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Turbulent incompressible flows are studied both eroally and experimentally within an annular restator
cavity of aspect ratio G=(b-a)/h=5 and radius ratio=0.286 (where a and b are the inner and oatkr af the
rotating disk and h the interdisk spacing). Besitie$undamental importance as a three-dimensiorabtype
flow, such flows are crude models of flows arisingnany industrial devices, especially in turbomaahy ap-
plications. Our aim is to investigate turbulentinegs at three Reynolds numbers R&Z/ v=10, 4x10 and 16

(Q the rotation speed of the rotor anthe kinematic viscosity of the fluid) corresporglito different flow prop-
erties as the rotation of the rotor is increasegheimental measurements have been obtained usaspaDop-
pler anemometer (LDA) technique. Numerical modgllia based on a Large Eddy Simulation (LES) using a
spectral vanishing viscosity (SVV) technique impérted in a Chebyshev-collocation Fourier-Galerkin
pseudo-spectral code. As far as the authors areeawkS of fully turbulent flow in an actual shraadiro-
tor-stator cavity have not been performed befotebiilent quantities are shown to compare very feaoly with
experimental measurements and are shown of interestderstanding the physics of turbulent rotatest flows
from transitional to turbulent regimes. Moreovereaged results may provide target data for workerploying
RANS schemes.

Keywords: Rotor-stator flows, Turbulent rotating fl ows, Large Eddy Simulation

Introduction structure.
According to the combination of the rotation sp&ked

Rotating disk flows have been the subject of a con-and the interdisk spacirty the present study concerns a
stant interest because of their relevance for tikirte  flow with two boundary layers flow separated byaxec
engineering field [11]. Besides its primary concéon (Batchelor flow) [12, 14]. Experiments of Itat al. [5]
industrial applications, the rotor-stator probleasralso  have revealed that transition to turbulence firgpesrs
proved a fruitful means of studying turbulence onc  within the Bodewadt layer on the stator, even thotige
fined rotating flows. Indeed, rotating disk flowgea flow remains laminar in the Ekman layer along thtor.
among the simplest flows where the boundary lagees Itoh et al.[5] reported a turbulent regime occurring along
three-dimensional from their inception and they arethe stator side at ReQr® /v =8x10 (r the local radius),
therefore well suited for studying the effects of while along the rotor side, turbulent flow develdpter
mean-flow three-dimensionality on the turbulencd s for 3.6x10<Re< 6.4x10 for G=12.5. Differences in
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turbulence characteristics between the rotor aatbrst tached to the rotor and by an outer stationarynga@he
sides have also been observed and attributed tefthe shroud) slightly larger than the rotor. The cavgyfilled

fects of the radial convective transport of turingle. with water maintained at a constant working tempeea
Thus, the structure of these flows is highly comple 20°C.

involving laminar, transitional and turbulent flao@gions. In the following, the stator is located at z*=z/hatd

Moreover, as a consequence of confinement, flowazur the rotor at z*=0. We define also the dimensionlaskal

ture and rotation effects, the turbulence is stipmntho- location as r*=(r-a)/(b-a).

mogeneous and anisotropic. Consequently, theses flow ,

are very challenging for turbulence modelling whish ‘

today the only numerical approach able to invegtiga 3_.9

turbulent flows in industrial conditions. Indeetiettur- ‘ STATOR
bulence model must be able to solve the regiorowf | =
Reynolds number not only near the discs but alsihén
core of the flow. Moreover, the model has to pregie-
cisely the location of the transition from the laam to

the turbulent regime, even though the transitiocess

is bounded by instabilities, and so cannot be cetapl
represented by a steady flow model. One of the most
important failures of eddy viscosity models in pgotidg

this type of flow is an overestimate of the extefthe Fig. 1 Experimental apparatus and relevant notation.
relaminarized zone on the inner part of the rotatiisc )

