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ABSTRACT

The paper gives the results of the DNS/LES whicls wa

performed to investigate the 3D turbulent and ftaorsl non-
isothermal flows within a rotor/stator cavity. Coatations
were performed for the cavity of the aspect rate810- 35.0
and curvature parameter Rm=1.8, for different rotest and
Prandtl numbers. Two flow cases were consideredtoiy
fully dominated by centrifugal and Coriolis forcdsvith
negligibly small Earth accelerations term); ii) tRayleigh —
Bénard convection with superimposed moderate omtaffhe
main purpose of the investigations was to analyze t
influence of rotation and aspect ratio on the fiivwicture and
heat transfer. In the paper we analyzed distribgtiof the
Reynolds stress tensor components, Nusselt numbér
others structural parameters, which can be usefuhbdeling
purposes.

INTRODUCTION

The instability structures of the flow in the rdsiator and
rotor/rotor cavity have been investigated since dhxies of
the last century, mostly with reference to the eapions in
turbomachinery. The flow between the rotor andostit also
an interesting fundamental problem, which allows tos
investigate the influence of mean flow parametens tioe
strongly 3D boundary layers. The flow in rotor/etatavity
was investigated experimentally and numerically @agno
others by Schouveiler et al. (2001), Seanel Pulicani (2001),
Lygren and Anderson(2004). The non-isothermal flow
conditions were also taken into consideration irmeo
investigations (Randriamampianina et al. 1987, Sklka-
Sznitko et al. 2009a, b). This showed that thetimtanduced
buoyancy influences the stability characteristiasd athe
critical conditions. Tuliszka-Sznitko et al. (2009zerformed
the LES of the non-isothermal flow in the rotorfstacavity,
delivering distributions of the local Nusselt numbalong the
stator and rotor for different configurations aneyRolds
numbers. Pellé and Harmand (2007) performed measunts
over the rotor (in the rotor/stator configurationsing a
technique based on infrared thermography. A vengilbel
experimental investigation of the turbulent flowoand a

single heated rotating disk was performed by Elkind Eaton
(2000).

The flow in the cavity between two disks heatednfro
below (the Rayleigh - Bénard convection) with siupposed
moderate rotation is mostly used as a model probiem
predicting geophysical phenomena (solar and gitarigpary
convection, deep oceanic convection). The flow wiibderate
rotation undergoes a series of consecutive bifimeatstarting
with unstable convection rolls at moderate Raylaigimber.
The transition culminates at the state dominateddiyerent
plume structures. The Rayleigh - Bénard convectigth
superimposed rotations been studied, among othiys,
Kunnen et al. (2009).

In the present paper, we investigate the flow witat
transfer in the rotor/stator annular cavity of @pect ratio
from the range L=3.0 — 35.0 and curvature pararseter
Rm=1.8. Computations are performed for two mainwflo
cases: In the first group we consider flows witlatheansfer
fully dominated by centrifugal and Coriolis forcege analyze
the influence of the rotational Reynolds number asgect
ratio on the flow structure and heat transfer (itistions of
the local Nusselt number). In the second flow case
investigate the influence of superposition of matkerotation
on Rayleigh — Bénard convection. We analyze theénfce of
the Rossby, Rayleigh and Prandtl number on theillisions
of the local and averaged Nusselt numbers and en th
statistics.

MATHEMATICAL AND GEOMETRICAL MODEL

We investigate the non-isothermal flows in the tavi
between stationary and rotating disks of the iremedl outer
radius R, and R, , respectively. The interdisks spacing is

denoted by 2h (Fig. 1). The rotor rotates at unif@ngular
velocity Q =Qe,, e, being the unit vector on the axis. The
flow is described by the Navier-Stokes, contingityd energy
equations, written in a cylindrical coordinate syst
(R, 0, Z) with respect to the rotating frame of reference:

OIv =0 (1a)
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where t is dimensional time, R is radius, P is ques p is
density, g is the gravitational acceleration paigtdownward,
V is the velocity vector, a is the thermal diffusiviind 1 is
the dynamic viscosity. The flow is governed by tbkowing
dimensionless geometrical parameters: aspect ratio
L=(R;-Ry)/2h and curvature parameter
Rm=(R; +Ry)/(R,—Ry) . The dimensionless axial and
radial coordinates arez=Z/h , zO[-11], r=(2R -
(Ri*+Ry))! (R,—Ry), rO[-11]. To take into account the
buoyancy effects induced by the involved body fsrctéhe
Boussinesq approximation is used, i.e. the derasociated
with the terms of centrifugal and Coriolis forcagedo the disk
rotation, the curvilinear motion of the fluid arftetgravitational
acceleration is considered to be a variable.

