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Abstract. Flows with three dimensional effects are encountérédrbo machines and around complex bodies. Tkeésets can be
produced by channel with curved walls that providevature or change direction of the streamlinese Eiperimental study of the
three-dimensionality and the structure of the tuenti flows, usually require optical techniques ltke laser-Doppler anemometry
or the particle image velocimetry systems, PIV. H@rehigh costs of the experimental apparatus daset with these methods
make these techniques inaccessible to many. Tumbfitevs with streamline curvature are of consideeabhgineering interest.
The aim of this work is to present the three dinmraieffects of the turbulent air flow in a curvdthonel through the commercial
code FLUENT 6.0. Three turbulence models were agpdieobtain the mean velocity field and pressui@dggnts. In this study the
grid of the geometry was development from dimensaighe wind tunnel located at the Fluid Mechanicsbaratory —
DEM/UFPA. The wind tunnel has a curved rectangudst section of 150x300mm, with a fully developedmbisflow.

Keywords.curved channel, streamline, velocity profile.
1. Introduction

Computational fluids dynamics codes used to sirut@ses have had an important place among the dsetho
analysis and structures construction. Althougls inécessary the knowledge of what appropriate ntuattlbeen used
in our case. Is completely necessary the use ofrengial codes because the expensive costs of bptigepment
adopted to measure the three-dimensional effectsdeaining structure turbulent. These variablesaliguequire the
use of optic techniques as anemometry for Lasempl@opr systems of attainment of the field of spéadparticle
image, PIV, and it is represent a problem when loésive a lot of investments becoming practicatigccessible to
some laboratories.

Shao et al. (2002) developed a simulation modetiwhses Reynolds averages, 3D Navier Stokes equdigsed
on a boundary-fitted orthogonal curvilinear cooedesystem. Two approaches for equation systenurelase used,
i.e, algebric stress models and nonlinkare model for eddy viscosity. The different closurgpagaches have been
discussed and the model was validated using measats in curved rectangular channels. Predictdautence and
secondary flow patterns in curved compound chaweet compared with straight channels measurements.

Kim et al. (1994) investigated the developing tlebt flow in a 90 deg curved duct of rectangularssr section,
and an aspect radio of 6 was investigated. The welatity was measured with a five-hole pressurebprand
Reynolds-stress components was measured with tmgoeehot-wire probes, in the boundary layers endtlct walls
to document the pressure driven secondary motightla@ formation of a longitudinal vortex near th@rer in the
convex wall.

Shima et al. (2000), tested a low-Reynolds-numkenisd-moment closure without wall-reflection redlsition
terms in wall-bounded turbulent flows with streamelicurvature. The turbulence model was previoustys to give
good predictions for a fully developed channel fl@adverse and favorable pressure gradients, plachecaind jets, and
flows with wall blowing and suction and other gopiedictions. The model is used to calculate twdyfdeveloped
curved channel flows and four boundary layers omvexl walls. The turbulence model captures mainufeat of the
stabilizing and destabilizing effects of streamlevature, though some notable discrepancies leetwee predictions
and measurements are present in boundary layersrvex walls.
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Silva et al. (1998) has an objective and good exgilan to turbulence phenomenon and their varidnesaster et
al. (1979) developed programs to calibrate and eynfive-hole probes of both angle tube and prissmggometries
and discuss about the applications.

lacovides et al. (1990) reported a computational arperimental study of turbulent flow around a asgu
sectioned U-bend. All velocities measurements wabtained with DISA and TSI constant-temperaturet-viioe
anemometers using standard DANTEC single and exiresprobes. The flow prediction was studied byoétveare
including the turbulence model.

