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A  detailed  investigation  of  fully  developed  transient  flow in  a 90◦ bend  has been  undertaken.  The  dem-
ineralised  water  has  been  considered  as the  working  fluid  under  the  operating  conditions  of  wall  thinning
degradation  mechanism  in  Indian  nuclear  power  plant  (NPP).  The  large  eddy  simulation  (LES)  model  was
employed  to  compute  the  large  eddies  and sub  grid  scale  model  was  employed  to  compute  the small
eddies  (unresolved  eddies).  The  LES  uses  a spatial  filtering  approach  to separate  the  large  and  small
eddies  instead  of  time  averaging  operation.  The  considered  flow is of  transient  nature,  hence,  apart  from
the  initial  disturbances,  the  flow  is  observed  to be  quite  random  and  continuously  oscillating  with  the
mean  flow  for  all time.  The  swirling  nature  is captured  in terms  of streamlines  at  different  cross  sectional

planes.  Also  the  streamlines  were  captured  at a critical  sectional  plane  for every  minute.  The  swirling
nature,  in  terms  of  large  and  small  eddies,  is  observed  to be  strong  in  the  vicinity  of  the  bend.  The  swirling
strength  was  calculated  and it is observed  to be more  at the  bend  as  well  as at the downstream  of  bend.
The  flow  instability  is  analyzed  and  captured  in  terms  of transient  iso-surfaces  of axial  velocity.  Also  the
most  important  parameter  which  is  vulnerable  to  flow  accelerated  corrosion  (FAC)  i.e., mass  transfer
coefficient  is  calculated  and  analyzed.  These  results  will  help  to  analyze  the transient  variations  in pipe

e  vuln
at the  locations  which  ar

. Introduction

Apart from being of practical importance in connection with
arious engineering applications, the study of unsteady turbulent
ipe flow is of important value in providing the information which
an lead to an improved understanding of the phenomenon of tur-
ulence. In such flows certain fundamental aspects of turbulent
ow are exposed. Even though these aspects present in steady
urbulent flows, they are not apparent under the steady condi-
ions. In addition, due to the effect of inertia, some additional
eatures of turbulence specific to transient flows can be present.
ue to the severe technical difficulties involved, detailed measure-
ents of turbulence in transient flow were not possible until quite

ecently. As a result of the availability of modern instrumenta-
ion and powerful computers, transient turbulent flow can now be

eadily investigated. Accordingly, such flows have begun to receive
ore extensive study.
Piping system in NPP is usually structured with bends, sud-

en expansions, sudden contractions and valves. The operation of

∗ Corresponding author. Tel.: +91 870 246 2834; fax: +91 870 246 2834.
E-mail address: hprani@nitw.ac.in (H.P. Rani).

029-5493/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.nucengdes.2013.11.077
erable  to  FAC.
© 2013 Elsevier B.V. All rights reserved.

automatic control systems is all capable of generating high pres-
sure waves in turbulent flow of water through this system. These
transient conditions resulting in high pressures can cause pipe fail-
ures by damaging the valves and fittings (Kluwick and Stross, 1980;
Vasil’ev and Kvon, 1971; Yongmann, 2005). This pipe wall thin-
ning degradation mechanism is known as FAC (Singh et al., 2012;
Roychowdhury et al., 2012; Kanster et al., 1990; Vivekanand et al.,
2008; Kang and Jo, 2008; Pietralik and Schefski, 2011; Fingjun et al.,
2008; Gammal et al., 2012; Kim et al., 2008). The mechanism of
FAC is in a sequence process of three steps, i.e., electrochemical
oxidation of metal atoms to from ferrous ions at the metal surface,
followed by the diffusive mass transfer and then convective mass
transfer of ferrous ions in to the bulk water flow. This mechanism is
influenced by so many parameters, such as flow parameters, mate-
rial parameters and water chemistry. Also this over all process is
fully time dependent. Hence, the motivation of the present study is
to examine the FAC phenomenon in a 90◦ bend under the transient
conditions so as to analyze some of the flow parameters under the

conditions of Indian NPP.

