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Abstract. In this work, a numerical study of the dynamical behavior of unsteady and anisotropic turbulent flow downstream a 90°
bended pipe was presented. For this purpose, comparative computations are carried out employing two flow configurations, bend
pipe with ribs and bend pipe without ribs with a curvature radius ratio Re/D=2.0. In the bend pipe with ribs, the pitch ratios
Pt/e=40 and the rib height to pipe diameter /D is 0.1. This model has been utilized to assess the effect of ribs on flow where the
presence of the ribs leads to a complex velocity field with regions of flow separation upstream and downstream of the ribs. The
Reynolds-Averaged Navier-Stokes (RANS) approach is employed and the computational model is validated by comparisons with
the existing experimental data. The simulations are conducted with the commercials CFD software FLUENT for Dean number
varying from 5000 to 40000. The result analysis shows that the higher resistance generated by the ribs produced relatively larger
velocity gradient (0U/dy) compared to the case of bend pipe without ribs where a more uniform mean velocity profile is observed.
The turbulence intensities are higher in the ribbed bend pipe compared to those in the non-ribbed case and depend faintly on the
Dean number. The levels of the Reynolds shear stresses are significantly enhanced by the ribs compared to the case without ribs.
This increasing is explained by significantly higher levels of turbulence production over those ribs produced by large values of
ou/oy.

Keywords: RANS, Anisotropic, Dean number, Reynolds stresses tensor, RSM.

1. Introduction

Turbulent flows are common physical phenomena, which are very numerous in industrial and natural environments. They are
the physical counterpart of the nonlinearity of the Navier-Stokes nonlinear differential equation, which is one of the most
important in all physics arising from the fundamental principle of Newton’s dynamics associated with the forces applied to a
fluid in motion. Despite all the astounding and exceptional observations made by scientists and the existence of credible
mathematical models faithfully reflecting turbulence, the latter remains so complex that it is almost impossible for physicists to
make a clear statement on the matter.

Turbulent flow in 90° bend pipes is frequently occurring in a variety of industrial applications, such as the pulling pipe of
hydraulic turbines, centrifugal pumps, heat exchangers, energy production systems and transport lines. Detailed information
about flow through bends pipes can be very valuable for the optimum design of engineering devices by understanding of the
qualitative nature of the flow and improving their performance and minimizing the losses. Consequently, a study of unsteady and
anisotropic turbulent flows in 90° bend pipes is of great practical importance where an accurate determination of the unsteady
characteristics of the turbulent flow is essential for many problems [1]. The flow in such geometries is complex and consists of a
primary flow in the axial direction and a secondary flow generated as a result of an imbalance between the centrifugal force and
the pressure gradient in the radial direction of curvature. This makes the precise numerical simulation of the flow difficult, in
particular for unsteady and anisotropic turbulent flows with high Reynolds number where it is extremely interesting to have
knowledge on the expected anisotropy in the flow field [2].

For this reason, the numerical simulation of an unsteady turbulent flow presenting an anisotropy between the turbulent
normal stresses and the secondary flows induced by the ribs drawn up across a 90° bend pipe of circular section evoke great
scientific interest in the understanding and modeling of the various unsteady phenomena and a certain application interest,
notably in the industrial field where the utilizing of the ribs within the pipe causes blockage of flow and produces stronger
secondary flows which enhances the radial fluctuations. Therefore, the fluid can be better mixed [3].

