17)

The general agreement between this analysis and
measured values is good except for small discrep-
ancies near the interface.

These discrepancies are probably due to the fol-
lowing facts ; (a) analysis model dose not include the
interface fluctuation, (b) the thermal mixing between
the hot and cold fluids is not considered during the
insurge time of hot fluid to the pipe line.

4. Results and Discusion
4.1 Problem Descripion

Before plant heatup, reactor coolant loops and
pressurizer are filled completely. During plant heatup,
heaters are on and the reactor coolant system is
operated to assist in venting operations. For this time
interval, the reactor coolant system is pressurized to
2.84 MPa and heated to 49 C. However the pressur-
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izer is heated to 216 C and pressurized above the
84 MPa. Therefore, the coolant in pressurizer is flow-

ed through the surge line to the reactor coolant loop-

s and the thermal stratification occurs in the horizon-
tal section of surge line as Fig. 1 (a). And, consider-
ing the volume of surge line and the wolume flow
rate of outsurge, the cakulated duration that interface
level reaches from =0 to the =7/2 (Fig. 1 (b)) is a dim-
ensionless time 8.58 under the given conditions and as-
sumptions.

The design specification of surge line for the nu-
merical analysis is shown in the Table 3 [1,2], 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 var-
iables are Gr=19x10", Re=152x10°, Pr=2.
2303 and Bi=157x10 °, and the other variables
are Tum=—3.6%10 % a=0222, ay/a;=253 and
ks/ks=236. In this study, the numerical analysis was
camied out for the above conditions.

4.2 Distribution of Flow and Temperature

Fig. 3{a), (b), and (c) show the distribution of
streamlines and isotherms at dimensionless time 3.0,
6.0 and 858, respectively. When by the outsurge at
heatup the hot fluid with low velocity flows into a
stagnant cold fluid, the interface level varies with time
from 0=0 to §=n/2 and maintains constant level
on and after dimensionless time 8.58. The bracket in
the Fig. 3 denotes [maximum value (interval) mini-

Table 3. Design spec. of pressurizer surge line

Properties & spec. Value

LD of pipe 027 m
Thickness of pipe 003 m
Material of pipe SA-312.TP-347
Conductivity 158 W/mT
Heat transfer coef. 079 W/m’C
Ambient temp. 430 ¢
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mum value] of isothermal distribution.

These isotherms are concentrated in a near region
of interface layer, because the hot fluid flows slow in
the stagnant cold fluid until dimensionless time 8.58
and the heat transfer between two fluids occurs very
large. At these time, so far, the temperature of the
lower section of pipe walls corresponds to tempera-
ture of cold fluid. And because of the heat transfer
between hot fluid and the pipe wall, the temperature
difference between inner and outer wall of pipe only
occurs in the upper section of the pipe wall. Also,
the potential of streamlines in the hot region are
greater than those of cold region, since the hot fluid
flows in the pipe until dimensionless time 8.58.

At dimensionless time 18.0, 28.5, and 60.0, the
distributions of streamlines and isotherms are shown
in Fig. 3(d), (e), and (f). The profile of isotherms
near of interface layer leads to change a typical tem-
perature distribution of thermal stratification, because
the heat conduction actively occurs in the pipe. As a
result, the temperature difference between the inner
and outer surfaces of the pipe decreases, and the dis
tribution of flow become stable.

At dimensionless time 120.0, 240.0 and 480.0, the

T:[0.9(0.1)0.1] T:[0.9(0.1)0.1] T:[0.8(0.1)0.1]
(a) 3.0 (b) 6.0 (c) 8.58

T:{0.8(0.1)0.1]) T:{0.7(0.1)0.1)
(e) 28.5 (f) 60.0

T:{0.7(0.1)0.1] T:[0.6(0.1)0.2] T:[0.5(0.1)0.3]
(g) 120.0 (h) 240.0 (i) 480.0

- Fig. 3. The Distribution of Isotherms (left) and Stream-

lines (right) with Time



Numerical Analysis for Unsteady Thermal Stratified Turbulent Flow---J.S. Ahn, and B.H. Park 411

distribution of streamlines and isotherms are shown
in Fig. 3{(g), (h), and (i). Corresponding to the con-
duction and the natural convection in the pipe, the
temperature difference between two fluids is small,
and the streamline is more stabilize.

Fig. 4 shows the temperature difference (4T = Thnax

—Twin) in the fluid, the inner wall and the outer wall

between 0 =0 and n with time, respectively. The dim-

ensionless temperature difference of the pipe walls
rapidly increase until about dimensionless time 30,
but then slowly decrease after this time. On the other
hand, the dimensionless temperature difference of
the fluid rapidly decrease until this time. After about
dimensionless time 45, the temperature difference at
each regions decrease with nearly the same value.
The maximum dimensionless temperature difference
of the inner wall and outer wall are computed about
0.83 at dimensionless time 285 and about 0.80 at
dimensionless time 39.0 under the given conditions,

respectively. The dimensionless temperature of inner

wall is somewhat greater than that of outer wall. Ther-

efore, the maximum thermal stress by thermal stratifi-
cation can be predicted along the inner wall at dim-

ensionless time 28.5.

4.3 Heat Transfer

To analyze the heat transfer, the mean Nusselt
number along the inner surface of pipe, Nu are de-
fined

*

J— ¥

_ kv 1 (74T
Nu= = =1, [dr‘m] 4% (16)

Fig. 5 shows the mean Nusselt number with time.
Until dimensionless time 7.5, the mean heat transfer
rate rapidly increases since temperature difference
between fluid and inner wall of pipe is large. How-
ever, during dimensionless time 7.5~39.0, the de-

crease of the temperature difference between fluid

and inner wall of pipe lead to rapidly decrease Nu.