To capture the unsteady turbulence the large eddy simula-
tion (LES) model was employed (Versteeg and Malalasekera, 2007;
Kawanabe et al., 2007; Sagaut, 1998). Adrian et al. (2000) ana-
lyzed and interpreted the instantaneous turbulent velocity fields
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Fig. 1. Computational geometry (D = 0.3405 m).

y using the LES model. LES model was used for many applications
f turbulent flow in different geometries such pipe flow (Rudman
nd Blackburn, 1999) and channel flow (Yang and Ferziger, 1993).
he Reynolds averaged Navier–Stokes (RANS) turbulence models
re not useful for large extent differences in the behavior of large
nd small eddies. The universal behavior of small eddies at high
eynolds number can be captured by using the RANS turbulence
odel, where as it is complicated to capture the large eddies using

his model. While the LES model computes the large eddies with a
ime dependent solution.

The large eddies along with small eddies are clearly captured by
his model. Eddies are shown in terms of the streamlines at different
ross sectional planes and at different times. The swirling nature
nd its strength are captured in terms of iso-surfaces. The instability
f the flow is studied at different times. Also the most important
arameter, that predicts the locations which are susceptible to FAC,

s the mass transfer coefficient and is it analyzed at different times.

. Mathematical formulation

Feeder pipe made of carbon steel material is an integral part of
he main boiler feeder pump discharge (MBFPD) and high pressure
eater discharge (HPHD) line of feeder piping system. They carry
he demineralised water from the reactor fuel channels to remove
he heat produced by the fission of uranium fuel. The Indian feeder
ipe of 90◦ bend has been considered for the FAC analysis as shown

n Fig. 1. Demineralised water flow is assumed to arrive from a
ircular inlet channel of diameter (D) 0.34 m.  The bend is assumed
o be located at 2 m length from downstream of the inlet along
-direction. The physical domain was considered long enough to
void the significant changes in the flow at the inlet and outlet
ection of the elbows.

The continuity equation along with the spatially filtered
avier–Stokes equation obtained by large eddy simulation (LES),
nergy equation and species transport equation have been
mployed as a mathematical model for a the present problem of
ransient turbulent flow of an incompressible viscous fluid pass-
ng through a 90◦ pipe. The isotropic behavior of small scale eddies
an be captured by the RANS calculations and by improving the
esh resolution. On the other hand, the large eddies, which interact

ith and extract energy from the mean flow, are more anisotropic

nd their behavior is dictated by the geometry of the physical
omain, the boundary conditions and the body forces. The RANS
quations are used to study the overall behavior of all smaller and
arger eddies and are described by a single turbulence model. If the
nd Design 267 (2014) 164– 171 165

problem depends mainly on the large eddies, then it is complicate to
select a model from the widely applicable models such as k–� mod-
els and Reynolds stress model. In such cases, a different approach
will be adopted to model the large eddies separately with a time
dependent simulation. With this knowledge the behavior of small
eddies will be modeled quite easier. The LES approach concentrate
on these cases (Versteeg and Malalasekera, 2007) is as follows:

2.1. Large eddy simulation (LES) approach

Mathematically, the LES procedure can be thought of as a con-
volution of the exact turbulent velocity field, u with a filter function
G (x, x′, �) that gives the resolved scale velocity field ū as

ū(x, t) =
∫ ∫ ∫ ∞

−∞
G(x, x′, �)u(x′, t)dx′

1dx′
2dx′

3 (1)

where u = (u1, u2, u3) are velocities in (x1, x2, x3) directions, respec-
tively and over bar indicates the spatially filtering quantities, and
ū(x, t), u(x, t) and � are filtered function, original (unfiltered) func-
tion and filtered cutoff width, respectively. In three dimensional
(3D) computations with grid cells of different length (�x1), width
(�x2) and height (�x3), the cutoff width is often taken to be as:

� = 3
√

�x1�x2�x3 (2)

In common, for most of the selections the above function is same
as order of the grid size.