Several researchers have studied turbulent flows in bent pipes using theoretical, experimental and numerical methods. Sudo et al.
[4] investigated experimentally the turbulent flow in a circular-sectioned 90° bend. The longitudinal, circumferential and radial
components of mean and fluctuating velocities and the Reynolds stresses in the pipe cross-section at several longitudinal
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stations were obtained. They found that the curvature has a considerable impact on the pressure and velocity distributions. Hiittl
and Friedrich [5] observed that the turbulent fluctuations in the curved pipe are drastically reduced compared to flow in a straight
configuration and also provided a useful database, albeit at low Reynolds number, for flow modeling for a variety of
configurations, including data for few selected terms of the Reynolds stresses. Kawamura et al. [6] measured the velocity field and
turbulence intensity field in a 90° elbow with Rc/D=0.55, 1 and 2 at the Re=5x10* and 5x10° using laser doppler velocimetry (LDV)
measurement. They focused on the turbulent intensity and the characteristics of the power spectrum of the turbulent intensity.
They presented the important findings that the normalized power spectrum of the turbulent intensity was not affected by the
Reynolds number. Though the separation occurred in the case of Rc/D=0.55 and 1, the unsteady flow structure formed by the
separation and the secondary flow was not mentioned in detail. Chang and Lee [7] conducted experiments using the two-
dimensional particle image velocimetry technique with 21°C water as the fluid. Time-averaged velocity distribution and
turbulence intensity of the swirl flow generated by a tangential inlet were obtained for a 90° bent tube for Re=1.0x10% 1.5x10%
2.0x10* and 2.5x10% Spedding et al. [8] measured the pressure drop in curved pipes and elbow bends for both laminar and
turbulent single-phase flow and developed empirical correlations. The transitional Reynolds number for curved pipes of large
bends was also determined using empirical relation. Pruvost et al. [9] investigated the fluid flow in the 90° and 180° bend with a
small curvature ratio (Rc/D=0.25) using different turbulence models and wall equations. The results showed that the relation
between swirl motion and Dean motion is complicated and swirl motion has an inhibitory effect against Dean motion. Raisee et
al. [10] investigated numerically developing turbulent flow through two different 90° curved ducts: a square duct and a
rectangular duct. The low-Re models of turbulence are employed. The main objectives of their study are to examine how
curvature alters flow development in the curved ducts and to explore the predictive capabilities of a recently modified variant of
the cubic non-linear k-¢ model, relative to those of the linear low-Re k-¢ model, in predicting flow characteristics in curved ducts.
According to the conclusions, both models could show a satisfactory prediction of the mean flow field. The nonlinear k-¢ model
has better performance for turbulence field and pressure and friction coefficients, but it is not accurate for the prediction of flow
recovery after the bend exit. Crawford et al. [11] investigated numerically the pressure drop for turbulent flow in 90° elbow bends.
Shiraishi et al. [12, 13] measured the pressure fluctuation and observed the flow regime in the pipe with elbow with Re/D=1 up to
the Re=8.0x10°. Although they concluded that the fluctuating pressure was generated by the movement of the boundary of flow
separation and reattachment region, their data of axial velocity profile in the elbow measured by LDV was limited at several
positions and not enough to understand clearly the complex and unsteady flow field around the flow separation region. Mojtaba
et al. [14] used the Particle Image Velocimetry (PIV) technique that allows reliable measurement of the velocity vectors of the
secondary motion in a developing laminar pulsating flow through a curved pipe. Analysis of the vorticity and strain variations
during an oscillation period then identifies favorable pulsating conditions that enhance mixing. Ono et al. [15] investigated using
water experiments in elbows the mechanism of flow fluctuation induced by the interaction between the flow separation and
secondary flow due to the elbow curvature. The elbow curvature ratio was chosen as an experimental parameter in order to
change the intensity of the secondary flow induced by the centrifugal force. The time-series of velocity fields in the elbows were
measured using a high-speed Particle Image Velocimetry (PIV). Noorani et al. [16] investigated the evolution of the selected
characteristics of the turbulent flow in straight to bent pipes over a limited range of Reynolds numbers and curvatures. Min and
Zhiguo [17] provided high-resolution velocity maps of the primary and secondary flow upstream and downstream of a 90° bend
pipe. The flow field parameters were obtained using numerical methods at the Reynolds number 10000. One of the particular
areas of interest is the behavior of the vorticity, turbulent structure, specifically the Dean vortex and swirling flow upstream and
downstream of a 90° bend pipe. Niu and Dou [18] used the energy gradient theory to analyze numerical simulation of the flow in a
90° bend with a square cross-section. This study shows that the occurrence of instability is closely related to the evolution of the
energy gradient function. Hellstrém et al. [19] investigated experimentally the secondary flow structures downstream of a 90°
bend to try and resolve some of these ambiguities with Reynolds numbers between 2x10* and 1.15x10° Specifically, they
investigated the nature of the swirl switching mode and its relationship to the Dean motions, using snapshot proper orthogonal
decomposition (POD). Jongtae et al. [20] performed experimental and numerical studies on turbulent pipe flow after 90° elbows
and to characterize the secondary flows induced by the 90° elbows including the dissipation characteristics. Dutta and Nandi [21]
studied the pressure drop characteristics of single-phase turbulent flow downstream of the elbow for high Reynolds number
(Re=1x10° to 10x10°) and for different curvature ratio (Rc/D=1 to 5) using k-¢ RNG turbulence model with standard wall function.
Yan et al. [22] predicted by numerical simulation the fluid flows through a curved pipe for Rc/D>0.5. Flow behaviors, such as
secondary flow, boundary layer separation and the oscillatory flow, are illustrated and studied. Furthermore, the variation of flow
characteristics, such as the turbulence intensity and the secondary flow intensity is estimated for a given flow condition. Rohrig
et al. [23] compared RANS and LES simulations to PIV data on cross-sections downstream of the elbow, validating the LES velocity
and pressure field calculations. Wang et al. [24] employed Direct Numerical Simulation and studied a turbulent pipe flow with 90°
bends. Dutta et al. [25] presented the simulation of the flow pattern in 90° pipe bends with different curvature ratios with
different Reynolds numbers. The details of the flow pattern throughout the bend were studied. The variations of velocity profiles
with curvature ratio and Reynolds number were studied. The dependency of swirl intensity on a wide range of curvature ratio and
Reynolds number are unique features.

This study examines the development of unsteady and anisotropic turbulent flow by considering a circular-sectioned 90° bend
pipe with and without ribs. This geometry is of particular interest since it has been the subject of multiple experimental
campaigns and numerical studies in recent years which have made it possible to advance in the understanding of the flow
topology involved in this hydraulic installation.

The success of a computational result of such flow relies heavily on the choice of the turbulence closure. In the realm of DNS
formulation, all degrees of freedom appearing in the flow are considered in all details without any approximation. Nevertheless,
one of the major shortcomings of the DNS simulations is their exertion only at low or moderate Reynolds numbers. The LES
technique allows to simulate the large turbulent scales and to model the small turbulent scales. The LES predicts both steady and
instantaneous phenomena, but requires also very large computer memory and processing time [26]. The RANS modeling
approach is intermediate between DNS and LES simulation. Indeed, this approach therefore greatly reduces the required
computational effort and resources, and is widely adopted for practical engineering applications [27].