Humphrey et al (1981) investigated steady, incosgibde, isothermal developing flow in a squareisecturved
(comprises a 90° perpex bend) duct with smoothswdlhe measurements (the longitudinal and radialpoments of
mean velocity and corresponding components of thgnBds stress tensor) were obtained with a Lasgpler
anemometer. Calculated mean velocity results obthiffom solution of elliptic differential equatioria finite
difference form and incorporating a two-equatiorbtlence model are not strongly dependent on th#emo

Schlichting (1968) presents the explanation of gping, development and separation of boundary layéth a
different way these studies insert values to thaskw

The documentation of commercial code FLUENT 6.00&80explains very well the equations of transpord a
turbulent models. What the appropriated casestydpe turbulence model and the restrictions amatages of all the
models.

The present paper compare three turbulence mausdstéd on the commercial code FLUENT 6.0 analyiegy
performance during the air draining in a wind tunhecated at the Fluid Mechanics Laboratory — DEIPA. The
wind tunnel has a curved rectangular test sectidb®x300mm, with a fully developed channel flow.

2. Case Description

The mesh was created in the commercial code GAMBOT that was developed to create geometry and esesh
where a boundary layer its developed to facilitage calculations refining the places closer ofuladl. The mesh was
constructed with a growth factor of 0.005 and B#& of 1.055 to the part that contain the curvature the rectangular
part. The structure has been shared in three padsming easier to create the boundary layer aadrésh. Two
rectangular parts were meshed with 0.025 of sizéherHEX MAP mode and the curvature with 0.008 lom $ame
mode of the rectangular parts.

Two zones were been defined, the entrance withcitglinlet and the exit with pressure outlet. Wevdndo point
out the way that the structure will be meshedsItampletely important when the calculation rurcémverge. The
order of mesh command to elements also has beeunsded since for each structure has a differenttaapply and
create the perfect mesh. The first volume presEM€0 elements and 17388 nodes, the second partefiresents the
curve, had 179200 elements and 194292 nodes antittiepart contains 18200 elements and 20412 nddgsdizing
212800 elements and 230580 nodes. Figure 1 sh@nstrilicture of curvature presents at the wind tulocated at the
Fluid Mechanics Laboratory — DEM/ UFPA. At Fig.t2showed a structure of curvature detail and itresb that the
structure presents a uniform and good mesh.
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Figure 1 — The grid mesh of curvature of wind tunne

At Figure 3 it showed the two rectangular structuteat united at the curvature showed at Figurerth the
complete structure of wind tunnel. Figure 4 sholaes grid detail of the mesh of rectangular parts thans the wind
tunnel.
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Figure 2 — A specific detail of mesh structure ofvature at wind tunnel.
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Figure 3 — Rectangular structures presents at ihe tnnnel.
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Figure 5 — The wind tunnel.
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3. Turbulence Models

Three turbulence models have been chosen for temtishment of this work. The Standdrd ¢ the RNGk - £ and
the Reynolds Stress Model (RSM). This explanatiomased on FLUENT 6.0 Documentation (2005).

3.1. The Standardk - € Model.

The Standard - ¢ Model are very simple of "complete models" obtulence are two-equation models in which the
solution of two separate transport equations alldkes turbulent velocity and length scales to beepmhdently
determined. Since it was proposed the stan#tardc model becomes the workhorse of practical engingefiow
calculation. Robustness, economy, and reasonableaay for a wide range of turbulent flows expltia popularity in
industrial flow and heat transfer simulations.

The standardk - ¢ model is a semi-empirical model based on modeisprart equations for the turbulence kinetic
energy k) and its dissipation rate)( The model transport equation fois derived from the exact equation, while the
model transport equation ferwas obtained using physical reasoning and betlesfesemblance to its mathematically
exact counterpart. In the derivation of thee model, it was assumed that the flow is fully wemt, and the effects of
molecular viscosity are negligible. The standardes model is therefore valid only for fully turbulefiows. The
turbulence kinetic energ¥, and rate of dissipation, are obtained from the following transport equadio

32 (k) = 0 [ )3 e
at(,ok)+aXi(,0ku) ax{(wakjax}rGJrG’ pe- Yo+ 8 (3.1.1)
and
2
%(,05)+%(,0€Ui):%{(ﬂ+£jg—i} C1e£l<(G<+ CssG;)—ng,og—k+ S (312