The common forms of the filtering function in the 3D LES compu-
tations used for the finite volume implementation is the following
Top-hat/box filter function

G(x, x′, �)  =

⎧⎪⎨
⎪⎩

1
�3

|x − x′| ≤ �

2

0 |x − x′| >
�

2

(3)

By using the above filtered function, the filtered unsteady
Navier–Stokes equations along with the LES continuity equation
for an incompressible flow are as follows:

∇ · ū = 0 (4)

dū

dt
+ ∇.(uu) = −∇p

�
+ v∇2ū − (∇ · (uu) − ∇ · (uu)) (5)

where � is density, � is the kinematic viscosity.
The last term of Eq. (5), i.e., (∇ · (uu) − ∇  · (uu)) is caused by the

filtering operation and can be considered as a divergence of a set of
stresses �ij(= uiuj − ūiūj), where i, j = 1–3.i.e.,

∇ ·
(

uu − uu
)

= ∂�ij

∂xj
(6)

In recognition of the fact that a substantial portion of �ij is
attributable to convective momentum transport due to interactions
between the unresolved or sub grid scale (SGS) eddies and these
stresses are commonly termed as the SGS stresses. The nature of
these contributions can be determined with the aid of a decompo-
sition of a flow variable ϕ(x, t) as the sum of (i) the filtered function
ϕ̄(x, t) with spatial variations that are larger than the cut-off width
and are resolved by the LES computation and (ii) ϕ′(x, t), which con-
tains unresolved spatial variations at a length scale smaller than the
filter cut-off width i.e.,

ϕ(x, t) = ϕ̄(x, t) + ϕ′(x, t) (7)
By using the above decomposition the SGS stresses or �ij can be
written as follows

�ij = uiuj − ūiūj = (ūiūj − ūiūj) + ūiu
′
j
+ u′

i
ūj + u′

i
u′

j
(8)
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Table 1
Indian NPP operating conditions.

Parameter 90◦ bend

Outside diameter 355.6 mm
Thickness 15.0876 mm
Inner diameter (D) 340.5124 mm
Radius of curvature 510.7686 mm
Material Carbon steel without chromium content
Fluid Demineralised water
Temperature 150 ◦C
Kinematic viscosity (v) 1.004e−6
66 H.P. Rani et al. / Nuclear Enginee

he above Eq. (8) contains three groups of contributions, namely:
Lernard stresses, Lij = ūiūj − ūiūj , due to the effects at resolved

cale; cross stresses Cij = ūiu
′
j
− ūiūj , due to the interactions

etween the SGS eddies and the resolved flow, and LES Reynolds
tresses, Rij = u′

i
u′

j
, due to convective momentum transfer and

nteractions of SGS eddies and are modeled with a so called SGS
urbulence model.

.2. Smagorlinksy–Lilly SGS model

In this model the local SGS stresses, Rij, are taken to be propor-
ional to the local rate of strain Sij(= 1/2(∂ūi/∂xj

+ ∂ūj/∂xi)) of the
esolved flow, i.e.,

ij = 2	SGSSij + 1
3

Rijıij (9)

Peyret and Krause (2006) noted that in spite of the different
ature of the Leonard stresses and cross-stresses, they are lumped
ogether with the LES Reynolds stresses in the current versions of
he finite volume method. The whole stress �ij is modeled as a single
ntity by means of a single SGS turbulence model as

ij = −2	SGSSij + 1
3

�ij · ıij (10)

here 	SGS

(
= �2|S̄|, S̄ =

√
2SijSij

)
is the SGS viscosity.

Eqs. (4) and (5) were solved along with the following energy
quation

(ūT) = 1
�

· ∇ · (keff ∇T) (11)

here T denotes the temperature, keff is given by kth + Cp(	SGS/prt),
ith turbulent Prandtl number Prt = 0.85 and kth and Cp denotes

he thermal conductivity and specific heat at constant pressure,
espectively.

The conservation equation for the chemical species, which pre-
icts the local mass fraction of species (ferrous ions) takes the
ollowing general form.

 · (ūY) = ∇ · J

�
(12)

here J = (�D + (	SGS/Sct))∇Y denotes the mass diffusion flux of
pecies, in which Sct, Y and D are the turbulent Schmidt number
Sct = 0.7), the local mass fraction of the species and the diffusion
oefficient for the species, respectively.