A grid check was carried to ensure that the results are independent of the grid resolution which gives the best compromise
between the precision of the results and calculation time. The effect of grid size on the axial velocity was monitored. The
validation of the numerical results of the turbulence model is very important to select the suitable turbulence model for the
numerical simulation of the analyzed flow. The experiments carried out by Sudo et al. [4] on turbulent flows in 90° bend pipe are
used to validate the chosen turbulence model. With this in mind, the RSM turbulence model was selected to evaluate accurately
the characteristics of the analyzed flow at the outlet of the bend, but its application to turbulent flows in three-dimensional
complex engineering problems requires tremendous computational resources.
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Fig. 1. Schematic representation of bends investigated: (a) 90° bend pipe without ribs, (b) 90° bend pipe with ribs.

Considering the aforementioned, the objectives of this work are, therefore, on the one hand, to study at the exit of the
curvature the effect of the 90° bend pipe with and without ribs on hydraulic performance inherent phenomena (velocity
distributions, turbulence stresses and turbulence intensities), while carrying out a comparative study between these two
geometric models. On the other hand, it is to assess the capacity of the RANS turbulence modeling approach and the RSM
turbulence model to accurately reproduce the flow in these systems as part of the numerical simulation of an unsteady and
anisotropic turbulent flow by considering a total of four flow conditions. These flow conditions are selected to study the effect of
the increase in the Dean number on the behavior of the analyzed flow. The platform used for the current simulations is an Intel®
Core™ i5 computer equipped with 6 computing cores and 16 Gb of RAM.

2. Description of the Physical Problem

The problem considered in the current study is the fluid flow characteristics through two circular-sectioned 90° bending pipes
having a diameter D of 0.05 m and curvature ratio (Rc/D)=2. For both cases, the lengths of the upstream and downstream sections
are 15D and 10D respectively. The first bend pipe is considered without ribs and the second is with square ribs. The number of
which is 14 ribs regularly placed along the straight pipe. The pitch ratios Pt/e=40 where Pt is the rib pitch and e is the rib height.
The rib height e is 10% of the pipe diameter (¢/D=0.1). It is defined that the axial direction downstream the bend is x-coordinate,
the direction from the inner core to the outer core of the bend is y-coordinate and the perpendicular direction to x and y is z-
coordinate. The geometry of the flow field for both cases is shown in Fig. 1.

3. Governing Conservation Equations of Turbulent Flow

The governing equations, called Navier-Stokes equations, are based on fundamental conservation laws for mass and
momentum. For turbulent flow, those equations are three dimensional and time-dependent [28]. In the current study, the
Reynolds Averaged Navier-Stokes (RANS) approach is employed for computing turbulent flow. Under consideration of the RANS
simulation, three-dimensional governing equations are solved numerically using the finite volume method.

Considering an incompressible and Newtonian fluid, three-dimensional continuity and momentum equations used in this
numerical analysis in Cartesian tensor notation can be written respectively as the following:

oU;
1 :0
X, (1)
ou, = a9 1 0P 0°U, 0 (——
L+ —UU, =————+ L —(uu,
ot ox; t p OX; v 8xf 8xj< ! ’) 2

where Ui is the axial mean velocity, P the mean pressure, xi the coordinate vector, t the time, p the density, v the kinematic
viscosity while u'iu; denotes the Reynolds stress tensor. The Reynolds averaging equations are preceded by a decomposition of the
instantaneous values of velocity and pressure into a mean and a turbulent fluctuating quantity, i.e.

u =U +u (3)
where u; is the instantaneous velocity and ui' denotes the fluctuating velocity.
p.=P+p )

where p; is the instantaneous pressure, Pi the mean pressure and p;' the fluctuating pressure.

Thus the averaging process introduced a new unknown tensor term u;u'}. that appears in the RANS equations (eqg. (2)). It comes
from the non-linearity of the convection term of the Navier-Stokes equations. Consequently, the set of equations is no longer
closed. This is called the closure problem of averaging approaches. It will therefore naturally be necessary to find new equations
to solve the system allowing numerical solutions to be obtained. In three dimensions, this tensor is noted as the following:
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3.1 Turbulence Modelling Equations

In order to close the RANS equations, a model of turbulence must be provided. The transport equations include a number of
unknowns. The aim of turbulence modeling is to treat these unknowns in terms of the physically known properties. It is now
accepted that, without modification, conventional turbulent viscosity models are incapable to faithfully reproduce the behavior of
secondary flows, whereas the Reynolds stress model has proved capable of predicting such flows. This means that the isotropic
turbulent viscosity models (conventional turbulent viscosity models) are absolutely dissipative. Thus, the two-way transfer of
turbulent kinetic energy between mean motion and turbulent motion cannot be maintained [29].

Another weakness of the turbulent viscosity models is the representation of the three normal turbulent stresses by their sum,
which amounts to admitting a similar evolution of these three components, even if the turbulent anisotropy of the flow can be
contained in the modeling. Therefore, in flows where the three normal stresses vary very differently, the conventional turbulent
viscosity models, even with two equations, are not always very satisfactory [30]. Consequently, the application of this type of
models leads to mal prediction of the normal Reynolds stresses.

A clear advantage of RSM model compared to the turbulent viscosity models is that the production term does not require
approximations. It is the production term that is primarily responsible for the anisotropy. Hence, it is expected that this higher
level of modeling, representing more elaborate physics, would be beneficial in terms of accurate flow predictions. One of the main
characteristics of second-order closings lies in the possibility of representing the different mechanisms that govern the evolution
of double correlations [31].