In these equations(3k represents the generation of turbulence kineticggndue to the mean velocity gradients,
G is the generation of turbulence kinetic energy ttubuoyancy),, represents the contribution of the fluctuating
dilatation in compressible turbulence to the ovetisisipation rate Cic, C2¢, and Css are constantsgk and 0z are
the turbulent Prandtl numbers forand &, respectively.S and Se are user-defined source terms. The turbulent (or
eddy) viscosity, Ut , is computed by combinirigande as follows:

phe= pCus 3.1.3)
£

Where C, is a constant.
The model constant€1s, C2:, Cu, 0k and 0 have the following default values :
C1=1.44,C2:=1.92,C,=0.09,0«=1.0, 0= =1.3 (3.1.4)

These default values have been determined fromriex@ets with air and water for fundamental turbalehear
flows including homogeneous shear flows and decpigatropic grid turbulence. They have been foundiork fairly
well for a wide range of wall-bounded and free stieavs.

3.2. The RNGK - ¢ Model.

The RNGK - € model was derived using a rigorous statisticahmégue (called renormalization group theory). It is
similar in form to the standarkl- € model, but includes the following refinements: TRMG model has an additional
term in its equation that significantly improvee thccuracy for rapidly strained flows, the effetcswirl on turbulence
is included in the RNG model, enhancing accuracystarling flows. On RNG theory provides an anatgli formula
for turbulent Prandtl numbers, while the standard model uses user-specified, constant values. Wdestandard
— ¢ model is a high-Reynolds-number model, the RNGmh@rovides an analytically-derived differentiakinula for
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effective viscosity that accounts for low-Reynotdsnber effects. Effective use of this feature dbesyever, depend
on an appropriate treatment of the near-wall region

These features make this model more accurate éintllesfor a wider class of flows than the standard: model.
This model is derived from the instantaneous NaS8itekes equations. The analytical derivation resualta model with
constants different from those in the standard model, and additional terms and functions in thegport equations
for k ande.

3.2. The Reynolds Stress Model.

The Reynolds stress model (RSM) is the most eladdwabulence model that the commercial code FLUEBNT
provides. Abandoning the hypothesis of isotropidyediscosity, the RSM closes the Reynolds-averddg@der-Stokes
equations by solving transport equations for thgriR&s stresses, together with an equation fordiksipation rate.
This means that five additional transport equatiares required in 2D flows and seven additional dpamt equations
must be solved in 3D.

Since the RSM accounts for the effects of streaamturvature, swirl, rotation, and rapid changestiain rate in a
more rigorous manner than one-equation and twotegquenodels, it has greater potential to give aatpredictions
for complex flows. However, the fidelity of RSM plietions is still limited by the closure assumpsoamployed to
model various terms in the exact transport equatfonthe Reynolds stresses. The modeling of thesure-strain and
dissipation-rate terms is particularly challengiagd often considered to be responsible for comiamthe accuracy
of RSM predictions.

The RSM might not always vyield results that areadiesuperior to the simpler models in all classéflows to
warrant the additional computational expense. Hanewse the RSM is a must when the flow featureisitefest are
the result of anisotropy in the Reynolds stresgesong the examples are cyclone flows, highly swgliflows in
combustors, rotating flow passages, and the sinelss&sed secondary flows in ducts.

4. Results
The simulation was conducted considered that thialiwelocity was 10 m/s and the outlet pressues \w01325
Pa. Using the turbulence models we compared restiéelocity and pressure gradients. All the modese a good

convergence. Although some models results areagré@n others and lately we discuss the resulesh®e to create
six planes to show better the velocity behavionglthe wind tunnel. The Fig. 6 shows where thegdaare located.

[
\ Outlet

Inner Wall

Inlet

Figure 6 — The six planes created in wind tunnéthaistrong curvature.