. The computational procedure and the generated mesh

The numerical simulation of the governing equations (4, 5, 11
nd 12) was performed by utilizing the commercially available soft-
are, namely ANSYS. In the first analysis phase, the geometry of the
ow model was constructed using the preprocessor, namely ANSYS
esign Modeler. The uniform grids were generated and clustered
ear the bends. Fixed time (�t) step of 0.001 has been chosen for the
ransient simulations. The stability and accuracy of the solution was
nsured by maintaining Courant number (Cu = ū�t/cell size) in
he range of 0.05–0.02. In each time step 30 number of iterations is
mployed and they are found to be adequate to achieve the conver-
ence for all time steps. Boundary conditions and other parameter
alues, under the operating conditions of feeders of Indian NPP are

onsidered and are tabulated in Table 1.

The transitional non-dimensional wall roughness height, k+
s (=

ksu∗/	) is considered to be 2.8, with roughness height ks (=7.5e−5)
Pietralik and Schefski, 2011). In the above definition u* represented
s ū/u+ and in the log law layer (as y+ < 450) u+ is defined as u+ = 1/k
Schmidt number (v/D) 9.2
Reynolds number(u1D/v) 1.016e+6

ln y+ + B in which � is the Von-karman’s constant (=0.4) and B = 5.5
(ANSYS, 2009; Brown, 1997).

The PISO (pressure implicit with splitting of operators) algo-
rithm was  used along with the staggered grid to simultaneously
solve the velocity and pressure equations. The first order upwind
scheme was used for discretising convection and diffusion trans-
ports on a uniform grid as given in the literature. Second order
implicit formulation has been used for the transient calculations.
In all the investigations, the iterative calculations of the primitive
variables were terminated when the residual norm criteria, 10−6

was reached. The convergence of a solution was  also checked from
the mass flow summary. The computations were carried out using
the workstation namely, HP Z800 Intel Xeon Dual Core Processor.

The mesh density has been varied so that the computed solu-
tions represent the real flow physics. A series of grid independence
tests was  conducted to determine the optimal mesh. The solution
obtained through three different number of grid nodes, by consid-
ering three different Cu values 0.05, 0.1 and 0.2 for the fixed time
step (�t = 0.001) value. The solution of these grid systems is com-
pared in terms of pressure contours at a cross section plane y = 0
for a fixed time. Fig. 2 shows the comparison of these results and
it is observed that for Cu = 0.1 and 0.2 gives the similar results in
comparison with that of Cu = 0.05. Hence the grid system of Cu = 0.1
was employed for the present study.

4. Results and discussion

The flow parameters and their structures are analyzed in terms
of contours, streamlines and iso-surfaces with respect to time. Since
flow is of transient nature, apart from the initial disturbances, the
flow is quite random and continuously oscillating with the mean
flow for all time. These variables are calculated at critical cross sec-
tional planes where the flow parameters play an important role
these results will help to identify the reason that leads to failures
in the pipe. Also the mass transfer has been analyzed in terms of
mass transfer coefficient (MTC), since this is the most important
parameter to predict the locations susceptible to FAC.

4.1. Velocity, pressure and dot product of velocity and helicity

The axial velocity (u1 and pressure (p) for showing the fluctuat-
ing nature of the flow motion is computed and is shown in Fig. 3.
The random nature of the each variable is observed with respect
to time at a point (0.3845, −0.335571, 0.001928) m in the criti-
cal region i.e., near the bend. Each variable is the combination of
steady mean value and a fluctuating value. The turbulent fluctua-

tions always have a 3D spatial character, while mean values vary
in only one or two  space dimensions. It is observed form the fig-
ure that u1 and p have the oscillating, non-periodic and random
behavior.
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Fig. 2. Grid independence test for different Cu.

F e. The
v
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s
a
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ig. 3. At the critical point (0.3845, −0.335571, 0.001928) m velocity and pressur
ariables are captured.