[3,4], leading to erroneous Ekman layer predictiand  INStrumentation and measurements

the rotation rates in the central core. Second nmbme )

closures provide a more appropriate level of mautgho The measurements are performed using a two compo-

predict such complex flows [7, 14], but even ifyhEo- ngnt Igser Doppler anemometer (LDA). The LDA tech-
vide a correct distribution of laminar and turbulea- ~ Mique is used to measure from above the statomtsen

gions, the Reynolds stress behaviour is not fudljséac-  radial V; and tangential Y velocities as well as the asso-
tory, particularly near the rotating disc. The imypement  ciated three Reynolds stress tensor components/@i-a
of these turbulence models is a great challenge. . o o 2 « T 2
Consequently, the LES seems the appropriate Idvel otICaI plane (2): Ry =V /(Q)° . Rgy = Vg /()

modelling. To our knowledge, there exists only time gy 2 ; i )
teresting studies using LES [1, 11, 19]. Wu & Sesiif21] andRyy =V, Vv, (r)”. This method is based on the ac
performed LES of the three-dimensional turbulent
boundary-layer over a free rotating disk at Re 5x&(
and in an otherwise quiescent incompressible flisithg
periodic boundary conditions both in the radial aad-
gential directions. In an angular section of a tatio-

curate measurement of the Doppler shift of lasgintli
scattered by small particles (Optimage PIV Seeding
Powder, 30um) carried along with the fluid. Its main
qualities are its non intrusive nature and its sfbess.
About 5000 validated data are necessary to obten t
mogeneous in the radial direction, Lygren & Anderss statistical convergence of the measurements. Itbmn

[1, 11] performed LES for Reynolds numbers rangingn_Oticed that, for small values of the_interdisk_cfph, the
from Re = 4x18to Re = 1.6x1D All these LES results >/2¢ Of the probe volume (0.81mm in the axial dice)
supported the view of Littell & Eaton [8] that tieean is not small compared to the boundary layer thiskee
flow three-dimensionality affects the near wall tiwegs and to the parameter h.
and their ability to generate shear-stresses.

Turbulent regimes are investigated here in a close
annular rotor-stator cavity, using experimental suea-

ments as well as Large-Eddy Simulation based omr-Spe The_ incompressible.fluid motion is g-overned. bg t .
tral Vanishing Viscosity (SVV). three-dimensional Navier-Stokes equations written i

primitive variables (see below).

dNumerical modelling

Geometry

The cavity is composed by two parallel disks of radius
b=140mm, one rotating at a uniform angular velo€ity
(rotor), one being at rest (stator). The disksdekmited
by an inner cylinder (the hub) of radius a=40 mm at
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LABWV )Y, =Dp+RiAV inD

e —_—
0 =0 inD=DOT
V|r:3D =W

@)
where t is the time)V is the velocity of components
(u,v,w) in the radial, tangential, and vertical edition
respectively, for cylindrical coordinates &, z), p is the
pressure. This equation is completed by initialdibons
for the velocity:

V=VYo )

0V, =0in D

The scales for the dimensionless variables atesp
time and velocity are h/Z2™, Qb, respectively. No-slip
boundary conditions are applied at all walls. Téegen-
tial velocity is fixed to 0 on the stator and oe #xternal
cylinder and to the local disk velocity on the mo&nd
the hub. The singularity at the junction of theesutyl-
inder at rest with the rotor (or the rotating inegtinder
with the stator) is regularized by using an expaiaén
function to provide a smooth switchover.

The temporal discretization is a projection scheme
based on backwards differencing in time (see &ldb-
tails in Raspeet al.[16]). The specificity of the algorithm
is to allow a temporal evolution of the normal p@a®
gradient at the boundaries. The temporal schenseds
ond-order semi-implicit combining an implicit secbn
order backward Euler scheme for the diffusive teamd
an explicit Adams-Bashforth extrapolation for the
non-linear convective terms.