In this paper, the Reynolds stress model (RSM) is proposed, the latter proved to be able to predict the anisotropy of turbulent
flows [32]. RSM is theoretically more adapted when turbulence is found to be anisotropic, as in bend flows [33]. Solving three-
dimensional equations by means of this model is extremely complicated [26], where the differential transport equations are
solved for each Reynolds stress component which requires more effort and time to simulate the flow. These equations include
some terms that are exact and some that must be modeled [34]. The modeled terms require a variety of ad hoc wall damping
functions and the numerical values of the coefficients are chosen based on empiricism [26]. However, the complexity of numerical
models and numbers of degrees of freedom increase to a demanding task regarding disk space and CPU time [35]. The exact
transport equations for the transport of the Reynolds stresses u;u'j may be written as follows [36]:

— — P AT —_—
o LU, o _ 0w, B ouuu, 71u;d—p7
ot 0x, 0%,0%,, 0%, p O,
- —_— ©)
1 . ap’ 7,8[]] ﬁaul 8“1 BM}-
Uy Ul — Ul = 2u——
p ’ox 0%, 0%, 0x, 0%,

where u}u}u; is the triple correlations of fluctuating velocities. Equation (6) can be written in the following form [37]:

Duy;
Dt

=P —¢; +®;+Dj +Dj )

where the turbulent production, convection, viscous dissipation, velocity-fluctuating pressure correlation, turbulent diffusive
transport and molecular diffusion are defined, respectively, as:

P. = —uu,— —uu, —-

K ox, 1t ox, (8)

ouu;
C.=U —~2L 9
ij k axk ( )

L ou,
=2, 0 Y (10)
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The terms Cy, Di* and Py can be preserved in their exact form, no modeling is necessary. However the terms Dy, ¢ and &
require modeling that provides mathematical relationships to close the system. For the e-based RSM, Dy’ can be modeled as
follows [38]:

a |1 8“7‘
D] =——|f—1J 14
Vox, | o, 0%, (14)
where the ok is an empirical constant and p: is the turbulent viscosity which is computed by the equation:
kz
u, = pC, - (15)

where k is the turbulent kinetic energy, ¢is the turbulence dissipation rate and Cy is an empirical constant.
By default in ANSYS Fluent, the pressure-strain term, ®; is modeled according to the proposals by Gibson and Launder [39], Fu
et al. [40] and Launder [32]. The classical approach to modeling ®; uses the following decomposition:
By =Dy, + Py, + Py, (16)
where ®j,1is the slow pressure-strain term, also known as the return to isotropy term.
This term is modeled as:

€

‘I)im =—Cp %

- 2
uu; — géﬁk] (17)

The term ®y»is called the rapid pressure-strain, it is modeled as:

1
P, =-C, [(R-,- - ij) - §5fj (Boe — Ckk)] 48)

where &; is the Kronecker symbol, C: and C; are the empirical constants.
The term @y is the wall-reflection, it is responsible for the redistribution of normal stresses near the wall. It tends to damp
the normal stress perpendicular to the wall while enhancing the stresses parallel to the wall [41]. This term is modeled as:

e 3 3 C3/4k3/2
@, =C, E[1,4,214mn,m 05 — Euiuknjnk —=uunn,

1

edk

m-y 2)

3 3 G2 (19)
P MM, 05 — — Py 1, — =Dy 1y, [

C,
2 m-ij 2 2

edk

where n is the unit vector normal to the wall, d is the normal distance to the wall, x the von Kdrman constant while C:' and C'
denote an empirical constants.
For Reynolds stress models based on the s-equation, the dissipation tensor g is modeled as:

2
& =5 (e + Vi) (20)

where Yu is an additional dilatation dissipation term according to the model of Sarkar and Balakrishnan [42].
Y, = 2peM? (21)

where M:is the turbulent Mach number. It is defined as:

[k
M, = = (22)
where a is the speed of sound.

The scalar dissipation rate ¢ is computed with a model transport equation similar to that used in the standard k-¢ model, it is
found by solving its transport equation [41]:

9
ot

P. e e?
+C 2= Ezp? (23)

o P
(pe) +——(peu;) =—— 1%

0x; 0x;

[H&]ﬁ
0. )0x;

where p is the dynamic viscosity which may significantly impact the dynamics. It is a function of the temperature of the fluid
where its decreases by the increase of the liquid temperature conduct to the reduction of the pressure drop [43]. c,, Ca and Ca
denote an empirical constants.

The constant values for the Reynolds stress model are given in Table 1.

Table 1. Empirical constants for the RSM model.

C,‘ Ok Ci Cy c,' G’ K (o3 Ca Ca
0.09 0.82 1.8 0.6 0.5 0.3 0.4187 1.0 1.44 1.92
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Fig. 2. Computational grid of the bends flow.

4. Mesh Generation and Grid Independence Study

In this study, 3D structured hexahedral meshes with inflation near the walls are used for both geometries considered as
shown in Fig. 2. This type of mesh presents a capability in providing a high-quality solution with fewer numbers of cells, higher
accuracy and reduce CFD computational effort [44]. However, a discretization mesh of the flow is one of the most difficult phases
because the quality of the mesh depends on the accuracy of the numerical simulation. Furthermore, one cannot ignore the
constraints of the computing capacity, namely, those that limit the number of mesh nodes and the size of the mesh elements [45].
Using the sizing functions, a high adaptive mesh density was maintained in the bend and the regions close to the wall and ribs
where the mesh is stretched from the solid wall toward the centerline to gain a higher resolution near the wall, where better
resolution is needed [46]. The value of non-dimensional distance from the wall (y+) is controlled using a wall treatment function
(y+<5 for a near wall cell used for the present study). The size and the number of layers are selected to provide the y+ wall
distance for the predicted high Reynolds y+ treatment [47]. The wall treatment used for all of the computations reported is the
standard wall function approach. The grid generation is a key issue in flow simulation that governs the stability, the accuracy of
the predictions and the time of CFD numerical computation. A very fine grid is computationally more expensive and is necessary
to ensure reasonable resolution of the mesh [48]. The appropriate quality and quantity of grids are very important. For the mesh
independence study, five levels of refinement are generated by using ANSYS ICEM to optimize the mesh convergence by studying
the effects of grid numbers on the stability of numerical results and ensure that the solution is independent of the mesh. They are
reported in Table 2.