.2. Vortical flow structure

Fig. 4 shows the presence of vortices at different sectional planes
uch as, at the upstream of bend (x = −0.505 m),  at the center of
end (
 = 45◦) and at the downstream of bend (y = 0.5054 m)  at

 = 4 min. From the sectional planes it is observed that large eddies

nd small eddies are clearly delineated with the help of LES model.
he vortices are more in number at the downstream and upstream
ectional planes of the bend comparing with that of the vortices in

 plane, which is at the middle of the bend. The increasing num-
er of vortices is due to the centrifugal instability at that cross

Fig. 4. Streamlines at different cross
 dot symbols (•) represent the every minute of time at which the instantaneous

sectional planes. The vortices formed near the wall region are
termed as weak vortices and vortices formed at the center of the
sectional plane are termed as strong vortices (Tsai and Sheu, 2007).
At the upstream sectional plane (x =−0.505 m)  more number of vor-
tices are observed comparing with the other sectional planes. Then
in the sectional plane 
 = 45◦ the vortices near the end wall are

vanished and there remains only the center vortices. Finally in the
downstream sectional plane these center vortices get divided and
formed two  more vortex pairs.

In the above discussion, it can be observed that more number
of vortices are seen at the upstream sectional plane as shown in

 sectional planes for t = 4 min.
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Fig. 5. The instantaneous simulated streamlines at 

ig. 4. Hence the transient turbulence nature is analyzed at this
lane (x = −0.505 m)  and shown in Fig. 5. It is observed from Fig. 5
hat the essence of LES model along with SGS model is clearly signi-
ed in terms of large and small eddies. As the time varies from t = 1
o 2 min  the number vortices are increased, and then for t = 3 and

 min  the number of vortices are decreased due to the turbulent
uctuations. The variation in number of vortices is proportional to
he variation of velocity magnitude with respect to time. It can be
een by intense observation of velocity fluctuations in Fig. 3 for
very minute.
The vortex nature shown in Figs. 4 and 5 indicates the existence
f swirling flow. To capture the swirling nature, the iso-surfaces
f the maximum swirling strength (Img{�}, where � is the eigen-
alues of tensor �ij) of 0.727 min−1 along with streamlines at the
ross sectional plane z = 0 are presented in Fig. 6. It is observed that

ig. 6. Iso-surface of the swirling strength (0.727 min−1) of the flow along with the
treamlines at the cross sectional plane z = 0 at t = 4 min.
s sectional plane x = −0.505 m [shown in the Fig. 1].

this strength is more at the bend and also at the downstream of
the bend. Also the streamlines are swirling around the iso-surface
where the swirling strength is high.

Instantaneous iso-surfaces of the axial velocity with three dif-
ferent magnitudes such as, positive, negative and zero magnitudes
are presented in Fig. 7 for a span of time from t = 3.97 to 4.1 min. The
positive (accelerated) and negative (decelerated) flows are delin-
eated by the shear layer with zero magnitude axial velocity. Positive
magnitude flow leads to the presence of swirling flow and the neg-
ative magnitude flow leads to the formation of the recirculation
region. In transient flows it is well known from the previous study
(Versteeg and Malalasekera, 2007) that the turbulent regimes are
susceptible to oscillations. For the incompressible flow the oscilla-
tions are caused by the interactions between the shear layer and
the re-circulating flow due to the Kelvin–Helmholtz (KH) instabil-
ity. Due to the KH instability in the shear layer, unsteady vortical
structures are generated and convected downstream to produce
fluctuations in the velocity and pressure, thus leading to the desta-
bilization of the flow field (Komerath et al., 1987; Freitas and Street,
1988). The strong shear layer is prone to instability which results in
the roll-up of the individual co-rotating vortices (Rani et al., 2007).
It is observed from Fig. 8 that the behavior is random and unstable
with respect to time.

4.3. Mass transfer

The final step of the degradation mechanism i.e., the convective
mass transfer step of ferrous ions from the oxide water interface
through the boundary layer of water into the bulk of water was
analyzed and is given by:

Ffe = K · (Cw − Cb) (13)

where Ffe is the mass flux of ferrous ions, K is the mass transfer

coefficient (MTC), Cw is the concentration of the ferrous ions at the
oxide water interface and Cb is the concentration of the ferrous
ions in the bulk fluid. For the long piping the mass transfer analy-
sis is not used directly to calculate FAC rate till the concentration
difference of ferrous ions at the oxide water interface and in the
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Fig. 7. The instantaneous iso-surfaces of axial velocity. Red, cyan and blue colors denote positive, negative and zero axial velocity values, respectively. (For interpretation of
the  references to color in this figure legend, the reader is referred to the web  version of the article.)

