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This paper presents numerical simulations of Newtonian and viscoelastic flows through a
180° curved duct of square cross section with a long straight outlet region. A particular
attention is paid to the development of the flow in the output rectangular region after the
curved part. The viscoelastic fluid is modeled using the constitutive equation proposed by
Phan-Thien-Tanner (PTT). The numerical results, obtained with a finite-volume method,
are shown for three different Dean numbers (125,137,150) and for three Deborah
numbers (0.1,0.2,0.3). The necessary outlet length to impose boundary conditions is
presented and discussed for these cases. Streamlines and vortex formation are shown to
illustrate and analyze the evolution of the secondary flow in this region.

© 2014 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

RESUME

Ce travail présente des résultats numériques concernant I'étude des fluides newtoniens
et viscoélastiques passant par une conduite courbée a 180°, de section carrée, avec
une longue zone droite de sortie. Une attention particuliére est portée a l'analyse de
I'écoulement dans la région rectangulaire de sortie aprés la partie incurvée. Le fluide
viscoélastique est modélisé a I'aide de I'équation constitutive proposée par Phan-Thien-
Tanner (PTT). Les résultats numériques, obtenus avec la méthode des volumes finis, sont
présentés pour trois nombres de Dean (125, 137,150) et pour trois nombres de Deborah
(0,1,0,2,0,3). La longueur du domaine de calcul nécessaire pour bien imposer les
conditions aux limites de sortie est présentée et discutée. Les lignes de courant montrant
la formation de I'écoulement secondaire sont montrées pour illustrer le comportement de
I’écoulement dans cette région.
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Fig. 1. Geometry.

1. Introduction

The study of Newtonian and viscoelastic flows through complex geometries is an important topic of research and has
several practical applications. In this work, we consider a curved channel of 180°, which is widely applied in several do-
mains of engineering and presents a scientific interest for the understanding of the presence and development of secondary
flows in curved ducts. This kind of geometry can be found in different industrial applications, to cite a few: petroleum or
petrochemical industry, injection of polymeric materials, heat exchangers, biomedical systems, etc.

The work of Dean [1] is the basis of several researches on the behavior of Newtonian flows through curved channels with
square cross section. He analyzed the formation of vortex in a curved channel with the perturbation method for a Newtonian
fluid. He was the first to demonstrate the appearance of twin counterrotating vortices in the curved part of a channel, which
are the result of the interaction between inertia, viscous and centrifugal forces. Dean introduced a dimensionless number,
which represents the ratio between the centrifugal forces and the viscous forces, and is related to the intensity of secondary
flows. This number has been called Dean number, Dn, and is defined as

a
Dn:Re\/Rj2 (1)

where a the characteristic length associated with the cross section of the channel, R, is the radius of the external curvature
of the channel, and Re is the Reynolds number based on the bulk velocity and on the length a.

Berger et al. [2] performed an extensive review of the topic for Newtonian fluids. Bara et al. [3] performed an experi-
mental study for incompressible Newtonian flows through a curved duct with square cross section, and demonstrated the
appearance of more than one pair of vortices as secondary flow. Bhunia and Cheng [4] studied the behavior of an air flow
through a curved rectangular channel with a variable cross section. They showed that a secondary motion sets in radial
direction of the curved section, which in combination with the axial flow leads to the formation of a base vortex. There
are only few works in this field considering the secondary flows in curved ducts for viscoelastic fluids (Helin et al. [5] and
Boutabaa et al. [6]).

The originality of this work is to use a large extension of the straight output zone (after the curved part, as shown
in Fig. 1) considering different Dean and Deborah numbers. The Phan-Thien-Tanner (PTT) constitutive equation is used to
model the viscoelastic fluid. Preliminary results were presented in a conference (see [7]), and in the present paper our aim is
to study in details the persistence of the secondary flow in this straight part of the outlet region. The numerical simulations
are done for a three-dimensional computational domain, considering Newtonian and viscoelastic fluids. The secondary flow
is observed in the normal direction (perpendicular to the streamwise direction) of the main flow through a U-curved channel
of 180° of square cross section, for three Dean numbers Dn = 125, 137, and 150, and three Deborah numbers De = 0.1, 0.2
and 0.3. The Deborah number is defined as De = AU /a, where A is the relaxation time of the viscoelastic fluid, U the bulk
velocity and a the height of the channel. The length of the outlet region of the channel was extended up to 65a. Fig. 1
shows the geometrical configuration. The results are obtained using a finite-volume numerical method written in general
orthogonal coordinates with a staggered grid [8]. The analysis was performed using the velocity field and streamlines.

The paper is organized as follows. Section 2 presents the governing equations; the numerical method and the geometry
description are briefly described in Section 3, and the results and the conclusions are presented and analyzed respectively
in Sections 4 and 5.
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2. Governing equations

The governing equations are written for mass and momentum conservation considering the fluid as incompressible and
non-Newtonian.