The convergence criterion used for these calculations is 10 for all flow equations.

In Figure 3, the mean axial velocity profile at X/D=0 is used in a grid independence test where X is defined as the position on
the longitudinal axis, R is the radius of the pipe and r denotes the radial distance, the Dean number is De=3x10% Based on the
results, it appears that the distribution of the mean axial velocity Ux normalized by the inlet velocity ui (Ux/uin) obtained for the
mesh-5 does match with the profile obtained for the mesh-4. It can be clearly observed that the relative deviation of axial velocity
between mesh-4 and mesh-5 is only 0.078% relative error, which is acceptable in most engineering analyses and designs. Hence
there is no need to refine the mesh any further and the mesh-4 is accepted for computations of the present study. The Table 3
summarizes the statistics of the mesh-4.

The mesh quality is verified through skewness property. Referring to Table 4, the mesh quality is excellent, where the metric
skewness is equal to 0.0698. The following table lists the range of skewness values and the corresponding cell quality.

Table 2. Error analysis of various grid sizes.

Mesh Number of nodes Number of elements Skewness Error(%)
Mesh1 602745 140070 0.1448 6.38
Mesh2 1605075 390264 0.0905 3.84
Mesh3 4019697 981834 0.0815 1.79
Mesh4 6234372 1534929 0.0698 0.078
Mesh5 12241833 3018520 0.0646 -

Table 3. Details of mesh.

Inflation Option Smooth Transition
Maximum Layer 20
Growth Rate 1.2
Nodes 6234372
Elements 1534929
Mesh Metric Skewness
Min 0.0048
Max 0.4298
Average 0.0698
Standard Deviation 0.0652
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Table 4. Classification of the mesh quality metrics based on skewness [49].

0-0.25 0.25-0.50 0.50-0.75 0.75-0.9 0.9-1 1

Excellent Good Fair Poor Bad(sliver) Degenerate

Table 5. Measurement errors (%).

RSM Standard k-¢

X/D  Maximum error (%) Average error (%) Maximum error (%) Average error (%)

0 5.34 1.27 7.69 3.08
0.5 5.75 1.22 6.59 1.82
1 5.95 1.02 5.88 1.90
2 5.54 1.15 5.76 1.67
5 13.66 13.49 13.61 13.57

4.1 Validation of Model

After establishing grid independence, the selection of an appropriate turbulence model for the numerical simulation of an
unsteady and anisotropic turbulent flow in a bend pipe is very important. For it, the RSM and standard k-¢ models have been
employed. Results and simulation setup are firstly validated against the available experimental data with air as the working fluid
[4] where the measurements of velocities were performed at a Dean number of 3x10% It can be seen that a reasonably good
agreement has been obtained between the predictions by all two turbulence models and the experimental data as presented in
Fig. 4. Nevertheless, the prediction by the RSM model is closer to the experimental data, especially the peak value is most
accurately captured while it is underestimated by the standard k-¢ model.

The four evolutions are perfectly superimposed and the observed difference between the different results is barely remarkable
where for X/D=0, X/D=0.5, X/D=1 and X/D=2, the maximum errors of mean axial velocity differences range between 5% and 6%
where a similar behavior is observed with the published results however at X/D=5 the errors is around 14%. This translates that in
the case of experimental data of Sudo et al. [4], the mean axial velocity profile is significantly altered by the flow’s weakening.
Although the experimental data do not show a fully-developed state being reached downstream the bend, it appears to be
approaching such a condition by the point X/D=5. While, in the present simulation neither model correctly predicts the mean
axial velocity profile in the point X/D=5, the flow is still accelerated and a further longitudinal distance is required for the flow to
be fully developed turbulent.

The estimates of errors are summarized in the Table 5. In view of the above, the trends for the mean axial velocity profiles are
well captured properly and accurately by the RSM model which appears superior in predicting the axial velocity peak; this is due
that the RSM model was formulated by involving the strong anisotropic turbulent flows. Overall the RSM performs best for this it
has been used for the rest of this study.

U,/u

in 1,4

Fig. 3. Normalized mean axial velocity distribution for different structured meshes.

X/D=0.5 X/D=1 X/D=2 X/D=5

0.5 p o -~ 0.5 ':"r—a}
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Qo Qo fodadn sy
— — r
) 2
- -0.5 -0.5 L
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& Sudo et al. *RSM model +Standard k- model

Fig. 4. Comparisons of the non-dimensional mean axial velocity profiles with experimental data of Sudo et al. [4], along the symmetry line, at
different sections downstream of the bend.
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Table 6. List of flow conditions investigated in the current study.

Flow conditions De Uin (M/s) kin (M%/s?) &n (M%s?) 1(%)
Run 1 5000 0.200 0.0001500 1.102E-5 5
Run 2 10000 0.402 0.0005129 6.969E-5 4.60
Run 3 20000 0.804 0.0017514 4.399E-4 4.25
Run 4 40000 1.608 0.0058990 2.718E-3 3.90

Table 7. Thermophysical properties of the fluid at T=293k [54].

p kg/m’) cp (kg K K (Wm'k7) H (kg/(m s))
998.21 4182 0.6024 0.001003

Table 8. List of flow run calculations investigated in the current simulations.