In the flow cases dominated by the centrifugal @odolis
forces, in which the Earth acceleration is negligi&mall, the
velocity components and time are normalized asovst

QR,, (Q)™. The governing parameters are: the rotational

Reynolds numbeRe= QRf/v, the thermal Rossby number
B=B(T,-T,), where B=-1/p,(dp/dT),, T, and T, are
two chosen reference temperatures. The dimens®nles
temperature is defined in the following manner:
O=(T-T)/(T,-T,). The dimensionless components of the
velocity vector in radial, azimuthal and axial diiens are
denoted by: u, v, w and dimensionless pressurenstéd by
p. The no-slip boundary conditions are used witipeet to all
rigid walls, u=w=0. For the azimuthal velocity coament, the
boundary conditions are as follows:=0 on the rotating
disk and v=-(Rm+r)/(Rm+1) on the stator. In the grapie
consider the following configuration: the rotatibgttom disk is
attached to the inner cylinder and the stator tsched to the
outer cylinder.T, is the temperature of the upper disk and the
inner cylinder, andT, is the temperature of the bottom heated
rotating disk and the outer cylinder. The thermalifdary
conditions are as follows:
©=1 for z =-1.0,-10<r<10 and for outer cylinder
©=0 forz=1.0,-10<r < 10and for inner cylinder
The thermal Rossby number equals B=0.1 in all csd
flow cases.

When the flow between two disks heated from belatia w

superimposed moderate rotation is considered (Rywyle
Bénard convection) the velocity components are atimed

with the free-fall velocity,/qBAT(2h) , time is normalized by
a convection time scal¢2h)/,/qBAT(2h) and temperature
by AT=(T, -T,).
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Figure 1. Schematic picture of computational domain
meridian section

NUMERICAL APPROACH

The numerical solution is based on a pseudo-spectra
Chebyshev-Fourier-Galerkin collocation approximatim the
time approximation we use a second-order semi-oitpli
scheme, which combines an implicit treatment ofdiffisive
terms and an explicit Adams-Bashforth extrapolafionthe
non-linear convective terms. In the non-homogeneadial
and axial directions we use Chebyshev polynomiath the
Gauss-Lobatto distributions to ensure high accuraicyhe
solution inside the very narrow boundary layerthatdisks.

In the LES we use a version of the dynamic Smaghyin
eddy viscosity model proposed by Meneveau et &96}, in
which the required averaging is performed overghthlines
of the fluid particles, instead of averaging over tlirection of
statistical homogeneity. The Smagorinsky coeffities
determined by minimizing the modeling error overe th
pathlines of the fluid particles. The numericalalthm used
for the LES of the non-isothermal flow in the ararutavity,
proposed in the papers Tuliszka-Sznitko et al.0920 b), is
an extended version of the DNS algorithm develdpe&erre
and Pulicani (2001).

In the present paper for the flow cases of the lagpect
ratio and the large Reynolds number we use about

610° collocation points.

RESULTS OBTAINED FOR LARGE ROTATION

The problem addressed in this section is the tertidlow
between a rotating and a stationary disk with hestsfer.
Computations are performed for wide range of aspaiid
L=3.0-35.0 and for the curvature parameter Rm=1.8.
According to Schouveiler et al. (2001), who perfedn
experimental investigations for cavity of Rm=1 adtifferent
L and Re, in this range of aspect ratio, the flevofi Batchelor
type. That means that the flow consists of two laaum layers
on each disk separated by an inviscid rotating aorehich
the velocity gradient is weak. However, when thegeas ratio
L is increasing the inviscid core between two bamdayers
is shrinking. The exemplary axial profiles of theeeged
radial velocity component obtained in the presempeo for



different L in the middle section of cavities at®wed in Fig.
2.
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Figure 2. Axial profiles of radial velocity comparteobtained
in the middle sections of cavities, B=0.1.

Fig. 3 shows the iso-surfaces of the temperatudeaaial
velocity component obtained for: a) L=5, Rm=1.8,
Re=195000, Pr=0.71, b) L=9, Rm=1.8, Re=230000, F2
¢) L=35, Rm=1.8, Pr=0.71, Re=280000. For all coad in
Fig. 3 flow cases the fluid is pumped radial outivalong the
heated rotor (©(z=-1)=10) towards the heated outer
stationary cylinder (©(r =1) =1.0). The fluid recirculates
along the cooled statof®@(z=1)=0.0) towards the inner
rotating cylinder. We can see from Fig. 3 thathleated fluid
of higher temperature is concentrated near ther aytender,
so that it causes large temperature gradientsisnattea. The
Reynolds stress tensor components also reachrttaimum
values in the vicinity of the outer cylinder. Thistdbutions of

three main Reynolds stress tensor componﬁs, Wy,

\/ﬁ show strong anisotropy in both boundary layergh(w
the larges azimuthal componenBjig. 4a, b and ¢ show the
axial distributions of\/\TTr obtained in three sections of cavity:
in the section near the inner cylinder, in the riédskction and
in the section near the outer cylinder (resultsairained for
L=5, 25, 35 and different Reynolds numbers). We s that
the maximum of the azimuthal component of the R&go
stress tensor for all analyzed flow cases occuas tie outer
cylinder in the rotor and stator boundary layertHe middle

sectionyv'v is larger in the stator boundary layer.