A collocation Chebychev approximation is used in
both radial and axial non-homogeneous directios®-as

ciated with Gauss-Lobatto points. A standard Fou-

rier-Galerkin approximation is employed in the
2n-periodic direction. We note that,f2 is the cut off
frequency of the Fourier series. For each Fourieden
the solution is approximated by Chebychev polyndsnia
of degree N and N, in the radial and axial direction,
repsectively. Finally, a full diagonalization tediume is
used for solving a set of 2D uncoupled Helmholtd an
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qguency. According to the literature [6, 20], wenoke
to define our SVV operator as follow:

Avy =V{("Wn)xQu)
with Qy =diagiQl,

X

@)

where the 1D operator is only defined in spectral
space as aC”~ smooth function:

{cx)

i
@~

Qu, () =ey, Lot 0:]€

o
o( coic)

where Qy denotes the 3D SVV operator that is com-
posed of three 1D SVV operato@iNi ;1=1, 2, 3 corre-

oF —0

(4)

o7 =

sponding to the 1, z, directions respectively; the opera-
tor is parameterized b)siNi the maximum of viscosity

and miT the threshold after which, the viscosity is ap-

plied. oaiC is the highest frequency calculated in the di-

rection i. Because our SVV operator is fully linegris
gathered with the implicit standard diffusion ter@on-
sequently, no additional computational cost is reed

Table 1 Computational parameters

Re o7 EN Grid ot
3N/4 (r-direction)  1/(2N) 81

10° N/2 (o-direction)  1/(2N) 150  10*
N (z-direction)  1/(2N) 49
0.8VN 1/(2N) 121

4x1CF N 1/(2N) 181 10¢
VN 1/(2N) 65
2VN 1/N 151

1 5VN 1N 241  10°
4N 1/N 81

The computational parameters used in the preset LE
are summed up in table 1. Let's notice that in oride

Poisson problems obtained after splitting the Eulerincrease the azimuthal resolution, some calculatiah

scheme to group the implicit part in the left hande of
the equations.

The LES is performed through a Spectral Vanishing

Viscosity technique (SVV) [6, 13, 20]. In the framé
collocation method, an appropriate viscosity opmra
incorporated in the Helmholtz equations of velogitg-
diction, only active for high wave numbers of the-n
merical approximation. This operator does not affae
large scales of the flow and stabilise the solutignin-
creasing the dissipation, particularly near the aftifre-

Re=10 have bee carried out in a half-cavity, thus fagcin
ateperiodicity of the solution.

Results

Note that all the quantities have been normdlizg
the local velocity of the rotofir. The statistical data
have been averaged in time and in the homogenaaus t
gential direction.

To identify the critical value of the rotationBley-
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nolds number for the transition to turbulence alding
stator, we have performed some flow visualizatiosisg

a CCD video camera situated one meter above ther.sta
The cavity has been seeded with reflective pagidé
kalliroscope (30 x 6 x 0.0j@m). Figure 2 presents two
visualizations atRe=4.1x10 and Re=12 For the lowest
value of the Reynolds number, the spiral pattearsted
SR1 by Schouveileet al.[17] have almost disappeared.
For increasing values of Re up1@, the turbulent struc-
tures get always thinner and the Bédewadt layengalo
the stator is clearly turbulent for RE&. This is consis-
tent with the previous results Bandriamampianina and

(at mid-radius) decrease when increasihgFigure 3).
The Ekman boundary layer thickness can indeed be
scaled byd=(v/Q)'?, the thickness of the boundary layer
over a single rotating disk. By conservation of spake
Bodewadt boundary layer thickness behaves like the
Ekman one. Note that the Bodewadt layer is almeistet
thicker than the Ekman layer. On the other hand, th
mean velocity in the core, denoted Kgx*=0.5)/(Qr)

and known as the entrainment coefficient of thedflu
slightly increases with the rotation speed. The lda&-
putations predict K equal to 0.348 for ReZ2Hhd 0.368

for Re=4x16. All these values are consistent with the

Poncet [14], who obtained by DNS and for the sameyalues found in the literature [12, 14]. The agream
Reynolds number a turbulent regime along the statorhetween the numerical results and the measuren®nts

whereas the Ekman layer along the rotor remaingkm
In the following, we focus only on the turbulengime
Re>10".