- i) Mass conservation:
V.v=0 (2)

where v is the velocity vector and V the nabla operator.
- ii) Momentum conservation:

p(DV/Dt) =V - (—pl+2nsD + 1) (3)

where D/Dt is the material derivative, p the fluid density, p the pressure, I the identity matrix, ns the solvent viscosity,
T the polymeric contribution to the extra-stress tensor and D = 1/2(Vv + Vv!) the rate-of-deformation tensor. The
constitutive equation of Phan-Thien-Tanner (PTT) is used to model the extra-stress polymeric components t.

- iii) Constitutive equation of PTT model:

f(ir})T +A[(DT/Dt — TVv — VWW'T)] = 2n,D (4)
where the function f({t}) is defined as
f({T}) =exp(er/np){t} (5)

np represents the polymeric viscosity, {T} the trace tensor T, A the relaxation time and & a parameter characterizing
the elongational behavior of the model. It is noted that when f({t}) is equal to 1, the PTT model reduces to the Oldroyd-B
model.

2.1. Governing equations in general orthogonal coordinates

The behavior of the fluid flow is described by the mass conservation equation (Eq. (2)) and by the momentum con-
servation equation (Eq. (3)) and, for the case of viscoelastic fluids, the constitutive equation of Phan-Thien-Tanner is also
included in the governing equations. In order to model the curved part of the duct, the procedure proposed by Pope [9] to
transform the transport equations from the Cartesian form into the generalized orthogonal coordinates through geometric
transformations is used. In this work, the conservation and constitutive equations are expressed in terms of general or-
thogonal coordinates. Let us consider the orthogonal coordinate transformation from Cartesian coordinates using the initial
notation, x;, to curvilinear coordinates v;, where i = 1, 2, 3. The spatial derivatives will be expressed in terms of the physical
infinitesimal variations of length, d&; = h;dy;, where h; = ,/g;; denotes the scale factors written in terms of the ith com-
ponent of the diagonal metric tensor. The physical curvilinear velocity field is defined by V; = h;vi, such that vi = dy;/dt.
Below is presented a brief description of the procedure, for details see also [8]. The mass conservation equation for an
incompressible flow can be written as:

aVi j
2V (V=3 g+ Y HVi=0 (6)
i J#i
where Hlj = %g—g; are the Christoffel symbols.
In particular, we can also define the components L;; of the generalized velocity gradient L, by L;j = % - Hile- +

Dk H’j‘. Vi8ij, with §;; Kronecker’s delta. The momentum conservation equation is given by:

a(pVj)
at

3 4 .
+Y Vo (pVivi— Ty = _8_5- — Y HY(pViVi—Ti) + Y _H{(pViVi— Ti) 7
i N i

with 7ij = 7jj + 2nsD;j, where 7;; represent the physical components of the extra-stress tensor T, 75 the solvent Newtonian
viscosity and Dj; the components of the rate-of-deformation tensor D = %(L—i— LD).

The constitutive equation of the PTT model in general orthogonal coordinates results from the transformation of the
second-order tensor arising from advection of the extra-stress tensor:

0Tjj : .
FOT) T + )\i 8_;] + D Vit (Vitip) = Y H Vit + Y H{Vitg — Y H Vit
k k k k

+ Y HAV T = ) Lty — ZijTki} = 21pDj;j ®)
k k k
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Fig. 2. Streamlines of the Newtonian flow in cross section at positions x =0, x =2.84, x =9.47, x =12.52, x = 15.82, and x = 19.40 for Dn = 125. (Scale:
max = 1.3E-02; min = —1.10E-03; A =0.001.)
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Fig. 3. Streamlines of the Newtonian flow in cross section at positions x =0, x = 2.84, x =9.47, x =12.52, x =15.82, and x = 19.40 for Dn = 137. (Scale:
max = 1.3E-02; min = —1.10E-03; A =0.001.)

where 7p is the polymeric viscosity and f({T}) is function of the trace {T} of the extra-stress tensor T, depending on
the dimensionless material parameter characterizing the elongational behavior of model and the zero-shear rate polymeric
viscosity.

3. Numerical method and geometry description

The method used to solve the system of equations in general orthogonal coordinates is the finite-volume method. The
equations are integrated in a control volume, and then the Gauss theorem is used to transform the volume integrals into sur-
face integrals. The staggered-grid approach is used to define the locations of the primitive variables (velocity, pressure, and
extra-stresses). The numerical algorithm used is based on Marker and Cell approach proposed by Harlow and Welch [11].
The velocity field is solved explicitly with an implicit Poisson solver for pressure. The Poisson equation is then solved us-
ing a Cholesky direct method or a preconditioned conjugate gradient method. The advection terms are discretized using a
second-order scheme (QUICK, from Leonard [10]). The advance in time is obtained by a first-order Euler scheme. A three-
dimensional flow of Newtonian and viscoelastic fluids through a curved channel with a square cross-section is considered.
The classical boundary conditions are employed for this geometry: no-slip at the walls, developed velocity profile in the
inlet and uniform pressure at the outlet section.

