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Abstract

The accurate prediction of fluid flow within rotagj systems has a primary role for the reliabilitg a
performance of gas turbine engine. The selectioa sfiitable model to account for the effects of
turbulence on such complex flows remains an openeisn the literature. This paper reports a
numerical benchmark of RANS, DES and LES approacheslable within the commercial CFD
solvers Star CCM+ and CFX together with resultsamietd by means of in-house developed or open-
source available research codes exploiting an iativey Reynolds Stress Model closure, a direct
numerical simulation and additional RANS and LESdeds. The predictions are compared to
experimental data available in the literature foo ttest cases. Test case 1 corresponds to a closed
Taylor-Couette cavity with endcap rings, consideeggerimentally by Buriret al. [1]. Test case 2
corresponds to a Taylor-Couette system with anlaX@seuille flow studied experimentally by
Escudier and Gouldson [2]. The results are compareddiscussed in details for both the mean and
turbulent fields. Most of the approaches prediciteqwell the trends apart from the SST models,
which provide relatively poor agreement with th@esments. Even though no approach appears to be
fully satisfactory, the innovative RSM closure offehe best overall agreement in both closed and
opened Taylor-Couette cavities.

1. Introduction

The present investigation is concerned with the enigal modeling of fluid flow in closed and open&dylor—
Couette systems. The turbulent flow is confinedMeehn two coaxial cylinders, with an inner rotatimginder and
an outer stationary one. An axial throughflow afidl may be superimposed or not. This kind of Taylwuette
flows with or without an axial Poiseuille flow i great importance, since they found many applicegiin process
engineering (dynamic membrane filtration, rheology; disinfection, chemical mixing devices), in gégpics and
astrophysics (mantle convection, accretion diskj arost of all in turbomachineries for bearings, re$yonous
motor with axial ventilation, rotating heat excharg gas turbine engines and the drilling of oillsvamong others.

For example, the Taylor—Couette system with anld&aéseuille flow considered by Escudier and GoofdR] is a
simple representation of the gap between the ngtadind the stationary parts of an electrical molorsuch a
rotating machinery, a better knowledge of the fiiliav is required to better predict the heat transfistribution and
thus to optimize the performances of the device.uAcertainty of 5% on the heat fluxes along thelsval indeed
responsible for 60% of the non-scheduled stops.tdJpow, only very few works have been dedicatedeal
industrial flows, which imply very high rotationtes (around 10rpm) and narrow gap cavity (1 mm). The
difficulty to perform accurate measurements in sdelarances and especially in the thin boundargriaglong the
cylinders is obvious and has slowed down the deweént of specific turbulence models. Until relalyveecently,
the turbulent flow regime has been treated, in agatipns but also in experiments, as though the fiattern
within the cavity were axisymmetric. Treating thiebulent flow as statistically stationary impligithssumed that the
coherent structures present in the transitional enodisappeared or that their effect when averaggdwas
accounted for in the model without explicit treatthéDwen [3] first suggested that, sometimes, ke fvithin such
cavity might not be steadin the case of rotating disk systems with througltflthe RANS model he used failed to
converge for a certain range of parameters angéeutated that some form of organized large-sdaletsire may
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have been present in the flow. These 3D patterghtntie responsible for some discrepancies betwegerienents
and axisymmetric computations.

The presence of 3D structures is not the only cerity in such flows. High rotation rates, superirspd
throughflow, wall effects, three-dimensional bourydkyers, the coexistence of laminar, transitioznad turbulent
regions... are other challenges for numerical apprescThus, three-dimensional calculations may beired in
some specific configurations. But due to their highxpensive computational cost, the selection cfu#able
turbulence model for the study of rotating cavitgwfs is still pertinent and remains an open issuthe literature.
The aim of the present work is then to perform mertical benchmarking of different RANS, DES and LiB8dels
(in-house developed or available within commerciadles) in two different geometries: the first ommmsidered
previously by Buriret al.[1] is a low aspect ratio enclosed cavity with eag rings and the second one is an opened
cavity with an axial Poiseuille flow studied by Esgeer and Gouldson [2]. In both cases, the approabich offers

the best trade-off between accuracy and calculatsh will be isolated.

Enclosed Taylor-Couette systems have been widehgidered since one of the pioneering work by WAt
because they offer an academic and relatively sigpbmetry to investigate the influence of rotatonturbulence
for fundamental purpose or astrophysics applicati®ecently, Buriret al. [1] reported velocity fluctuations and the
fluctuation-driven radial transport of angular marnen in a short Taylor-Couette system of low radat$o: /"= H
/2 (R, — R)] =1.06 andy = R; / R = 0.35 whereR; andR, are the radii of the inner and outer cylinders
respectively andH is the cavity height. Fluctuation levels and theam specific angular momentum were found to be
roughly constant over radius, in accordance witbvjous studies featuring narrower gaps. They pexvidseful
velocity measurements for both the mean and tunbdlelds and confirmed some scalings establisimedimilar
flows for torque and angular momentum transportzilBas and Akkerman [5] presented an applicationthef
residual-based variational multiscale turbulencedeting methodology to the computation of turbuldiatylor—
Couette flow at high Reynolds number. Its formulatglobally conserves angular momentum, a feahatis felt to
be important for flows dominated by rotation, ahdttis not shared by standard stabilized formutatiof fluid flow.
We can cite also the DNS results of Dong [6] fabtuent Taylor-Couette flows between counter-rotylinders.