Fig. 2 Flow visualizations from above the stator for (a)
Re=4.1x10 and (b) Re=10

- Base flow As for an infinite disc, when the upper
disc is impulsively started, a thin Ekman boundamer
is formed which acts as a pump drawing in fluidadlyi
and driving it away in centrifugal spirals (this $eme-
times known as ‘Ekman pumping’). In a closed coreai
this fluid swirls along the stationary vertical eutvall to
the stationary disc. Then, the fluid spirals inwardhe
Bddewadt layer before again turning axially towatits
rotating disc. Consequently, at moderate rotatiates,
the base flow is steady and axisymmetric and

separated by a non-viscous core rotating at constan
gular velocity [12].

- Turbulent flows The turbulent flows have been in-
vestigated at three Reynolds numbers Ré=R6=4x16,
and Re=10 corresponding to different flow properties.
For the three Reynolds numbers considered in thidys
the mean flow(Fig. 3) is broadly a Batchelor flow as in
the laminar regime, with two boundary layers sefgara
by a core in solid body rotation. Indeed, on averdligere
exists a main flow in the tangential direction cleap
with a secondary flow in the (r, z) plane.

As expected, the thicknesses of both boundamsria

very satisfactory for the mean field. The LES catcthe
main features of turbulent rotor-stator flows swashthe
thinning of the boundary layers for increasing ealwf
Re. At Re=18, the agreement is still globally satisfying
with an underestimation of only 6.33% of K.

Re=10°

0.8
.06
0.4

0.2

1

0.8

06
z

0.4

0.2

Fig. 3 Axial profiles of the mean radial and tangentialocity
components. Comparisons between numerical (sola$)iand

ofexperimental (circles) statistical data at mid-vadi
Batchelor type with both Ekman and Boddewadt layers

A polar plot of the tangential and radial meatoe-
ity components is shown in Figure 4 at two radiasip
tions. As expected, it appears that the turbuléenel on
the rotor side is smaller than the one on the stitte.
The polar plot falls indeed very close to the laanin
similarity Von Karman solution along the rotor, weas
the profile along the stator is close to the DNSuhs of
Lygren and Andersson [9] obtained for an open tieniu
rotor-stator flow. When one approaches the periploér
the cavity (r*=0.9), the turbulence intensitiesrease as
the local Reynolds number is increased and therpola
profile gets closer to the turbulent profile of [10he
LES result exhibits a less characteristic triangditam
than the DNS of Lygren & Andersson [10] indicatiag
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weaker three-dimensionality of the flow. This difface
can be explained by the large difference in Reysold
numbers and also by the confinement.

/
S [— presentLES
— - Lyaren and Andersson (2001)
----- laminar Yon Karman solution

02 -02
)

-0.15

02 04 06 08 1 a 02 04 06 08 1

Fig. 4 Polar plot of the velocity distribution in the wkogap
between the two disks at Re:610:omparison between (---) the
LES results, (-.-) the laminar Von Karman solutiand (- -) the
DNS results of Lygren and AnderssdiO].
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characterized by a fully turbulent stationary disler
and a laminar rotating disk layer (Fig.5), whicmfioms
the flow visualizations shown in fig.2 and the nuita!
and experimental data of Randriamampianina andd®onc
[14]. This can be seen also from the iso-surfac¢hef
Q-criterium in both boundary layers (fig.6a,b). @re
rotor, the turbulence is confined along the rotatiub
and in the Stewartson layer along the externahdueli.