Figure 7 shows the profiles of the longitudinalogity component, U, across de duct, from the otttdhe inner
wall at the six planes. The corresponding distidng of the V and W components are not shown. aAhel0, the
velocity profile shows a flat plate type boundaaydr. Plane 1 is the position where the curvedmedtegins, at this
plane the longitudinal velocity increase near tireer wall.

At plane 2 the longitudinal velocity increases molese to the inner wall and decrease until theowall. These
effects are repeated in the middle of the curvaatif@ane 3. However, at the plane 3 the longitaldielocity near the
inner wall begins to decrease.
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Figure 7 — Longitudinal velocity predicted by thede turbulent models, from outer to inner wal):gaplane 0, (b)
at plane 1, (c) at plane 2, (d) at plane 3, (@late 4 and (f) at plane 5.
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At plane 4, the effect is changed, the longitudwelbcity is increased near the outer wall and gmées diminish
close to the inner wall. Finally, at plane 5 we cexte the presence of a longitudinal vortex throtighprofiles of U,
which depict the two peaks commonly observed iw$lavith vortex. These observations are consistétt tlve effect
of concave curvature which acts to increase turtiutéxing and leads to increase velocity closehwowall.

It was observed that the pressure distribution @litne channel walls is strong determined by theature. The
pressure gradients induced by the curvature aeglglseen. The results of simulation indicated trathe inner wall,
the boundary layer is subjected to a favorablesauresgradient starting upstream of the bend, doshe plane 1,
where is found the higher velocities.

According Kim et al (1994) the transition of thewl of the curve for the straight line causes a cédn of the
pressure in the concavous wall and increase irctimwex wall, generating in this last adverse gnatded pressure,
propitious condition to the separation of the baamdayer.

The results for longitudinal velocity profiles pretgd by the three turbulent models have showrséime behavior
for all planes. At the inlet, plane 0, and upstraambend, plane 1, all three turbulence modeldipted very well the
longitudinal velocity. The Standaikl- ¢ model provided poor results for the velocity ndze wall when the flow
presents a strong curvature, it can be observéteifrigures 7(c) and 7(e), planes 2 and 4. At ¥iteoé the bend, this
turbulence model was not able to predict the efféthe longitudinal vortex as shown in the Figi(®.

The other two turbulence models, RMG ¢ and Reynolds stress model, have predicted longaldelocity data
more close to the wall than the Standlkrde model. These two models were able to capture tbhsepce effect of a
longitudinal vortex. This effect can be seen bypbak on the longitudinal profile in Figure 7(f).

The results below are the bidimensional planesy)pat the planes 0, 1, 2, 3, 4 and 5. Figure, ®(&, d, e and f),
Figure 9 (a, b, c and d) and Figure 10 (a, b, cdnshown the predicted secondary flow using theetturbulence
models described above. The Figures are shownagitievectors colored by velocity magnitude (m/s).

In a curved duct of rectangular section it was aeatithe secondary flows of first and second tyggerthined
respectively for the bending and the rectangulanfof the section.

The results in Figure 8(a) and (b) have shown ith#he straight section there was not secondary.flbhe same
behaviour was seen in the vectors provided by ithelation using the RN& — ¢ and the RSM models, at planes 0, 1
and 3.

At plane 2 in the first curvature, the Standéaré ¢ indicated strong inclined currents; this regioegants two
vortex, one at the right side close to the innell,vame at the top of the outer wall. At this plaiseclearly seen the
region of higher velocities. Again, at plane 4 tle second curvature, it can be seen inclined skggrcurrents; no
vortex was predicted by the Standérde in this region.

Humphrey et al. (1981) considered that the seconittans of first type is created from the disedoilum between
the centrifugal force and the gradient of radiagsure acting on the fluid of the boundary layethefsidewalls of the
curve, changing it, throughout these walls, forititernal region of the curve. The continuity dewhsia corresponding
movement dislocating fluid, throughout the plansgfnmetry, of the convex wall (internal region) fancaves wall
(external) of the curve, generating itself thus tive great vortices in against rotation characterisf the draining in
curved duct. And this type of secondary flow carseen in the Plane 2 and 4.