The effect of an axial throughflow in a Taylor-Ctiteesystem, where only the inner cylinder is roigtihas been
considered experimentally by Kaye and Elgar [7]the isothermal case. Their results showed in pdaticthe
existence of four flow regimes depending on theri®éds number based on the incoming flow velocityg &me
radial gap between the cylinders and on the Taglonber: laminar and turbulent flows, with or witthotaylor
vortices.Escudier and Gouldson [2] performed velocity measiants by Laser Doppler Anemometry (LDA) in a
cavity characterized by = 116 andy = 0.506 for various flow conditions (rotation ra and flow rateQ) and
different fluids including Newtonian and shear-thiimg fluids. For the Newtonian fluid in the turbnteregime, the
radial distribution of the axial velocity and theepsure drop are similar to the ones observedpa flows. The
radial distribution of the tangential velocity rel® a flow structure divided into three regionsotwery thin
boundary layers, one on each cylinder, separateddantral core in near solid body rotation. Thénnedfect of the
superimposed axial throughflow is to reduce thegéatial velocity in the core region. Nouri and Vétdtw [8]
measured the three mean velocity components andsgaciated Reynolds stress tensor of the flonestdajl to an
axial superimposed throughflow in a concentric dnsif; = 0.5) with or without rotation of the inner cylinder.
Compared to the non-rotating case (for a given fitate coefficientC,, = Q/ (v R,) = 42 309, the rotation of the
inner cylinder a2 = 300 rpm(rotational Reynolds numb&e =Q R; (R, — R)/v = 1616.6 does not affect the drag
coefficient and the radial distribution of the meaxial velocity in the turbulent regime. It slightenhances
turbulence intensities especially close to the svdibrC,, = 125 039 there is absolutely no effect of the rotation of
the inner shaft on both the mean axial flow anbdulence intensities. In a subsequent paper, NogriVghitelaw [9]
extended their work to the case of eccentric cgindrrangements and proposed a review of previaugsaon
Taylor—Couette flows including Newtonian and nonaltienian fluids and rotating and non-rotating flowdaser
[10] compared the predictions of askmodel with the experimental data of Escudier angdil@son [2] for the same
flow conditions. For a turbulent Newtonian flow,etimodel showed large discrepancies for the meaocitgl
components. The profiles depend strongly on thal gasition, which is not observed in the experited@]. Naser
[10] attributed these deviations to the fact thet eddy viscosity concept, on which the model igeligped, is
incompatible with the simulated flow conditions.dan be attributed also to the fact that the kaodel is not
sensitized to the implicit effects of rotation amttulence To our knowledge, Chung and Sung [11] were thé firs
perform LES in a Taylor-Couette-Poiseuille systdimey compared their numerical data to the experiaiemes of
Nouri and Whitelaw [8] for = 0.5, C,, = 20 970 andRe= [954.5; 1909.1; 3818.1]They obtained a relatively close
agreement for the mean velocity and the Reynolgsstensor components. The mean tangential veliscifightly
overestimated in the main part of the radial gagveen the cylinders. They focused their numericagstigation on
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the appearance of turbulent structures attributethé destabilization of the flow along the innetating cylinder
and giving rise to strong events (sweeps and ejesi

The reader can refer to the recent works of Kugtsal. [12] and Ponceét al. [13] for computations in a Taylor-
Couette-Poiseuille flow with heat transfer effed€siosaet al. [12] considered the cooling of high-speed eleatric
machines, where only the inner cylinder is rotatifbey compared the predictions of three diffenewatdels: an
algebraic modeling, a low Reynolds numbet krodeling and a ks SST model. The hydrodynamic and thermal
fields are established for various rotation rated mass flow rates. The three turbulence modelerastimated the
heat transfer coefficients along both cylinders.rdwer, the entrainment coefficient of the fluidsaar from the
theoretical value for a fully turbulent flow. Theskscrepancies were attributed by the authors #obundary
conditions imposed at the inlet and outlet sectiand to the turbulence models used. Poetedl. [13] proposed
some calculations using the Reynolds Stress Mddelema and Schiestel [14] in the rotor—stator ghpn electrical
motor for real operating conditions. This model imges the predictions of Naser [10] in the isotha&rcase and
predicts quite well the velocity fluctuations apatbse to the outer cylinder. They performed alspasametric
analysis of the flow and temperature fields foridenrange of Reynolds and Prandtl numbers and &tesr

The paper is organized as follows: the geometricalfiguration and the numerical modelings are diesdrin
Sections 2 and 3 respectively. The numerical beackimy is performed in Sections 4 and 5 on two well
documented test cases: the closed Taylor-Couedtersyof Burinet al.[1] in Section 4 and the experimental set-up
of Escudier and Gouldson [2] in Section 5. Finallyne conclusions and closing remarks are providé&ection 6.

