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SYNTHÈSE :

Ce rapport présente les travaux effectués sur la prédiction des écoulements
stratifiés dans la maquette COUFAST à l'aide du code numérique ESTET. Sur ce cas
difficile, l'option curviligne orthogonale d'ESTET est utilisée pour appréhender la
géométrie coudée que l'on souhaite étudier. La simulation numérique prédit de façon
satisfaisante les phénomènes observés expérimentalement, c'est-à-dire la remontée
rapide d'une fine couche chaude vers le coude situé plusieurs mètres en amont,
l'établissement de la stratification et puis enfin le raidissement du gradient de
température. On note toutefois que la valeur du gradient de température au travers de
l'interface reste sous-estimée. Il faut également souligner les temps calculs très
importants requis par de tels cas.
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EXECUTIVE SUMMARY :

In PWR's, mechanical damages (cracks) have been detected at the internal
faces of steam generator feedwater piping and also in dead legs, when thermal
stratification occurs. To gain some understanding on these issues, experimental and
numerical programs have been set up at EDF. This paper reports a thermalhydraulic
study of an elbow geometry under operating conditions leading to the establishment of
a stable stratified flow. Results obtained with ESTET (a three-dimensional finite
differences-finite volume code solving the averaged Navier-Stokes equations) and
comparisons with experimental data obtained on COUFAST (an analytical mock
scale 1 of a French 900-MW PWR steam generator pipe elbow) are shown. up,
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THERMALHYDRAULIC STUDY OF A STRATIFIED FLOW
IN A PIPING ELBOW

1 '

I. INTRODUCTION

Cracks have appeared in a number of pressurized
waier reactor (PWR's) at the internal faces of pipes. This
problem may affect for example, steam generator feed-
water systems, pressurizer surge line and safety injection
piping systems. Among other factors, thermal stratification
phenomena seem to be quite good candidates to partly ex-
plain these mechanical damages. By definition, a flow is
said to be stratified when it is possible to identify several
rather thin horizontal layers at different temperatures. This
situation may arise under certain operating conditions, and
particularly in presence of reduced massflow. In piping sys-
tems, due to gravity effect, hot water fills the top portion of
the pipe section and the cold and therefore heavier water,
settles down at the bottom. Far from being rare, this phe-
nomenon observed in many laboratory experiments and has
been confirmed since by numerous on site measurements,
using non invasive techniques.1

This temperature distribution results in a particular
mechanical loading, characterized by a differential expan-
sion between the hot top and the cold bottom of the pipe.
This particular loading may cause potential damage to the
support structures or the pipe itself.

Unfortunately, these problems had not been ad-
dressed during the dimensional design studies, due to the
lade of knowledge upon these phenomena at that time.
Therefore a program has been set up at EDF, to get suffi-
cient understanding on such phenomena. One goal of this
program is to help rinding the area where damage is likely
to appear.

This paper reports part of the program initiated by
EDF on these issues. It focuses on an elbow geometry typ-
ical of those found in a steam generator feedwater line. In
order to study this particular geometry, complementary ap-
proaches (experimental and numerical ones) are followed.

II. PRESENTATION OF THE EXPERIMENTAL FA-
CILITY

The sketch of the experimental facility COUFAST is
shown in figure 1.

t l > mm

TMckMM 21.4mm

MtWrM: A4* m *

Fig 1 : COUFAST model

It is a ferritic elbow (full scale of those found in
French 900 MW PWR steam generator feedwater piping),
connected to horizontal and vertical pipes. This model is
supplied through a loop, with hot and cold water, at a
pressure of 80 bar. The cold leg simulates the flow rate
delivered for standby supply of the steam generator, and
feeds the model at the bottom of the vertical portion. The
not leg simulates the hot recirculation flow rate coming
from the steam generator feedwater ring and supplies the
facility at the top section of the long horizontal pipe.
Two water discharge pipes are located near the end of the
horizontal pipe at the opposite side of the elbow.
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Fluid temperature measurements

vertical diameters Hot water
entry

Fig 2 : Position of the rakes and of the external wall thermocouples

Vertical temperature profiles within the pipe are mea-
sured with rakes of thermocouples (figure 2). As shown
on figure 3, the thermocouples are regularly spaced on the
rakes (1 cm apart).
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Fig 3 : Water temperature measurements

Inside and outside pipe surface sensors (figure 2) are
also used to determinate the heat exchange coefficients to
be applied for mechanical studies.