By increasing further the Reynolds number up to
Re=4x10 and Re=1f both boundary layers are turbu-
lent at mid-radius (fig.5), whereas the core remain
laminar. This was expected from the experimentiabf
et al [5], where the rotating layer became turbulent for
Re = 3.6x10. At Re=4x18 the turbulence intensity is
larger on the rotor than on the stator in the LESUlts, as
already mentioned by Lygren & Andersson [10] in DNS
This could be here a consequence of a more efficien
turbulence transport in our LES than in our expenin

The main Reynolds-stress components have been a#here the gap between the rotating inner cylinderthe

curately computedand axial profiles are shown at
mid-radius in Figure 5. An examination of the
off-diagonal Reynolds stresses from LES resultswsho
that these normal stresses are dominant. Overatinger
of considered Reynolds numbers, the numerical lpofi
fit quite well the experimental measurements batthie
boundary layers and in the core. The experimeraiales
are nevertheless generally lower than the simulatec.
This is particularly true at Re=4x18s already observed

stator would be able to decrease the turbulenemsity

of the rotor inflow. Note also that the turbuleringensi-

ties decreased along the stator for increasingegadd Re
from 10 to 4x16. The increase in the rotation rate leads
indeed to a broader range of turbulent scales and t
progressive reduction in turbulence intensitieshwét
smaller level of anisotropy between components. The
same features have long been known in plane channel
flow, too. At Re=4x10, the rotating disk layer is only

in DNS at the same Reynolds number by Lygren &turbulent at large radii, corresponding to the.ek.:stgval-
Andersson [10] with the experimental measuremefits oues of local Reynolds number. At smaller radiijewof

Itoh et al. [5]. The presence of the shroud in the experi-

ment cannot be invoked here.

Re=10° Re=4 x 10°
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Fig. 5 Axial profiles of two normal components of the Relgs
stress tensor. Comparisons between numerical (bo&d) and
experimental (circles) statistical data at mid-vadi

At Re=16, the flow regime is transitional turbulent,

the coherent structures in the flow (Fig.6¢) shdavge
spiral arms characteristics of the unstable lamfieaw
and related to crossflow instability. These spiraisre
already observed in transitional regimes both nicably
and experimentally. As soon as the turbulence agcur
these structures are broken, giving rise to smallet
more axisymmetric structures. These structuresiane

lar to the ones observed on the fully turbulentosta
(Fig.6d) and on the both layers at Re&(Fig.6e,f).

Figure 7 present the axial variations of the seyR
nolds stress tensor components at mid-radius and fo
Re=10. It confirms the anisotropy in the normal stresses
deduced from Figure 5. The normal stress is greates
the tangential direction, exceeding by a factoalodut 3
the one in the radial direction in the Bddewadtelay
Let’s notice that this anisotropy in the normaksges is
stronger in LES. This difference between the conepis
decreases when increasing Reynolds number (Fiph&g).
three components, which include the axial veloditg-
tuations, are negligible (Fig.7). Note that the enpen-
tal values of the g component are very close to zero
(not represented here), whereas the LES predgtt®ag
shear stress in both boundary layers.
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Fig. 6 Iso-surface of the Q-criterium along the rotoc@) and
along the stator (b,d,f) for (a,b) R0, (c,d) Re=410", (e,
Re=10.
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Fig. 7 Axial variations of the Reynolds stress tensor comp
nentts for Re10° and r*=0.5.

Fig. 8 Anisotropy invariant map for R 0° at four radial loca-
tions. Dashed lines: LES, solid lines, realizapilitiagram of
Lumley [9].