2. Geometrical configurations

Two Taylor-Couette configurations have been considén the following. For both systems, the fluddonfined
between two concentric cylinders of raltiiandR, and heigh#H (Fig.1). The inner cylinder is rotating at a congta
angular rate, while the outer cylinder is stationary. The angjity of the first apparatus developed by Buriralet
[1] is that each endcap is divided into two indegestly driven rings of equal radial extension. Timeer cylinder
and the inner ring rotate &, while the other walls are stationary. The seccask corresponds to the experimental
set-up developed by Escudier and Gouldson [2]. Gaety is then opened so that an axial Poiseulibav f
(volumetric flowrate denote®) can be superimposed to the base Taylor-Couette fh the following, the radial
and axial coordinates are normalizedras: (r-R,) / (R-R,) andz = z / H.

Figure 1: Geometrical configurations correspondmthe systems considered by Buweiral.[1] on the left and by
Escudier and Gouldson [2] on the right. Red waltsratating and grey ones are stationary.

For both systems, the main flow is governed by ftaw control parameters:
- the rotational Reynolds numbRe =Q R; (R-R;) / v based on half the hydraulic diamely/2 = R-Ry,
- the volumetric flowrate coefficier®,, = Q / (v Ry),
- the aspect ratio of the cavifty=H / Dy and
- theradius ratig = Ry / R.
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The values of these parameters are summed up ile Tafor the two test cases. In both cases, thaisagtio
remains in the range.8B < 5 < 0.67, so that the cavity is considered as a middle gty [15]. For enclosed
systems characterized by a low aspect raticuch as in the experiment of Bumt al. [1], the choice of the
boundary conditions on the endcap disks is prinardind can favour the development of large Ekman

recirculations.

Table 1: Flow control parameters

Test case r ] Re Cw
1-Burinet al.[1] 1.06 0.35 100 000 0
2-Escudier & Gouldson [2] 116 0.506 948.3 17500
3. Numerical methods
Table 2: Computational details
Test case 3t (s) NPR x total mesh type wall Time per geometry platform
NPA x number of coordinates | iteration (s)
NPZ mesh
points
S ———————
1 0.01 140 x 1 x 39 200 Structured r+<0.02 16 M2P2 cluster
RSM [14] 280 mesh z+<0.06 2D with 2 xeon
2 steady 180x1x| 72000 r+<0.3 2.4 axisymetric | quadcore 3
400 z+<1.1 GHz
1 0.00003 152 x 64 X 2354176 Structured r+<4 17.2 3D M2P2 cluster
DNS 242 mesh z+<6 (half cavity) with 2 xeon
quadcore 3
GHz
Unsteady ke 1 2D 2 cores of an
SST 0.0004 140 x5 x 196 000 multi-block r+<5 4.5 axisymetric Intel Xeon
(OpenFOAM) 280 hexahedral z+<150 (1° sector) 3430 at
grid 2.40GHz
1 8.5 6 cores of an
LES Intel Xeon
(OpenFOAM) 3D 3430 at
(90° sector) 2.40GHz
2 0.0015 180 x 70 ¥ 3780 000 r+<6 2 cores of an
300 z+<200 4.5 Intel Xeon
3430 at
2.40GHz
In parallel on
SAS-SST 1 0.00005 | 140x5x 196 000 multi-block r+<5 30 2D 4 cores of an
(CFX) 280 hexahedral z+<5 axisymetric Intel Xeon
grid (5° sector) 3430 at2.4
GHz
v2-f 1 0.01 74 x104 x| 4117 637 r+<0.3 17.6
(StarCCM+) 115 z+<0.5
2 0.01 54 x84 x | 2853705 r+<1.3 19.1
240 z+<2.15
RSM 1 0.01 74 x104 x| 4117 637 r+<0.15 30.1 HP 7400
(StarCCM+) 115 Polyhedral z+<0.35 workstation
2 0.005 54 x84 x | 2853705 | unstructured r+<0.3 31.3 with a
240 mesh with 7+<0.5 3D quadcore Intel
DES 1 0.005 | 74x104 x| 4117637 | Prismatic r+<1.2 15 Xeon CPU
(StarCCM+) 115 layers along|  z+<2.15 W3520
2 0.005 | 54x84x | 2853705 | thewalls r+<0.6 18 processor of
240 7+<1.65 2.67 GHz
LES 1 0.001 | 74x104x| 4117637 r+<0.7 13.4
(StarCCM+) 115 z+<0.95
2 0.001 | 54x84x | 2853705 r+<1.2 16.6
240 z+<2
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Different numerical approaches including RANS, Détfsl LES models either developed at the M2P2 laboralby
the HTC group at the University of Florence or &afzle within commercial codes have been comparatidéntwo
configurations. All the numerical approaches togethith the corresponding computational detailssanmmed up
in Table 2. A brief description of the various nuinal methods employed is given in the followingthl that NPR,
NPA and NPZ represent the number of mesh poirtsemadial, tangential and axial directions resipebt.