Bend pipe without ribs Bend pipe with ribs

Flow conditions  Time step size =~ Number of time steps  Time step size ~ Number of time steps

Run1 18.970E-4 3708 20.810E-4 3381
Run 2 09.438E-4 3708 10.353E-4 3381
Run 3 04.719E-4 3708 05.177E-4 3381
Run 4 02.359E-4 3708 02.588E-4 3381

5. Boundary Conditions and Numerical Details

The resolution of the nonlinear governing equations presented above, is done by the use of the defined boundary conditions
which are described in Fig. 1. A total of four flow conditions, as shown in Table 6, are studied in this paper. Inlet boundary
conditions applied in entry are defined in terms of velocity, temperature, turbulent kinetic energy and specific dissipation rate.
The velocity at the inlet was calculated based on the Reynolds number referred to the pipe diameter and entrance flow conditions.
The Reynolds number is an important dimensionless quantity in fluid mechanics which is used to predict transition from laminar,
sheet-like flow in parallel layers to turbulent flow which is characterized with unsteady vortices [50]. When the Reynolds number
increases, the working fluid quickly leaves the pipe [51] which affect the velocity profile and as a result the temperature profile
too where it is observed that enhancement of heat transfer is particularly notable at low Reynolds numbers [52]. The fluid inlet
temperature was fixed at 293k. The values of the turbulent kinetic energy and its specific dissipation rate are calculated from the
inlet turbulence intensity and pipe diameter using the following equations respectively [21]:

in

k, =1.5(Iu,,)’ (24)

&, =(C,k**)/0.3D (25)
where the turbulence intensity has been calculated using the following formula [53]:

I=0.16Re *® (26)

Re — 4D (27)
14

At the pipe wall no slip boundary conditions for the velocity has been applied and the wall was treated as stationary. The
outlet was given as outflow and the working fluid (water) was supposed to be incompressible with constant properties
summarized in Table 7 where cp denotes the specific heat and k is the thermal conductivity. The flow was assumed to be three-
dimensional turbulent, unsteady and anisotropic.

In the analysis of flows through bend pipes, the Dean number is used frequently. It is defined according to the following

equation:
De — Re, -2~ (28)
2Rc

where Rc is the radius of curvature and Re is the Reynolds number.

The second-order upwind scheme was implemented for the solution of momentum terms. The SIMPLE algorithm is used for
pressure-velocity coupling. The time step size and the number of time steps used in current simulations considering established
flow conditions are summarized in Table 8. The run time of each simulated case is approximately 5 days. The Solutions of these
flows were obtained using the software ANSYS FLUENT Release 19.0 with a Dean number ranging from 5000 to 40000. The setup of
FLUENT was mentioned graphically in Fig. 5. Analysis results at different locations downstream of the bend were used in this
study.

6. Results and Discussion

The main objective of the current study is, on the one hand the comparison of the hydrodynamic behavior of unsteady and
anisotropic single-phase turbulent flows into 90° bend pipe without and with ribs through numerical simulation along the
different positions downstream of the bend and on the other hand, it is to investigate how the ribs affect the turbulence
characteristics of the analyzed flow, such as turbulence intensities and Reynolds shear stresses. The results are reported in terms
of the normalized axial velocity, turbulence intensities and Reynolds shear stresses as a function of Dean number ranging from
5x10°% to 40x10°.
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Fig. 5. Set up of FLUENT.

6.1 Mean Velocities

The distributions of mean axial velocity normalized by the inlet velocity uw and its evolution with the increasing of
downstream location and the Dean number are presented in Fig. 6. The negative r values represent the inner core of the bend and
the positive values represent the outer core. The data displayed are taken in the symmetry plane of the configuration according to
the coordinate r which extends perpendicular to the centerline.

An examination of this figure shows that for the two geometric models considered, the distribution of the mean axial velocity
does not present any great difference between the different Dean numbers used, which means that there is a similarity in the
structure of the analyzed flow after the elbow with the radius of curvature adopted if the Dean number is between 5000 and 40000.
We deduce that for the bend pipe with a small curvature ratio (Rc/D<2) the Dean number is found as a weak function.

For the case of bend without ribs Fig. 6, the study shows a significant shift of the peak velocity towards the outer wall just at
the exit of the bend up to a distance X=2.5D. The velocity profile has an inflection point corresponding to a change in concavity
causing a rate of increase in acceleration towards the outer wall of the pipe. This acceleration is due to the pressure gradients that
develop at the entrance to the elbow due to the centrifugal force. The main characteristic of this flow in this area is the
appearance of camel back shapes in the distribution of velocity. These forms are the result of the loss of momentum.

By moving away from the bend and from X=5D, we see that the flow tends to regain its fully developed form, the velocity
profile is approximately symmetrical (flattened form) and similar behavior has been observed.

According to the simulation results, an increase of the mean axial velocity in the centerline of the pipe is observed in the
ribbed bend pipe where it is found that the velocity profile has a clearly peak. This increase is caused by blockage of cross-section
of the fluid flow in pipe with the presence of the ribs that causes flow acceleration, disturbance in the full pipe flow and affects
the main stream velocity by creating more turbulence. This suggests also that, the redistribution of the kinetic energy among its
components is altered by ribs. Relative to the non-ribbed case, the flow is not disturbed.