A very large number of tests has been carried out
with this model,- studying the influence of flow rates varia-
tions, while keeping cold and hot temperatures respectively
at 60'C and 28O°C.

gain some interest. Moreover, in the last decade, increasing
computer capabilities (core memory and CPU cost) and the
emergence of adequate Navier Stokes numerical solver,
allow three-dimensional flow problems computation with
accurate space discretization. ESTET, developed at EDF, is
a 3D finite differences-finite volumes code able to handle
a wide range of fluid mechanics applications. This part of
the paper reports briefly the equations solved as well as the
numerical methods used before describing results obtained
on the COUFAST geometry.

In the present paper, one special case has been chosen
to be simulated numerically. The conditions set are : cold
temperature : 600C, hot temperature : 1010C, cold flow
rate : 4 nfi/hmtr, and hot flow rate : 2 trf/four, leading
to a Froude number of about 0.035 which is much lower
(and therefore much more difficult to simulate) than any
previous numerical attempt made so far at EDF. This
case has also been chosen preferably to those at higher
temperature (for example 280 'C), because the bending of
the straight part can still be considered as negligible. The
geometry is therefore easier to mesh with accuracy.

A. Set of equations

Rows studied in the present paper are restricted to
single phase flow satisfying the Reynolds averaged Navier
Stokes equations. Let *,, i = \to 3 be a cartesian system of
coordinates, then the system of averaged equations (mass,
momentum, thermal energy conservation) required for the
thermal hydraulic computations reads :

Dp

T

III. COMPUTATIONAL APPROACH OF THE THER-
MAL HYDRAULIC PROBLEM

Experimental approaches, although very informative,
have some limitations. For example, no measurements
are available on the velocity field in the present case.
Moreover, small scale models (not the case here) are
often unable to satisfy the similarity criteria required for
adequate representation of real phenomena, or to respect
real boundary conditions, leading numerical approaches to

i a (.. ar

In these equations, Vt are the components of the mean
velocity, ;/ is the pressure difference from an hydrostatic
equilibrium involving a reference density />„ T is the mean
temperature, /i« and K, are the effective (molecular +
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turbulent) viscosity and diffusivity. The eddy viscosity
concept has been used. It means that Reynolds stress tensor
and turbulent heat flux are assumed to be colinear to
mean strain tensor and mean temperature gradient. Spectral
equilibrium as well as constant energy transfer (of value
O along the inertial subrange is assumed, leading to the
following expressions.

t/t = C11— unit1 c trT ;

The determination of k and ; respectively the turbu-
lent kinetic energy and its dissipation rate is done by the
following transport equations.3

m + n"r"\ul k = - div I (i/ + —)ffr«r/ k )
/' " "* '

+P + G-C

-^- + H<;rin/c = - div((tt +—)grad s)

+Cuj{P+ (I-Cti)C) -Cn-

where :

OT

The choice of the constant C 3 is still under discus-
sion. For the present calculation, we use*

f CV3 = 1 if G < 0 stable stratified flow
\ C3 = 0 if G > 0 unstable stratified flow

This term, relating buoyancy effects and turbulence,
is of importance in stratified flows, since it ensures the
stability of such stratified flows by inhibiting the turbulent
mixing at the interface.

An equation for the temperature fluctuations variance
has been derived. It uses a simplified modelling for the
dissipation term5 assuming a constant ratio R between
dynamical and thermal turbulent length scales.

OB-

3. Continuity equation
Mass conservation in ensured when solving the re-

sulting Poisson equation, by a conjugate residual method.

4. k and : diffusion and source terms
For the evolution of it and c, a partially implicit treat-

ment using increments of il- and e has been implemented.
It splits k and c along the axes direction while keeping the
two variables coupled. Viscosity in the diffusion term and
mean variable gradient appearing in some source terms are
however treated explicitly.

In cases with large velocity difference, steady state
may be reached as the limit of an artificial transient,
obtained by forcing the local Courant number to stay
under unity, leading to location dependant time steps.
This method used in the present calculations may provide
interesting CPU cost reduction.

C. Boundary conditions
A wall function approach is used. It supposes the

existence of a logarithmic sublayer within which the first
fluid node is advised to be located. The main hypothesis
is to suppose that the flow and the eddy viscosity may be
approached by the following laws.

v, = Ku.;/ with — = - log (-^) + C!

leading to

k =

then boundary conditions on velocity are

impermeability iî M = 0 ojirf zr- (w f) = — or —-

Walls being considered adiabatic in the present calcu-
lation, a zero flux option is used for the mean temperature
and the temperature fluctuation variance.

The pressure condition used is 5j£ = 0 on the bound-
ary. At the exit the condition applied is ^j {%•} = 0 mean-
ing that the pressure profile is conserved in the last two
sections.