3.1 Direct numerical simulation

Conservation equations are solved using a Foupproximation in the homogeneous tangential directla both
non homogeneous radial and vertical directionsstilations are approximated using a fourth-order ganeh finite-
difference scheme [16]. The time advancement ioraborder accurate and is based on the explicitmisda
Bashforth time-stepping for the convective termd an implicit backward-Euler scheme for the visctarsns. The
velocity-pressure coupling is solved using a twapdtactional scheme (predictor—corrector) redudivgproblem at
each time step to a set of two-dimensional Helnzhedfuations. The cartesian solver has been fullgatad in [17]
and in [16] for the multidomain version. The nuroativalidation of the cylindrical solver has beeméd by Viazzo
et al.[18] in an interdisk rotor-stator cavity. It is teavorthy that, for the Buriet al’s case, the calculation domain
has been divided into four subdomains (two in eactial and axial directions) to take into accourd singularity
between the endcap rings.

3.2 Reynolds StressModel (RSM) of Elena & Schiestel [14]

This innovative RSM is a low Reynolds number seeordkr full stress transport closure sensitizedaiation
effects by Elena and Schiestel [14]. Four termspamed to the former model of Launder and Tselepidd®] have
been added in this version. They account for th@iain effects of rotation on turbulence and actyomhen the flow
is subjected to strong rotation. The first teef¥ is a part of the pressure-strain correlation teemsiized to the
dimensionality tenso€;. The second ter@" is an inhomogeneous diffusion term, which slows dake tendency
to bidimensionalization for wall bounded flows. Titrd termB;; is a homogeneous source term, which rectifies the
pressure-strain correlation and which acts onlyase of strong rotation. It produces spectral plsasambling
(angular dispersion). The rotation also reduces ghergy transfer from large to small turbulent ssalthis
phenomenon is modeled through an inverse flyxconsidered as isotropic for high Reynolds numbeiis la
correction term of the dissipatief), which increases the turbulence levels in the ofrihe flow. The dissipation
rate equation is the one proposed by Launder and Tselepidakis M®&re details can be found in [14, 20].

The RSM has been implemented in a finite-volumeecosing staggered grids for mean velocity companetith
axisymmetry hypothesis in the mean and non stadggries for the Reynolds stress tensor. The velgmiessure
coupling is solved using the SIMPLER algorithm. drder to overcome stability problems, several $itabg
techniques are introduced in the numerical proaedline stress component equations are solved osirix block
tridiagonal solution to enhance stability using stenggered grids.

3.3 LES and URANS modelswithin OpenFOAM

OpenFOAM is an open-source CFD code composed oftaofs libraries implemented to resolve continuum
mechanics problems in 3D on unstructured grids 2], The results for the cases of interest wertainéd
exploiting pressure based segregated incompressiers implementing SIMPLE algorithm for the steastate
and PISO for the transient computations. Bothciwvective and diffusive flux schemes employedbased on a
purely linear interpolation, time advancement idieced by means of the implicit backward Euler scbge
guaranteeing second order accuracy both in spaténatime. For the unsteady calculations both RANE LES
turbulence modeling have been compared on the sameutational grids. The time step was generallyseh to
guarantee a maximum Courant number inside the dowrlase to unity to guarantee stability and imprake
convergence rate. The RANS calculations have beeducted with a low-Reynolds &-SST turbulence closure
[23] exploiting blended second and first order dBsization for the convective schemes while the LdSBgrid
effects are evaluated by means of a one-equatiodeimonplementing a transport equation for the medel
turbulence kinetic energy [24, 25].

3.4 k-0 SST and SAS SST modelswithin CFX

The calculations performed using CFX are unsteadthermal solutions. The time step have been selexdsuring,
for each operating velocity, an RMS Courant numlmsver than 1. The evolving fluid is considered idtiea
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incompressible with constant transport properfigse convective fluxes were solved using a high ordsolution
scheme. Two turbulence models have been considenedfirst one is the well know éo-SST while the second one
is the innovative SST SAS originally proposed bynitée and Egorov [26]. The Scale-Adaptive Simula{iSAS) is
an improved URANS formulation, which allows theatesion of the turbulent spectrum in unstable flognditions.
The SAS concept is based on the introduction of/thheKarman length-scale into the turbulence segleation. The
information provided by the von Karman length-scallows SAS models to dynamically adjust to resdlve
structures in a URANS simulation, which result&ibhES-like behavior in unsteady regions of the fligald. At the
same time, the model provides standard RANS capabiin stable flow regions. The governing equasi@f the
SST SAS model differ from those of the SST RANS eldry an additional source term in the transpouagign for
the turbulence eddy frequency. Further detailsndigg the SST SAS model are available in the liteea[26, 27].
Automatic wall treatment (i.e. automatic blendingnfi low to high Reynolds treatment as a functiotheflocal first
node wall distance) have been considered for baithefs.