At plane 5, the model predicted an asymmetric sgagnflow. In this region the higher velocities aancentrated
close to the outer wall. Schlichting (1968) expltdiat the secondary flows of second type occuninout the bisector
in direction to the corner, where it bifurcate angkturns in opposing directions. This second tgpsecondary flows is
weak than the first type and it's seemed for thagation of isolines of velocity in direction toetisorner. And this type
can be seen at the Planes 3 and 5.

lacovides et al (1990) explain the secondary matiomodifying the streamwise flow. This flow is tkdfted down
the inside wall toward the duct mid-plane and amreflow occurs from the inside to the outside oWer core region of
the duct.

This is the classical single-cell vortex flow thp#rtains at the 45-degree station. By 90 deg, ¢hdjustments to
the streamwise velocity field lead, through its gling with the pressure fields, to the eye of theomdary vortex being
pushed far to the inside to the bend. This is whates the development of “mushroom” shaped vglooitours near
the inner wall as the return fluid is deflected svimm the center plane; indded, it is displacemaibw-momentum
fluid near the center plane that is directly resiole for the “troughs”. And it can be seen at Eig. 7 (f), 8 (f), 9 (¢)
and 10(c).

Figure 9 shows the results provided by the RNG ¢. These predictions were different from the predict
provided by the Standarkl— €. Plane 2 presents strong inclined secondary cgrrérat forms two vortex at the
opposite position of that predicted by the Standard.

At Plane 4 appears a vortex close to the outer. Wh# same behaviour predicted by the Stankare for the pane
5 can be seen again. However, the RNG ¢ can capture the strong curvature of the streasilare predicted the
growth of two vortex close to the inner wall.
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Figure 8 — Secondary flow predicted by the Standard model, from outer to inner wall: (a) at plane b) &t
plane 1, (c) at plane 2, (d) at plane 3, (e) at@kaand (f) at plane 5.

Results of the RSM are shown in Figure 10. It carsben a similar behavior to that have foundecdhbyothers
turbulence models. However, there was not an agreeon the prediction of the vortex that appearglate 2. This
model can not able to predicted a vortex near theravall at plane 4 as seen by the results of RNG.
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Figure 9 — Secondary flow predicted by the Ri&e model: (a) at plane 2, (b) at plane 4 and (c)axig5.
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Figure 10 — Secondary flow predicted by the RSNiafgplane 2, (b) at plane 4, (c) at plane 5.
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3. Conclusion

Three turbulence models were tested successfullyet@rediction of the longitudinal velocity ancceadary flow
in a curved test section of a wind tunnel. The RINGe model has provided better results. This modelimdisated the
best profile of velocity magnitude at the exit ahd tunnel and has shown the best contour of viglanagnitude. But
the profiles of the Standakd- ¢ and the RSM model were not bad.

The RNGk — ¢ model improves the accuracy for rapidly strained awirling flows. This characteristic of the
model appears on the results of the predictiorhefsecondary flow. The good results provided byREB& model is
due it is more complete than the others two mobletsause have more equations and has the greagetipbto give
accurate predictions for complex flows.

The wind tunnel flow is little complex because tlmnstant values of velocity develop a profile tblaanges a lot
during the simulation. At first is constant, inecend time is concentrated at the internal paduo¥ature and finally
changes to opposite side and finish with develdjmea

To the static pressure the profile obtained ardlaino three turbulence models. At first time dnstant in the
curvature, developed a higher value at externdl gfacurvature and at the finish is constant, bithva lesser value
than the beginning. It is clearly that this behavsoa consequence of the curved channel.

The aim of this work was to provide the behaviortled flow that occurs in a wind tunnel located ta Fluid
Mechanics Laboratory — DEM/ UFPA. Further effe@specially experimental validation are needed tprave the
capability of the models for predicting flow witlkmplex boundary conditions.
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