4. Results

The results presented in this work are obtained for Newtonian and viscoelastic flows for three Dean numbers Dn = 125,
137, and 150, and for three Deborah numbers (De = 0.1, 0.2 and 0.3) when the viscoelastic fluid is considered. Results
are presented for the developing region after the curved part, where the coordinate x =0 corresponds to the origin of the
straight part of the outlet duct. Fig. 1 illustrates the geometrical configuration and the sections used to analyze the flow.
The following positions of the cross sections were selected to follow the development of the secondary flow: x =0, x =
2.84, x =9.47, x=12.52, x = 15.82, and x = 19.40. The evolution of the secondary flow is presented using the streamline
functions. The results are presented and analyzed in the straight part, just after the curved part, showing the development
of the counterrotating vortices along these cross sections.

4.1. Newtonian flow

The first case considered in this work is the Newtonian flow at Dn = 125. For this Dean number, we observe the presence
of two counterrotating vortices, as shown in Fig. 2. Their size and intensity decrease as the flow is developing from x =0
up to x = 19.40. As will be shown, at this Dean number the centrifugal forces are not large enough to create additional
vortices.

When Dn = 137, the centrifugal force is greater than the case when Dn = 125, and an additional pair of vortices is clearly
seen (see Fig. 3, when x = 0). This pair of vortices is only observed at the beginning of the straight part of the channel. In
the next cross section (x = 2.84) the influence of this new pair of vortices is modifying the streamlines of the main pair.
After this section, the two standard counterrotating vortices become weaker, dissipating their energy (as in the previous Dn
number case).
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Fig. 4. Streamlines of the Newtonian flow in cross section at positions x =0, x = 2.84, x =9.47, x = 12.52, x = 15.82, and x = 19.40 for Dn = 150. (Scale:
max = 1.3E-02; min = —1.10E-03; A =0.001.)
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Fig. 5. Streamlines of the non-Newtonian flow in cross section at positions x =0, x =2.84, x =9.47, x =12.52, x = 15.82, and x = 19.40 for Dn =125 and
De =0.1. (Scale: max = 1.3E-02; min = —1.10E-03; A =0.001.)
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Fig. 6. Streamlines of the non-Newtonian flow in cross section at positions x =0, x = 2.84, x =9.47, x =12.52, x = 15.82, and x = 19.40 for Dn =125 and
De =0.2. (Scale: max = 1.3E-02; min = —1.10E-03; A =0.001.)

For the case at Dn = 150, shown in Fig. 4, centrifugal forces are stronger, so the transition of two counterrotating vortices
to four counterrotating vortices is clearly seen. In addition, we observe the presence of two new counterrotating vortices,
which modify the pattern of four cells to six cells (from section x =2.84 up to x = 12.52). Then, after this section (x = 12.52)
this pattern is dissipated as the flow develops.

For all cases, the total length of the outlet region (straight part) used for the numerical simulations was L = 65 (65 times
the height of the square duct). The results show that after x = 19.40, the flow is completely developed. After this cross
section, the secondary flow is no more influenced by the curved part of the channel.

4.2. Viscoelastic flow

For the analysis of the viscoelastic flow, the constitutive equation of Phan-Thien-Tanner (PTT model) is used to model
the fluid, and the Deborah numbers chosen are De = 0.1, 0.2, and 0.3. This allows us to study the influence of the fluid’s
elasticity in the evolution of the secondary flow. In order to keep the same level of inertia and curvature in the comparison
between the Newtonian and the viscoelastic cases, the same three Dean numbers (Dn = 125, 137 and 150) are employed
here for the viscoelastic flow.

Fig. 5 shows the streamlines for the case when Dn = 125 and De = 0.1. A similar vortex structure is observed as for the
Newtonian case, showing that for this De number the elasticity has little influence in the development of the secondary
vortices. In fact, a twin counterrotating vortex is maintained along the straight outlet region of the channel.

Keeping the same Dean number (Dn = 125), and increasing the Deborah number (De = 0.2), we noted that at the exit
of the curved zone appears a new pair of counterrotating vortices as illustrated in Fig. 6 (x = 0). This new pair of coun-
terrotating vortices dissipates along the straight outlet channel, and disappears completely at section x = 12.52. Increasing
now the Deborah number (De = 0.3) and keeping the same Dean number (Dn = 125), the size and the intensity of the four
counterrotating vortices become more important, and this vortex pattern is observed up to the section x = 15.82, as shown
in Fig. 7. After this section we observed the presence of only two weak vortices.