3.5URANS, DESand LESusing Star CCM+

Different models available in Star CCM+ 5.04 haee also compared for the two test cases. MangiclRANS
models (ke, k-0 SST...) have been considered including both highlamdReynolds number approaches but we
will focus in the following only on the four apprdges, which provide the best overall agreementz af model, a
RSM model, a Detached Eddy Simulation (DES) basethe Spalart-Allmaras model and a Large Eddy Shtnuh
based on the standard Smagorinsky subgrid scalelrf2a].

The V-f model is optimized to capture the near-wall tilemce effects more accurately, which is crucial tfee
accurate prediction of heat transfer, skin frictenmd flow separation. It solves two additional tdémt quantities
compared to standardskmodels, namely the normal stress function ancetligtic function, in addition tk ande.
This model is designed to handle wall effects mbtlent boundary layers and to accommodate non-tdtects.

The RSM model available within Star CCM+ is the saas the one developed by Elena and Schiestemjitdput
the specific terms of rotation and the LES modelsus standard Smagorinsky as subgrid scale mottelawnodel
constantCs equal to 0.1.

The DES version of the Spalart-Allmaras model seladransport equation to determine the turbuléstogity. As
for the SAS-SST model previously presented, the DBS a LES-like behaviour in unsteady regions ef ftaw
field, while preserving standard RANS capabilifiestable flow regions.

4. Taylor-Couette flowsin a closed cavity with endcap effects

Burin et al.[1] developed an original Taylor-Couette systerthviivo independent end-rings between the inner and
outer cylinder dedicated to the study of fluid alagunomentum transport. Compared to classical Ta@uette
systems, these rings seem to allow for a reduafothe Ekman circulation and to create a Coueke-lielocity
profile:v,(r) 01/r?. They provided useful data for comparisons in teahmean and turbulent quantities.

4.1 Flow structures

Figure 2: Iso-values dp-criterion colored by the axial coordinateobtained by DNS: (ap=5 for Re=3000 (b)
Q=50 for Re=10 and (c)Q=5000for Re=10.

The critical Reynolds numbd®e for the transition to turbulence in such a flowpdeds upon a number of factors,
including the aspect ratio of the cavity, the ctuva and the flow history but the commonly admitetue is around
10°. In the present case, the transition to a stafeasfireless turbulence appears for lower valud®eoAt very low
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Re values, the flow is laminar unstable with some Wdic rolls of different sizes propagating towarde tgap
(Fig.2a). They are somewhat different from cladsicylor vortices, which would have occupied theolehcavity
with a corresponding axial wave number2giclose to2l). At Re=10(Fig.2b), some spiral patterns aligned with the
tangential direction appear along the inner rings around the midplan2=0.5. Some evidence of a disorganized
flow structure can be seen from the Q-criterion M&pen one increases further the Reynolds numberflaw gets
clearly turbulent aRe=5.10 (not shown here) with a similar flow pattern as tme shown in Figure 2c f&e=10.

At Re=10°, the iso-values of the Q-criterion obtained by D(¥®).2c) show indeed that the flow is clearly wlemt
with thin turbulent structures aligned with theatidn axis. There is absolutely no evidence ofdasgale vortical
structures embedded in the flow apart from largeutar patterns, which appear along the inner dgin Turbulence
is mainly concentrated at midplane=0.5) because of the shear produced by the intensecuéation bubbles
(Fig.4). Thus, the critical Reynolds number for thensition to turbulence is clearly reduced by phesence of the
endcap rings compared to classical Taylor-Coukitest

4.2 Averaged mean and turbulent fields

< Burin et al. (2010)
— RSM (Elena et Schiestel)
—— k-& V2F (Star CCM+)
RSM (Star CCM+)
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@
= —DNs
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¥

Figure 3: Radial profiles of the mean tangentidboity atz =1/4.

All the computed data have been averaged bothrie &ind in the tangential direction. Figure 3 preséme radial
profiles of the mean tangential velocity compon&ht = V, / ((2R,) at the axial positiorz=1/4. From the
experimental values and most of the numerical agres (apart from thed&-SST and the SAS models), the flow is
clearly divided into three areas. Two very thin bdary layers develop along the cylinders with akhess of the
order of 1% of the gap width. They are separated bgntral region where the tangential velocity porrent scales
like: V, (r) = 0.209+0.0025/f, which is typical of Taylor-Couette flow profile8hatever the solvers (StarCCM+,
CFX or OpenFOAM), the ks SST model fails to predict the expected profiléhve non monotonous behaviour and
a large overestimation of the mean tangential ®loEor all the modelsy, (r'=0.5) is equal t00.35 whereas the
LES model within OpenFOAM predicts a much lowerued.25 It is noteworthy that the DNS as well as the DES
predict a local maximum close to the outer cylindietr due to the lack of experimental data veryelmsthe wall, no
definitive conclusion can be drawn.
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Figure 4: Radial profiles of the normalized angutementum az =1/4.
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Figure 4 presents the radial profiles of the angumlamentuni, =r V, of the mean flow at the same axial location.
It has been made dimensionless using the valug af the inner cylindet, (R,) = QR,% Apart very close to the
walls where no experimental data are availableatigular momentum slightly increases with the lgedius. The
value at mid-gap is arour@l65 which is much larger than the usual valug obtained in classical Taylor-Couette
flows [29]. It can be explained by considering #dusitional torque from the inner rotating rings,iethrotate at the
same rate as the inner cylinder but at a largeiusadven if most of the models predict quite wibk mean
tangential velocity, the variations of the angutamentum with the radius highlight larger discrepes mainly
because of the normalization. The DNS slightly egémates the slope of the profile in the cenegliaon, where the
RSM of Elena and Schiestel [14] offers the beseagrent with the experimental data of Buginal. [1]. The V-f
model provides also quite good results for the niesddh.