B. Numerical methods

ESTET uses a finite differences - finite volumes
method based upon a fractional step technique,*1 discretiz-
ing the continuous problem into a time series. Within each
time step [<",*"+1], intermediate values corresponding to
the convective, diffusive, and continuity operators, are in-
troduced.

1. Adveciion for all variables
This step is solved by a three dimensional character-

istic method. It has limited numerical diffusion due to the
use of a third order interpolation.

2. Diffusion and source terms for mean variables
The treatment of diffusion uses a spatial splitting

technique, transforming the 3D diffusion operator into ID
problems. Then the resulting three diagonal systems are
easily handled by a Gauss elimination method.

D. Grid generation
ESTET is solving the equation mentioned above on an

orthogonal grid with slanted boundary cells which allow a
good description of even complex 3D geometries.

However, because of the difficulty of describing
complex geometries with purely orthogonal grid, an or-
thogonal curvilinear version of the ESTET code has been
implemented.7 For piping systems, only one curvilinear di-
rection is required.

In practice, a section is meshed with a 2D cartesian
grid, and is then duplicated along a curvilinear path to
create the final mesh. In the present calculation, the mesh
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has 80 sections. Figure 4 presents u detailed view of the
elbow in the symmetry plane. Figure 5 presents how the
sections are discretized by u grid (17 by 39). The total mesh
contains 53(M(J nodes. The two water discharge pipes are
replaced by a single exit.

Fig 4 Mesh in the elbow
(Symmetry plane)

Once the isothermal How has reached a converged
state, a hot How is injected through the vertical small pipe.
Gravity effects tend to prevent the hot jet to penetrate
the cold flow and force it to spread out laterally. Figure
7 presents the velocity field in a cross section (noted A
in figure 1) cutting the vertical pipe. Figure 8 shows the
temperature field at the same section. Figure 9 shows the
velocity field in the symmetry plane near the junction.

K

Fig 5 : Mesh in a section
(section A)

IV. CALCULATION RESULTS
The computation starts with the pipe initially filled

with cold water at a pressure of 80 bar. Classical isothermal
flow patterns downstream an elbow are recognisable, (for
example figure 6 presents the secondary rotating flow in a
cross section downstream the elbow).

Fig 7 : Velocity field, after
hot water injection
(section A)

Fig 8 : Temperature field, after
hot water injection
(section A)

Fig 6 : Secondary rotating flow
(section C)

Fig 9 : Velocity field in the symmetry plane
(at location A)

Quite fast, a thin hot counterHow develops at the
top portion of the pipe section towards the elbow, several
meters away Figure 10, 11 show the temperature field in
the symmetry plane after respectively 79 and 159 steps.
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Fig 10 : Progression of the hot counterflow towards the elbow

Fig 11 : Progression of the hot counterflow towards the elbow

ter

Fig 12 : Thickening of the hot layer

Once this thin hot layer has reached the elbow, the
hot layer thickens to finally, after a long time occupy
almost half of ihe pipe section (figures 12,13). Then, a very
long process tends to steepen the temperature gradient.
The cold section being more than halved, accelerates the
cold iiow, and create velocity gradients at the interface.
However, no increase in turbulent diffusivity is predicted,
due so the turbulence inhibiting term in the dissipation
equation.

Figure 14 and 15 present the temperature field and
velocity field in the elbow region when a converged state
has been reached.

<1

Fig 14 : Detail of the isothermal
in the elbow region (Symmetry plane)

FTTTTTTTiTTi-
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Fig 13 : Temperature field (section B)
The scale is valid for all pictures

} •

I
Fig 15 : Detail of the velocity field

in the elbow region (Symmetry plane)
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It is noteworthy to underline the face (hat the be-

haviour described above is also observed experimentally.
On CovFAST the final state is also obtained through three
phases having different time scales. The tup wall of the
pipe is becoming hot during the first five minutes indicat-
ing that the hot flow has reached the elbow, where it takes
at least four hours for temperature gradients to steepen and
u stable stratified flow to be reached. ESTET is predicting
that, for these conditions, a stable stratified state exists and
estimates reasonably well the position of the thermal strat-
ification. It should be noted however that computed tem-
perature gradients are not as steep as experimental ones
(figure 16).
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Fig 16 : Non dimensional temperature profile
(Section B - Symmetry plane)

Experimental uncertainties regarding the height of
the interlace may come from the position of the rake
itself, and from the fact that thermocouples are lem apart.
Special care has been taken during the experiment to
record accurately the position of the rake. This assures that
the uncertainty should be less than lcm. Moreover, it is
possible to check this position when using the temperature
data recorded by the sensor located on the external face of
the pipe.