Increasing the Dean number to Dn = 137, we clearly see four vortices at the beginning of the straight duct part for all
the cases (three Deborah numbers De = 0.1, 0.2 and 0.3), as shown respectively in Figs. 8, 9 and 10. For these cases, there
is a remarkable difference when the Deborah number increases from 0.1 to 0.2. The four-vortex pattern is presented up to
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Fig. 7. Streamlines of the non-Newtonian flow in cross section at positions x =0, x = 2.84, x =9.47, x =12.52, x =15.82, and x = 19.40 for Dn =125 and
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Fig. 8. Streamlines of the non-Newtonian flow in cross section at positions x =0, x =2.84, x =9.47, x =12.52, x = 15.82, and x = 19.40 for Dn =137 and
De =0.1. (Scale: max = 1.3E-02; min = —1.10E-03; A =0.001.)
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Fig. 9. Streamlines of the non-Newtonian flow in cross section at positions x =0, x = 2.84, x =9.47, x=12.52, x = 15.82, and x = 19.40 for Dn =137 and
De =0.2. (Scale: max = 1.3E-02; min = —1.10E-03; A =0.001.)
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Fig. 10. Streamlines of the non-Newtonian flow in cross section at positions x =0, x =2.84, x=9.47, x =12.52, x=15.82, and x = 19.40 for Dn =137 and
De = 0.3. (Scale: max = 1.3E-02; min = —1.10E-03; A =0.001.)
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Fig. 11. Streamlines of the non-Newtonian flow in cross section at positions x =0, x = 2.84, x = 9.47, x =12.52, x =15.82, and x = 19.40 for Dn =150 and
De =0.1. (Scale: max = 1.3E-02; min = —1.10E-03; A =0.001.)

the section x = 12.52. The same qualitative behavior is observed when De = 0.3 (see Figs. 9 and 10). However, for De = 0.1
(Fig. 8), the four-vortex pattern was observed only at the exit of the curved zone.

Finally, in Figs. 11, 12, and 13 is shown the behavior of the secondary flow for Dn = 150 at De = 0.1, 0.2 and 0.3,
respectively. For this Dean number, in the section x =0, at the beginning of the straight part, the four-vortex pattern is
presented for all Deborah numbers up to section x = 2.84. We observe an interesting behavior for this Dean number when
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Fig. 12. Streamlines of the non-Newtonian flow in cross section at positions x =0, x =2.84, x =9.47, x =12.52, x = 15.82, and x = 19.40 for Dn =150 and
De =0.1. (Scale: max = 1.3E-02; min = —1.10E-03; A =0.001.)
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Fig. 13. Streamlines of the non-Newtonian flow in cross section at positions x =0, x =2.84, x=9.47, x=12.52, x=15.82, and x = 19.40 for Dn = 150 and
De = 0.3. (Scale: max = 1.3E-02; min = —1.10E-03; A =0.001.)

the Deborah number increases, with the appearance of six vortices, as shown in Figs. 12 and 13 at the section x = 9.47.
For all studied viscoelastic cases presented in this work, the length corresponding to x = 19.40 was enough to dissipate the
secondary flows.

5. Conclusions

This study was performed to analyze the different behaviors of Newtonian and viscoelastic fluids when flowing through-
out a 180° curved duct of square cross section. The viscoelastic fluid was modeled using the Phan-Thien-Tanner (PTT)
constitutive equation. The conservation (mass and momentum) and the constitutive equations were solved using a second-
order finite-volume method. In order to verify the behavior of the vortex evolution after the curved part, a long straight
outlet part of the duct was employed to allow the complete development of the flow is this part.

For the study of the viscoelastic flow, three Dean numbers (Dn = 125, 137 and 150) and also three Deborah numbers
(De =0.1, 0.2 and 0.3) were considered. The Newtonian flows for the same Dean numbers were also presented in order to
compare and verify the influence of the elasticity of the viscoelastic fluid in the pattern of the secondary flow. The study
shows that the number of vortices that appears as secondary flows in the straight part of the curved channel depends also
on Dean and Deborah numbers.

For the Newtonian fluid, it is shown that the number of vortices is related with the Dean number. For Dean numbers
Dn =125, 137 and 150, one observes the apparition of two, four, and six vortices, respectively. For the viscoelastic flows,
the increase of the elasticity of the fluid (represented by the Deborah number) is an important parameter for the transition
and the increase of secondary flow characteristics. For the studied cases, the results also show that after around 20 channel
height (x = 19.40), the flow can be considered completely developed. Further studies are needed to verify the influence of
the length of the straight channel output for higher Dean and Deborah numbers, and check how the first normal stress
difference can be related with the evolution of secondary flows.
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