Figure 5: Streamline patterns obtained, from tifietdethe right by the RSM [14], the RSM (StarCCN#)e SAS-
SST (CFX), the LES (OpenFOAM) / mean streamlinesthe LES (OpenFOAM) / instantaneous streamlineés. T
rotation axis is on the left of each subfigure.

The computed streamline patterns obtained by sameerical approaches are displayed in Figure 5.98€& SAS
model predicts a mean velocity pattern charactdrizg four rotating structures at the meridian plawich is
confirmed by the steady or unsteady versions oktheSST model within CFX (not shown here). This evickeis
in contrast with what emerges from the RSM and LdaRulations that predict just two large countestiog
vortices. In the SST computations the fluid pumpkmhg the rotating disk is deviated away from ttel wlmost as
soon as it reattaches on the fixed ring creatifggh tangential velocity zone around mid-radii. Bunovement
towards the center of the cylinder creates two tayurotating bubbles in the inner and outer zonéil&\the outer
bubble is almost axisymmetric, the inner one isteea quite close to the rotating disk showing @egstretched
shape. For the LES predictions instead the fluidingptowards the outer cylinder close to the rogtilisks is not
blocked by the fixed ring and continues to flowtire radial direction before bending towards theteenf the
cylinder due to a vortex arising in the corner bew the two stationary walls. Similarly anothertgrrappears
between the two main bubbles close to the outéndsi. It is also possible to note smaller vortistalictures along
the inner cylinder both by the SST and LES. Theyfarmed close to mid height of the cylinder anel esnvected
towards the rings. The unsatisfying agreement withexperimental data provided by Buehal.[1] in terms of
tangential velocity is probably related to the pres of the four rotating structures on the menidi¢ane. The
velocity peak close to the radius=0.35 on Figure 3 can be indeed justified by the tarigemomentum transport
operated by these inner vortices.

Some comparisons have also been performed fouthalént field in terms of the cross correlatioeficient of the
relative fluctuationsC,,and of the turbulent angular momentum trans@odefined as:

c - <v9vr> oo 2m2<v;vr'>

g~ /o ] 2
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<V5>rms <\/r >rms
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Burin et al. [1] provided the variations of these two coeffitie with the Reynolds numb&e They observed that
C,y slightly decreases witRe as the flow becomes increasingly random. As itlsarseen from Figure 6a, the time
averaged value obtained by the different modeth@monitoring point is close to 20% and does raoy\s0 much
with Rein the range§00, 4.16], in quite good agreement with [1]. FRe=5x10%, Smith and Townsend [29] found
Cs=30-40%. This value is confirmed by the numericadults of the RSM (StarCCM+), whereas all the other
approaches predi€,,=0.24 or less. The high value obtained by [29] is dwepading to [1], to the presence of large
scale vortical structures embedded in the flow,clvthas not been observed here by none of the presmfels. In
fact, this coefficient strongly varies betwe®x and0.4 depending on the computed position as it can be fem

the C;,,—map in Figure 6b obtained by LES (OpenFOAM) inexidian planeThus, those punctual values cannot be
considered representative of the time averaged cmselation in that region.
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Figure 6: (a) Variations of the cross correlatioefticientC,, with the Reynolds numb&eatz =1/4 andr'=3/4;
(b) Map ofC,, in a meridian plane obtained by the LES (OpenFOAM)
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Figure*7: @) Varigtions of the non-dimensionabtient angular momentum transp@rivith the Reynolds number
Reatz =1/4 andr =3/4; Mapsin a meridian plane of the (b) resolved and (c) efied parts ofs obtained by LES
(OpenFOAM).
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In Figure 7, the measured velocity correlationigcdssed in terms of a dimensionless torque péarlemjthG (in

which the viscous term has been neglected as )nlf§]variation with the Reynolds number is shawrFigure 7a
for all the approaches and compared to the measuntsnof [1]. Laminar computations using StarCCM+ehalso
been performed to extent the rangeRefvalues. For higlRevalues, the DES results confirm ti@idepends oiRe
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following a power law.G O R€ with a=1.7 in good agreement with the measurements of WetidtHor lower
values, the laminar calculations provides1.6. Considering the whole range Bg we finally foundG O Rée"®,
which matchs the previous results of [1, 38l]).the models provide the same trend as the erpenis even if most
of them (both LES, the RSM [14] and the DNS) undgneate the values @. Looking at Figure 7b, one may also
argue whether comparing a punctual value is agieffi strategy to verify turbulence levels whenthas is the case
here, the local variability of the resolved part@fis high. Figure 7c shows how the modeled contidimgt are
important only very close to the outer walls and af the same order of magnitude as the resolvedipahat
regions.