Figure 8 presents the anisotropy invariant niap
Re=10°. The second Aand third A invariants of the ani-
sotropy tensor jaof the second moments of the fluctua-
tions are defined as: A g; & and A= g &; g, where @
=Ry/k-2/35; (k the turbulence kinetic energy afg the
Kronecker symbol). The results of the LES resphet t
realizability diagram of Lumlejg] as they remain within
the region delimited by the three solid lines. @los the
disks, the turbulence tends to follow the two-conmgt
behavior (A= A,-8/9) as the wall normal fluctuations are
damped more effectively than fluctuations parafiéh
the disks. At the edge of the Ekman layer, for913 <
0.7, the third invariant gets negative and closthéolimit
(-2/9, 2/3). Then, the turbulence tends to theyaminet-
ric limit (Az=- A,*%\6). Moreover, as * is much lar-
ger than the other normal components of the Regnold
stress tensor (Fig.7), one may indentify cigar-skiayor-
tex very elongated in the axial direction. One rieting
feature is that closer to the shroud (r*=0.9) whieigh
turbulence level prevails, these vortex disappehich is
due to the confinement. Whatever the radial locatibe
turbulence is fairly close to the isotropic casg<{Az=0)
in the core of the flow.

One characteristics of the three-dimensional twniul
boundary layer is the reduction of the Townsendcstr
tural parameter,at / (2k), defined as the ratio of the
shear stress vector magnitudeo twice the turbulent
kinetic energy k [10]. We have reported in figurehe
variation at four radial locations of & wall units Z in
both boundary layers. We can see clearly a sigmific
reduction below the Ilimiting value 0.15 for a
two-dimensional turbulent boundary layer, with beha
iors similar to those reported by Iteh al. [5] and Littell
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and Eaton [8] from their measurements. It suggests
three-dimensional turbulent nature of the flow gldhe
rotor and stator walls [8]. This reduction qf iadicates
also that the shear stress in this type of flovess effi-
cient in extracting turbulence energy from the méald.
Note that a > 0.15 is obtained only very locally on the
inner and outer cylinders.

rofor sida stalor sida

Sk =03
P =05

— =07
r=08 | |

400

100

aon
Fig. 9 Townsend structural parameter on both disks forRR

To fix the three-dimensional nature of the bcamyd
layers, we display in figure 10 the axial variasaof the
three characteristic angles in wall coordinatés the
mean velocity angle,=arctan(\M/V,), the mean gradient

velocity angle —arctan(avr/aZ
Y andiva oV 0z

0
shear stress angig=arctan{v', v',/v'y V', ). The profile

of vy, clearly shows the continuous change of directibn o
the mean velocity vector with the distance fromwal,
one of the major characteristics of three-dimeraion
turbulent boundary layer. The angle remains inrthege
—1°< vy, <17° within the Ekman layer and in the range
-34°< y,<1° within the Bodewadt layer. Another feature
of 3DTBL is that the direction of the Reynolds shea
stress vector in planes parallel with the wall ist n
aligned with the mean velocity gradient vector. I5ac

) and the turbulent

A coupled numerical / experita¢mvestigation of a turbulent rotor-stator flow

ized configuration in Lygren and Andersson [9].

100

100
50 [N ke 50t v 0

o | ST 0 o

-50

-100

150

0 50 150 0 50

@) (b)

Fig. 10Axial evolutions of the three characteristic angles
in wall units for Re=10at r*=0.5: (a) along the rotor side,
(b) along the stator side. (solid lingg) (dashed linesg),,
(dashed-dotted lines).

Concluding remarks

In this paper, Large Eddy Simulation and experirakent
measurements of turbulent rotor-stator flows are- pr
sented for three Reynolds numbers in the rangg1aQ)
in order to show the complexity of the flow whenaro
tion has been increased.

At this stage, the experimental measurements have
validated the numerical modelling of the rotor-stat
problem at large rotation rates. Consequently,ethas
merical results occur to be the first from LES of en-
closed rotor-stator flow. All the results show thatbu-
lence is inhomogeneous and anisotropic. It higldighe
weak potential of closure models based on isotredity
viscosity to produce reliable results in such cgunfation.
The three-dimensional nature of both layers hasladen
demonstrated.
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