The ESTET code has no built in local error estimator,
but has been successfully confronted with numerous cases
and experimental data.

Numerical estimation of the temperature fluctuations
variance within the flow do not seem to indicate the
existence of high values region. The only peak detected
is located near the hot leg entrance where eddy viscosity
and high temperature gradients are simultaneously present,
but stay however almost negligible. This comforts the
idea thai, at such a low Froude number, no significant
temperature fluctuations are to be detected in the bulk flow.

For mechanical stresses, heat exchange coefficients
are often used. Experimental data, and a parametric study
of the temperature at a section of the wall tend to indicate
that the heat exchange coefficients follow a three layers
distribution. The top section and the bottom section val-
ues agree with classical values. For the interface region a
much higher value than expected is deduced from the ex-
perimental data. Such a value is necessary to obtain good
agreement between the measured temperature distribution
at the external face of the pipe, and the one obtained by
calculation. For this calculation, the experimental temper-
ature distribution of the bulk flow is used, the temperature
equation is solved within the wall, and the best fit of the ex-
ternal temperature distribution provides the required value
(about 3(XX) WIm- 'C ) .

ESTET is also predicting a layer structure for the heat
exchange coefficients, but the upper and intermediate zone
are characterized by very low values. Numerically, very
low velocities lead to very small heat exchange coeffi-
cients, where experimental ones are higher in the interface
layer than anywhere else. After analysis, it seems that such
a discrepancy could be, at least partially, explained by the
fact that wall conduction has not been accounted for in the
present calculations. Due to very small velocities and very
low diffusivity (particularly in that region where turbulence
is inhibited), conductive phenomena within the wall may
become predominant and alter the near wall flow.

The main difficulty when simulating numerically
such a case, is to solve the pressure step. At the final
stage, when the stratification is stable, the vertical pressure
distribution is then supposed to completely compensate the
gravity term, the resulting pressure field being responsible
for the velocity field. In the presented case, the Froude
number is very low (around 0.0354). It means that the
pressure distribution is almost entirely due to the density
effect, and that the dynamical pressure contributes only
for a very small part of the pressure. In order to get
a fine velocity field, the dynamical pressure needs to
be solved accurately. This means consequently that the
relative precision for the total pressure has to be very good.

V. CONCLUSION AND FURTHER DEVELOPMENTS

In PWR's, operating conditions may lead to stratified
flows. This has been proved on the experimental model
COUFAST (full scale of a steam generator feedwater piping
elbow). It has also been demonstrated that the code ESTET
is able to simulate a stratified flow, at a low Froude number
in a complexe three-dimensional geometry.

The three phase mechanism leading to thi existence
of a stable stratified flow in COUFAST is well reproduced by
the numerical code ESTET. However, temperature gradients
obtained numerically are not as steep as experimental ones.

While encouraging, comparisons indicate that in
problems of this type, a strong coupling (not accounted for
in the present calculation) may occur between the highly
conductive wall and the near wall flow. A general de-
velopment capable to handle conduction within walls, is
presently in phase of implementation in the code ESTET.
It should allow a better prediction of the inside near wall
flow while providing a temperature field within the solid.
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NOMENCLATURE

O
k
s
i'
i'o
Cp
,1
1

Hi
Ti
J

V,
11.

K.
è-
It7

It»

pipe diameter (m)
turbulent kinetic energy (nr/s2)
dissipation rate (m2/*3)
density (ty/m3)
density reference (tj/m3)
specific heat at constant pressure (J/kgfC)
coefficient of thermal expansion (1/0C)
time (*)
gravity components (ni/*s)
température (0C )
velocity components (m/.v)
friction velocity (w/«)
pressure difference from hydrostatic pressure(Pu)
normal to the wall
wall tangential unil vector
cartesian coordinates (m)
turbulent dynamic viscosity (
molecular dynamic viscosity (g//)
effective dynamic viscosity /ie = /i + it,
turbulent kinetic viscosity (m-'/s)
molecular kinetic viscosity (nr/s)
affective kinetic viscosity ve = u + v, (m-/s)
turbulent diffusivity (nr/s)
molecular diffusivity (n?/s)
effective diffusivity A*. = A"m + Â 1 (nr/s)
variance of the temperature fluctuations (0C2)
turbulent Prandtl number
turbulent Schmidt number for Q-
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Froude =•

Reynolds = Dj,

•» Physical constants used :

C1.

0X19

C,x

1.44 1.92

c,3
1 or O

ltT

1.0
ItI

1.0
ItI

1.0
«I

1.3
R

0.8
K

0.41

C

5.0
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