A preliminary calculation on a 1° sector using tHeS within OpenFOAM has been performed providingchmu
lower values of botlC,, andG with at least one order of magnitude. This findoumpfirms the importance of large
tangential vertical structures on the behaviouhefflow.

5. Taylor-Couette-Poiseuille flowsin an opened cavity

A second test case is considered correspondindidolarge aspect ratio Taylor-Couette system deweelopy
Escudier and Gouldson [2] in which an axial Poibeuiow is supplied to the cavity (see Table 2 toe flow
parameters). Most of the models used for compasigothe previous case are tested for this caseskhs

5.1 Flow structures

In order to offer an idea of the turbulent struetuarising in the flow, maps of the instantaneangéntial and axial
velocities are reported in Figures 8b & 8c respetyi together with the isovalues of the Q-criterionFigure 8a
obtained by LES (OpenFOAM). Note that the isocorgoaf Q are reported from the point where turbulent flow
behaviour first arises, due to the laminar behawigrosed by the inflow boundary condition, at apjmately one-
fourth of the entire axial extension.

Figure 8: (a) Iso-values @j-criterion Q=-2000 and maps of the instantaneous (b) tangential@nalxial velocity
components in a meridian plane (the rotation ax&t ithe bottom of each figure and it flows frora téft to the
right). Results obtained by LES using OpenFOAM.

The radial velocity component (not reported heseglimost zero in the whole cavity for this set afgmeters. Thus,
the flow is a combination of an intense Taylor-Cteidlow close to the inner rotating cylinder dwe rbtation
(Fig.8b) and of an axial Poiseuille flow within tigap (Fig.8c). It explains the presence of helieatical patterns,
which roll up along the inner wall (Fig.8a). Othése/there is no evidence of 3D large scale strastembedded in
the flow. The main flow is dominated by the axialigeuille flow, which can be explained by the loalue of the
rotation paramete = QR, /V, = 0.148.

5.2 Averaged mean and turbulent fields

The predictions of the RSM [14] and other modelailable within OpenFOAM and StarCCM+ are compaxethe
LDA measurements of Escudier and Gouldson [2] aiven axial positionz = 0.1 and to the previous &-
computations of Naser [10]. The mean tangentiadail component is normalized using the rotatispded of the

inner cylinderQR,;, whereas the mean axial velocity component is atmed using the mean axial velocr@Z
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imposed at the inlet, defined ¥y=Q/[(R? - R?)]: v, =V, /(QR)andV, =V, /V,. To enable direct comparisons

with the measurements, the tangential and axial v; normal stresses are normalized\Ry v = E/VZ

andv; =\vZ /V, .

As it can be seen from Figure 9a, the tangentilmlcity varies withl/r within the gap apart close to the walls where
two boundary layers develop. The tangential vejopibfile is quite far from the laminar circular @ette profile:
V,(r) 01/r? highlighting the turbulent nature of the flow. Theundary layer thicknesses are here much thieker (

15% of the gap width each) than in test case lauserof a lower value of the rotation r&eMost of the computed
results are found in good agreement with the erpamtal data for the mean tangential velocity. THeSEand most
of all the RSM [14] and the & SST of OpenFOAM provide the best results. On th&rary, the LES and RSM of
StarCCM+ predict a centerbody rotation within thegogwith an overestimation of the mean tangentidbaoity
whatever the radial position is, leading to arod@@s of error ar'=0.5. This behaviour is characteristic to higher
values of the rotation parameteias depicted in [13].
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Figure 9: Radial profiles of the mean (a) tangétia (b) axial velocity components and of the esponding
fluctuating (c) tangential and (d) axial velocityrsponents at =0.1.

The radial variations of the mean axial velocitynpmnent displayed in Figure 9b confirm the turbtileature of the
flow by comparison with the laminar Poiseuille pief The results of the LES, thedkSST (OpenFOAM) and the
RSM [14] predict the same symmetric profile as lie experiments of [2]. All the other approachesntbun
StarCCM+ overestimate the axial velocity in thekbaf the flow and by conservation of mass, theyrestémate
also the boundary layer thicknesses. The resutrad by Naser [10] are not shown here as sungtisi mass is
not conserved. It is noteworthy that fully develdm®nditions are reachedzat= 0.1 using the RSM, for example, in
agreement with the observations of Escudier andd3on [2], whereas the predictions of the kiodel of Naser
[10] showed a large dependence of the mean velpedfiles on the axial position. This last authétributed the
discrepancies obtained by the: knodel to the fact that its model is blind to anyation effects, and that the eddy
viscosity concept, on which this model is basedjrisuitable with the present flow situation. On doatrary, the
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present RSM model is both sensitized to rotatidace$ [14] and free from any eddy viscosity hypsteewhich
may explain the better overall agreement with ttieeimental data.