Finally, there is a clear trace and impact of the ribs on turbulence. This would indicate that the acceleration of the velocity is
higher for the ribbed bends pipe. The fluid moves more quickly at the central region of the pipe as it is viewed in Fig. 6 which
shows that the maximum velocity value is approximately 47% higher than the corresponding upstream value but it is 9% higher
in the case of the bend pipe without ribs.

It is found that the fluid is somewhat displaced towards the exterior surface of the wall. Consequently, the flow tends to
regain its fully developed form in the inner heart downstream the bend by slowing the effects thanks to the ribs placed upstream
and downstream of the bend where the flattened form in the central part of the pipe is observed at X=D. The recovery of the
profile seems to be caused by turbulent transport, which should be more important in the presence of ribs.

We observed a secondary flow structure composed of two counter-rotating cells located downstream of the second rib at
X=8.5D. These vortices appear to be induced near the inner and outer walls of the cross-section for a short time.

Figure 7 shows the velocity contours for different cross-sections downstream of the bend considering a Dean number
De=40000. It appears that moving away from the downstream, the fluid in the central region of the pipe moves towards the outer
wall due to the centrifugal force (see Fig. 7(a)). The position of the flow shows that the greatest axial velocity changes are seen by
going towards the outer wall however in the case of the bend pipe with ribs, near the top and bottom walls of the pipe, the fluid
moves more slowly than that near the central plane due to the presence of ribs where the flow is more accelerated pushes the
fluid in the boundary layer towards the walls (see Fig. 7(b)), this, therefore, requires a smaller pressure gradient to balance the
centrifugal force.

6.2 Turbulence Intensities

A turbulence analysis should include the turbulence intensities, which is the primary metric to characterize the turbulence.
The effects of turbulence downstream of the bend are presented as turbulence intensities of the flow that is a measure of the
relative importance between the velocity fluctuation and the mean flow. For both cases considered without and with ribs, the
profiles of the turbulence intensities are plotted at different positions downstream the bend while considering a Dean number in
the range 5000 to 40000. The profiles of streamwise turbulent intensity vuu /u, and tangential turbulent intensities

vV /u, ,Vww /u, normalized by the inlet velocity un are shown in Fig. 8 to 10 respectively.

in

Journal of Applied and Computational Mechanics, Vol. 7, No. 3, (2021), 1620-1638 A\V'A



Numerical Investigation of an Unsteady and Anisotropic Turbulent Flow Downstream a 90° Bend Pipe with and without Ribs 1629

0.5 .5
0.3 .3
QO.l .1
=
-0.1 .1
-0.3 .3
-0.5 .5
0.5 .5
0.3 .31
DO.l 1 A
=
-0.1 4 1 1
-0.3 34 i ]
-0.5 .5 F Uy/uin
—— Without ribs, De=5000 =—— With ribs, De=5000 ‘With ribs, De=10000

= = = Without ribs, De=20000 = = = With ribs, De=20000 + Without ribs, De=40000 +  With ribs, De=40000

Fig. 6. Comparison of normalized mean axial velocity profiles at different locations downstream the bends with and without ribs obtained with RSM
model, De=5000, 10000, 20000 and 40000.
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Fig. 10. Comparison of the normalized transverse turbulent intensity Vww' / u,, distributions for ribbed and non-ribbed bend pipe at selected
locations downstream the bend, De=5000, 10000, 20000 and 40000.
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Fig. 12. Comparison of the normalized Reynolds shear stress uw' / ufn distributions between the ribbed and non-ribbed bend pipe at selected
locations downstream the bend, De=5000, 10000, 20000 and 40000.

By examining Fig. 8 to 10 and considering the case of the bend pipe without ribs, the turbulence intensities are in a range from
7% to 15% of the inlet velocity uin however in the ribbed bend pipe case, the streamwise turbulent intensity varies between 15%
and 45% and the tangential turbulent intensities are in a range from 15% to 25% of the inlet velocity uin.

Considering the case of the bend pipe without ribs, it is observed that in the center line and going towards the walls, the
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streamwise and tangential turbulence intensities remained almost constant. Their distributions have similar profiles whereas, in
the ribbed bend pipe, both streamwise and tangential turbulence intensities show an increase in the region corresponds to
0.4<1r/R<0.7 then gradually decrease near the wall where r/R>0.7. It follows that the highest turbulence intensities in the absence
of the ribs are relatively low compared to those in the case with ribs where the turbulence intensities in both streamwise and
transverse directions peaks downstream of the ribs then gradually decrease away from the ribs; however, the extent of the
maximum values is much higher in both directions.

Re-examining Fig. 8 to 10 again, it appears that the turbulence intensities for both cases considered does not change too much
for a wide range of Dean number. This does not mean that the flow becomes less turbulent but we simply say that the velocity
fluctuations divided by the mean velocity decreases.

From the above, it is concluded that the turbulence intensities are significantly increased in the ribbed pipe and the flow
seems highly turbulent owing to the presence of the ribs.

6.3 Reynolds Shear Stresses

Figure 11, 12 and 13 illustrate respectively the evolution of three components of Reynolds stress uv ,uw and vw that
represent the loss of mechanical energy by the main flow due to its interaction with turbulence. The determination of these
turbulent stresses provides an understanding of the shear dispersion in the flow which is the central problem of turbulence.