After dimensionless time 39.0, it has been calculated

to be almost constant. After this time, as quasi-steady

1.0 4 Fluid

AT

Inner Surfac

0.4 4
Outer Surface

0.2 1

0.0 T T
0 120 240 360 480

Time
Fig. 4. The Temperature Difference of Fluid and Pipe
wall

40

30 1

0 T T T
0 15 30 45 60

Time

Fig. 5. The Mean Nusselt Number with Time

state, the . mean Nusselt number by the thermal mix-
ture between two fluids is very small and heat trans-
fer in the pipe is mostly accomplished by heat con-
duction.

4.4 Turbulent Quantities

Based on the turbulence modeling, the calculated
turbulent quantities (K, ¢ and ) are very small. Spec
ially, the turbulent viscosity is similar to a molecular
viscosity during the hot fluid level varying from top to
mid-level of inner pipe. After this time, the turbulent
viscosity is decreased. Also, the behavior of K and &
are similar to that of turbulent viscosity.

Even if dimensionless number (Gr) that is defined

by geometrical shape and flow conditions is within a
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range of turbulence region, it is not in existence the
turbulent quantities because the fluid flow exist only
while the hot fluid level varies from top to mid-level
of inner pipe. For this duration, the heat transfer of
inner pipe is mostly accomplished by heat conduc-
tion not natural convection because of the thermal
stratification even if fluid temperature difference is lar-
ge between the hot and cold fluid.

4.5 Thermal Stresses

Because the TEMR Tests[17] result in that the
measured circumferential stresses due to the thermal
stratification are small compared to the axial ones,
only axial stresses are considered. In case of an in-
finitesimal mixing layer height and small wall thick-
ness, the axial stresses are independent of the diam-
eter and the thickness of the pipe. Therefore, the
thermal stresses due to the thermal stratification eval-
uated using the simple calculation method [15] as
follow ;

When the pipe cannot bend, the membrane stresses
in the cold (@>8) and (@< #) regions of a cross sec-
tion can be calculated by the following equations.

o= (%g) BATE (17)
g.= —(l——l%)BATE (18)

And, in case of flexible supports, an additional lin-
ear bending stresses due to the thermal stratification
are given as following equation.

6, =2 sin % BATE cos 8 (19)

Under given conditions and assumptions, at the
dimensionless time 28.5, the maximum thermal stres-
ses that are the sum of the membrane and bending
stresses are each calculated about 322 MPa at the
top and the bottom of pipe inner surfaces.

This phenomenon of thermal stratification plays an
important role in the piping integrity, because the sig-
nificant thermal stresses are induced by the failure
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and the unexpected motions in piping lines of PWR.
As a result, these pipes of the PWR have to design
using the results of thermal siress as well as the mec-
hanical stresses.

5. Conclusion

The unsteady phenomena of thermal stratification
by the oursurge during heatup operation of PWR
have been numerically investigated in horizontal sur-
ge line pipe which connects the pressurizer with the
hot leg of reactor coolant system. From this study,
we obtain the following conclusions.

1. Complex flow in the upper region and large tem-
perature difference between the inner and outer
pipe walls occur until dimensionless time 8.58 dur-
ing the interface level changes.

2. At dimensionless time 28.5, the maximum dim-
ensionless temperature difference is about 0.83
between the upper and lower section of inner pipe
wall surface. The temperature difference of inner
wall has somewhat greater than that of outer wall.
At the time, the maximum thermal stress by ther-
mal stratification is calculated about 322 MPa in
the inner wall.

3. At dimensionless time 7.5, the maximum mean
Nusselt number is obtained. After this time, Nu is
rapidly decreases by thermal mixing between the
two fluids.

Nomenclature

a :thickness ratio of pipe

B :buovancy term in the turbulence model

Bi : Biot number

Cy, Gy, Cs, Cpu : empirical turbulence model constants
C, :specific heat

Dy D, : diffusion coefficients

E :Young's modulus

f1, f1, f,. : damping functions in the turbulence model
G :production of Turbulent kinetic energy by

shear
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: acceleration of gravity

Q W

: Grashof number

: heat transfer coefficient

: dimensionless turbulent kinetic energy
: thermal conductivity

: mass flow rate

5 3. x>

: coordinate in the normal direction from the
wall

: Nusselt number

: Prandt] number

: dimensionless radius

Re :Reynolds number

Re,, Re, : local Reynolds number

~ oy oz

: Richardson number

: dimensionless pressure

: thermohydraulic pressure

: dimensionless temperature

: source term

R SIEE B VL Vo

: dimensionless time

: dimensionless velocities in the 6 and r direc-

£
<

tions

: thermal diffusivity

: coefficient of thermal expansion

: exchange Coefficient

: angle between the top (or bottom) and interface
:angle

m%@’j"%Q

: dimensionless dissipation rate of turbulent kin-
etic energy

# :molecular viscosity

w - dimensionless turbulent viscosity

v :kinetic viscosity

ox, o, o, . turbulent Prandtl number for K, t and &

¢  :general dependent variable

o :thermal stress

Subscripts

b, m: bending and membrane
f, s :fluid and solid regions
HL :Hot Leg

hot, cold : hot and cold regions

i, o :inside and outside

Par . Pressurizer

atm : atmosphere

Superscripts

m :iteration number
* :physical quantity

— :mean value
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