Another calculation on a 1° sector using the LESiwiOpenFOAM has also been performed but not shoere.
The 90° set-up for the LES calculation shows angfranprovement in reproducing turbulent velocityfies,

whereas the profile of axial velocity obtained b tL° sector LES is fairly close to the classieahihar Poiseuille
profile with a much higher maximum velocity at ngep.

Figures 9c & d present the radial distributiongtef tangential and axial normal Reynolds stressaiecomponents
for the same set of parameters. Turbulence is snaomcentrated in the core region with peak vahtee edge of
each boundary layer. Then, it vanishes towardswthiés. Turbulence intensities are much higher cliee outer
cylinder as it can be seen from the experiment@pfwhich is not captured by any of the numeriapproaches.
This behaviour observed in the experiments lookpr&ging. The same authors report indeed similaasueements
in [31] for another value o= 16 672very close to the present one. In that case, bl of the fluctuating axial
velocity is almost symmetric, with values remainiogver than0.2 The values aroun@.35in Figure 9b may be
attributed in the experiments to the difficultygerform accurate measurements very close to this.\Wdle RSM of
Elena & Schiestel [14] provides the best overalieaghent with good intensity levels in the gap aludes to the

inner cylinder. The LES of OpenFOAM offers alsotquijood results excepted for tlv§ intensity at large radial

locations.
The reader can refer to [13, 20] for more compasseith other classical RANS models and other cdatmns for
three values of the flowrate coefficient.

6. Conclusion

Numerical predictions have been performed usindgN& [Bode, the RSM closure of Elena & Schiestel Hi] some
LES, DES and RANS models available within OpenFOAtrCCM+ or CFX. The computed results have been
compared to experimental data available in thedlitee for two different Taylor-Couette flow arramgents: the
original set-up of Buriret al.[1] characterized by endcap rings enclosing thetgand the experiment of Escudier
and Gouldson [2], for which an axial Poiseuillewflés superimposed to the circular Couette base.flow

In the enclosed cavity of Burigt al.[1], the difficulty arises from the presence of tewadcap rings attached to both
cylinders. It appeared then crucial to take intooamt accurately the brutal variations in the bargdonditions on
the upper and lower walls. A multidomain DNS cods Ihen been developed providing in that case vaable
data for comparisons with the experimental dataahdr numerical results. DNS showed that themigvidence
of Taylor vortices embedded in the turbulent flopag very close to the inner cylinder where circwartices have
been observed. It explains why the 2D unsteady RBAJ, which has been sensitized to the impliciteet§ of
rotation on turbulence, provides the best overgiéament in that case, where the rotation rataiie drigh. On the
contrary, all the SST models including the innov&atSAS SST model fail to predict the mean tangergéocity
profiles with large discrepancies even in the cof¢he flow. It can be attributed to the existerufefour large
recirculations in a meridian plane, whereas all atieer models predict only two bubbles. The DEScimed quite
well also with the measurements [1]. All the modwiedict the good tendency for the turbulent angolamentum
transportG, which is found to vary aBe"®®in agreement with previous approaches [1, 4, 2P,évertheless, most
of the models including the RSM [14], the LES (Op&AM) but also the DNS underpredict the shear sttessor

componenv; V'g. The cross correlation coefficie@}, is well predicted by all the approaches with altresonstant

value around).2 (at a given location) for a wide range of Reynatdsnbers. The LES provides very useful data
showing the high variability of these two paramgter

Some comparisons have been also performed in aelengated Taylor-Couette system with an imposddl ax
Poiseuille flow. LES computations within OpenFOAMMe shown first that there is still no 3D patteensbedded
in the flow. For this set of parameters, the DE&{SCM+), LES (OpenFOAM) and RSM [14] have beenyver
favourably compared to the velocity measurement&sdudier and Gouldson [6]. In particular, they ioye
significantly the predictions of the &model of Naser [10] for the mean velocity distribas. All models predict
quite well the mean field with a tangential velgditversely proportional to the radial location.eT¥i-f and LES of
StarCCM+ predict a constant tangential velocityjolihis usually characteristic of higher rotatiorrgraeters. Even
if they do not predict the asymmetry of the fluting velocity profiles, the turbulence intensitiesthe core region
computed by the DES, LES and RSM [14] are in gogctement with the experimental data. None of tiséete
models predict the peak values obtained very dlosiee outer cylinder.
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For industrial applications, thé-¥ model showed a good behaviour in these two tesisgaviding good results for
the mean field. It offers then a good compromiséwben accuracy and calculation cost. For more 8peci
applications where turbulence intensities haveg@dmputed accurately, the RSM [14], which has lsasitized
to the main rotation effects, has shown to predigite accurately both the mean and turbulent fiedther
calculations are now required in another configaratvhere three-dimensional effects can arise dfeg¢tahe mean
and turbulent fields to test then the superiorftthe LES approaches.
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