The examination of Fig. 11 shows that in the case of the bend pipe without ribs, the Reynolds stress component uv has a
small positive value in the region r/R>0.8 accompanied with a smaller magnitude and it is negligible for r/R<0.8. Whereas, in the
case of the bend pipe with ribs, it is observed that the stress is nearly positive through the range in which the measurements are
performed and it maximizes downstream of the ribs where its peak value extends to a higher non-dimensional height near the
wall then decreases in magnitude to approximately 70% of its former level corresponding to the value near the wall. This
maximization results in an increased production leading to an improvement in the turbulent kinetic energy in the heart of the
bend pipe. It is also noticed, that the peak position is almost the same for all measurements.

For both cases considered with and without ribs, as can be seen, near the axial centerline, the fluctuations are less important
than those near the wall. Consequently, the magnitudes of the shear stresses are significantly reduced and should be identically
zero as shown in Fig. 11 which indicating that in this region, the turbulence is fairly uniform (isotropic turbulence).

For the component uw , we observe clearly the same behavior as that of the component uv making the production of
stresses in those two directions equal, (see Fig. 12). o

From the above, it is clear by comparison that, the convection and diffusion of the uv , uw stresses in the case of the bend
without ribs, are extremely small than the case of ribbed bend pipe. It clearly means that the stress components are elevated in
the presence of ribs. o

Considering the comparisons of the evolution of turbulent shear stress vw shown in Fig. 13, the profiles show a change in
sign of the stress indicating two peaks value. This demonstrates that, the Reynolds stress changes behavior near the separation
point where it varies sign accompanied with a smaller magnitude compared to the uv and uw stresses. This change in sign is
certainly linked to the secondary flow motion which disturbs the velocity field to the point where the sign of the gradient is
modified.

By comparison of the two cases considered (with and without ribs), we observe that the peak value of the Reynolds shear
stresses is almost the same while the peak position is different. It appears also that the behavior of Reynolds stresses is strongly
related to the Dean number. This results in the fact that as the Dean number increases, the effect on the velocity fluctuations
becomes weaker. This shows that turbulence fluctuations are reduced much less by the flow control at higher Dean numbers.

7. Conclusions

In the present study, a numerical simulation of the three dimensional unsteady and anisotropic turbulent flow of single-phase
incompressible fluid through two 90° bend pipes one without ribs and the other with ribs were carried in ANSYS Fluent solver
using realizable RSM turbulence model. A large Dean number range from 5000 to 40000 was tested for each geometry in order to
investigate its effect on flow characteristics. For both bend pipe cases considered (with and without ribs), the process of formation
of different profiles representing the dynamic and turbulent characteristics of the analyzed flow, in the straight section,
downstream the bend, was taken into consideration. A comparison of numerical simulation results between the two considered
geometries has been presented in order, to see on the one hand how the analyzed flow behaves dynamically in 90° bend pipes
and on the other hand globally evaluate the impact of ribs on the velocity, turbulence intensities and Reynolds shear stresses. The
conclusions based on the analysis of obtained results are presented as follows:

= The feasibility of closures, which in principle ensures that the solutions obtained with the RSM model have a physical
meaning by not allowing the production of negative normal stresses of the Reynolds tensor, is obtained. Moreover, it was
also observed that the Reynolds stress model (RSM) successfully predicts the peak shear stresses.

= Near the bend, it was observed for both cases with and without ribs that the maximum value of the U./ui is located near
the outer wall. However as it moved away from the curvature it was found that the maximum is located more towards
the centerline in the bend pipe with ribs than that in the case without ribs. It can be clearly noted that the profile of Ux/uin
in the ribbed case does not resemble the profile of the non-ribbed case, emphasizing the fact that the core flow is affected
by the presence of the ribs. As a result, the higher resistance generated by the ribs produced relatively larger velocity
gradient (0U/dy) compared to the case of bend pipe without ribs where a more uniform mean velocity profile is observed.

= It is observed, that the measurements of the turbulence intensities of analyzed flow at different positions downstream
the bend, is very low dependence on Dean number whether with or without ribs. It seems that the turbulence intensities
are higher in the ribbed bend pipe (up to 15% at r/R=0) compared to those in the non-ribbed case (between 5% and 10% at
r/R=0). This means that because of the ribs, the interaction process increases significantly the values of intensities. It was
also found that in the ribbed bend pipe, the maximum turbulence intensities showed high values near the wall.

= For the Reynolds shear stresses examined, our results show that the Dean number has notable effects on the peak value
of the component vw compared to the two other components uw and uv' . The analysis of these stresses distribution
showed that the ribs enhanced the levels of the Reynolds shear stresses significantly compared to the case without ribs.
This increasing is explained by significantly higher levels of turbulence production over those ribs (produced by large
values of oU/dy).
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Nomenclature

Cp Specific heat [J.kg™.K™] Ui Velocity vector [m/s]

d Normal distance to the wall [m] u'i Fluctuating velocity vector [m/s]

D Pipe diameter [m] Uin Inlet velocity [m/s]
De Dean number Ux Axial mean velocity [m/s]

e Rib height [m] Xi Coordinate vector [m]

I Turbulence intensity y+ Non-dimensional distance from the wall
k Turbulent kinetic energy [m%s? i Kronecker symbol

K Thermal conductivity [W.m™.k?] £ Turbulence dissipation rate [m%s?)

pi Instantaneous pressure [Pa] &in Turbulence dissipation rate tensor [m?%/s]
p'i Fluctuating pressure [Pa] K Von Karméan constant

Pt Rib pitch [m] U Dynamic viscosity [kg/m.s]

R Radius of pipe [m] Ut Dynamic turbulent viscosity [kg/m.s]
Rc Curvature radius of pipe [m] v Kinematic viscosity [m¥s]
Re Reynolds number P Density [kg/m?|

t Time [s]
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