Fig. 8. The contours in a 90◦ bend under the Indian NPP conditions. (i) measured wall thickness data and (ii) simulated MTC. The arrow indicates the flow direction.
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Fig. 9. The instantaneous contou

ulk water (Fingjun et al., 2008; Pietralik and Smith, 2006; Pietralik,
008) is known. But, the concentration difference depends on the
rst (oxidation) and second (diffusion) steps of the thinning degra-
ation mechanism. This analysis can be applicable when the piping

s short and mass transfer is the dominating factor of the FAC rate. In
uch cases the FAC rate is converted into the proportionality con-
tant, namely, K (Pietralik and Schefski, 2011). The mass transfer
oefficient was analyzed extensively to predict the wall thinning
ocations under the operating conditions of Indian NPP. Under the
urbulent flow conditions the MTC  (K) was calculated based on the
ollowing Chilton–Colburn equation (Fingjun et al., 2008).

 = (�w/ū · �) · Sc−2/3 (14)

he values of K were calculated based on the simulated results of
all shear stress �w (i.e., �ij at the wall, i /= j).

The comparison of simulated MTC  results with that of the wall
hinning data of Indian NPP is shown in Fig. 8. The comparison
etween the two results is found to be in good agreement in terms
f locations. It is observed that intrados of the bend is more suscep-
ible to FAC. Also, the instantaneous MTC  distribution is calculated
sing the above correlation given in Eq. (14) and these results are
resented in Fig. 9. It is observed that MTC  distribution is also vary-

ng with respect to time, and the intrados of the elbow is more
usceptible to FAC. Initially at t = 1 min, the maximum MTC  occurs
t the intrados of the elbow. As time increases, for t = 2 and 3 min,

aximum MTC  occurs at the extrados also. Thus at t = 2 and 3 min

xtrados of the bend also getting affected along with the intrados.
gain at t = 4 min  at the extrados the MTC  value is comparatively

ess. The oscillation nature of MTC  in intrados and extrados is
bserved for all time.
mass transfer coefficient (MTC).

5. Conclusions

The transient turbulent de-mineralized water flow in a 90◦ bend
pipe has been analyzed under the operating conditions of wall thin-
ning degradation mechanism in Indian nuclear power plant. The
spatial filtering approach i.e., large eddy simulation was employed
to compute the large eddies and the sub grid scale model to cap-
ture the unresolved eddies with respect to time. The vortex nature
is captured in terms of streamlines at different cross sectional
planes. It is observed that vortices are formed in each cross sec-
tion and number of vortices is varying for different cross sections.
Also observed that the cross sectional plane located at the upstream
of the bend have more number of vortices due to instability. The
instantaneous behavior of streamlines at the upstream cross sec-
tional plane is observed that, the number of vortices is varying
proportionally with respect to the instantaneous velocity magni-
tude. The formation of eddies and its variations with respect to
each sectional plane and time indicates the existence of swirling
flow. The swirling flow is analyzed by capturing the iso-surface with
maximum swirling strength (0.727 min−1) along with streamlines
at the mid  plane (z = 0). The strength is more at the bend and also
at the downstream of the bend due to the presence of strong shear
layer. The shear layer prone to instability is captured for a span
of time from 3.97 min to 4.1 min  by calculating the iso-surfaces of
positive, negative and zero axial velocities and observed to have the

random behavior. Finally the most important parameter suscepti-
ble to FAC i.e., MTC, distribution is calculated with respect to time. It
is observed that the intrados of the bend is more susceptible to FAC.
From the transient distribution of MTC  it is observed that extrados
of the bend also slightly getting effected. These results will help to
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nalyze the transient variations in the pipe at the locations which
re vulnerable to FAC.
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