We analyze the influence of the aspect ratio L and
rotational Reynolds number Re on distributions e tocal
Nusselt numbers. The exemplary distributions of kheal
Nusselt numbers along dimensionless radius r obdaior Re
=230000 and for L=25.0 and Re=195000 and L=5 apevetl
in Fig. 5. We observe the increase of the heasteamear the
outer cylinder where the turbulence is the largest.

<)



Figure 3. The iso-surfaces of temperature and ariakity
component obtained for the following parameters:=§,
Rm=1.8, Re=195000, Pr=0.71, b) L=9, Rm=1.8, Re=P800
Pr=2.71, ¢) L=35, Rm=1.8, Pr=0.71, Re=280000.
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Figure 4. The axial profiles of the azimutal comeoiof the
Reynolds stress tensor. a) L=5, Rm=1.8, Re=195000:25,
Rm=1.8, Re=230000; c) L=35, Rm=1.8, Re=280000.
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Figure 5. Exemplary Nusselt distributions obtaifead a)
L=5, Rm=1.8, Re=195000, b) L=25, Rm=1.8, Re=230000.

Fig.6 shows the distribution of dimensionless terapee
fluctuations, normalized by the friction temperatuobtained
in the middle sections of cavities. The resultsaoi®d in the
present paper are compared to the results of EHdalsEaton
(2000) obtained experimentally for heated singtatiog disk
and also with 2DBL results of Wroblewski and EibgtR90)
and Blair and Bennett (1987). We observe good ageeé
with the Elkins and Eaton (2000) in the outer pafrtthe
boundary layer. The differences in the area closthé disk
result from different thermal boundary conditiorsed in the
present paper (isothermal) and in Elkins and E4&800)
experiment (constant heat flux).

The turbulent Prandtl number is defined as the rattithe
eddy diffusivity for momentum to the eddy diffugivifor
heat. The above definition is not a strict defanitifor strongly
3DTBLs, however, we use it to compare our resuith the
data published by Elkins and Eaton (2000) for tbesfalong
a single heated rotating disk. In many 2DTBLs tiebatilent
Prandtl number equals 1 in the area near the wadl a
decreases to 0.8 with increasing z. Elkins and rE¢2000)
showed that for a single rotating disk equals 1 near the
disk and then decreases to the value of abouttOtieeahalf
width of the boundary layed . In Fig.7 we present the
comparison of axial distributions oPr, obtained in the
present investigations in the middle sections & tlavities
(the stator boundary layer) with the results otgdiby Elkins
and Eaton (2000) and Littell and Eaton (1991), waiiith the
distributions obtained in some 2DTBLs investigasion
(Wroblewski and Eibeck, 1990, Subramanian and Aaton

1981).
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Figure 6. Distributions of temperature fluctuatiorsmalized
by friction temperature obtained in the stator any layer
in the middle section of cavities. Comparison with data
from literature.

In the paper we also analyze another structurameters
proposed by Elkins and Eaton (2000), for example,

Ryo = VO’ +ue”)5(@2(vZ+u?)®. In most structural

parameters we observe the agreement in axial llisiohns,
however, the largest differences have been obsewtdte

comparing paramete(u’? +v'?)/w'2 . The discrepancies in

distribution of (u? +v'2)/w'2 are particularly significant for
cavities of large aspect ratio L. In our computasio



(F +F)/F parameter reaches a peak near the disks and
then decreases rapidly to the value of about 2 theaedge of

the boundary layers, showing that the vertical oris very
weak close to the disks
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Figure 7. Axial distributions of the turbulent Pdadimumber .

RAYLEIGH — BENARD CONVECTION WITH
SUPERIMPOSED ROTATION

The Rayleigh - Bénard convection is defined as an
unbounded horizontal layer of fluid heated fromidel The
problem is governed by Rayleigh number

Ra=gBAT(2h)*/va and Prandtl numbePr=v /a. Where
AT =(T,-T,). The Raylaigh number is the measure of the

importance of the buoyancy coming from the Earth
acceleration relative to diffusion in the fluid. Bescribe the
effect of superimposed rotation on the Rayleigh én&d

convection the Taylor number is us@d = (2Q(2h)?/v)?. In

the analysis of the results the Rossby number tenof
introduced, which is defined in the following manne

Ro=+/Ra/PriTa . The Rossby number is the measure of
importance of buoyancy resulting from the gravitasl
acceleration relative to the importance of supedsepl
rotation. ForTa - 0 (Ro - ») we have classic Rayleigh —

Bénard convection. In the present paper calculatiane
obtained with no-slip conditions on both disks aytinders.
Two thermal conditions are applied on cylindersiabédtic
and isothermal. Computations are performed for Rb=@.25,
0.5, 0.75 and 1.0 and for Rayleigh number uBt0®. For
R0=0.1 convection is suppressed by rotation (famustrical
parameters considered in this section: L=5, Rm=1AS Ra
increases the flow undergoes through a sequence o
bifurcation, starting with unstable convection sat moderate
Rayleighand culminating in the state dominated by coherent
plume structures (iso-surfaces showing plumes tstres are
presented at Fig. 8).

The differences between structures obtained fderdint
Ro and for the same Ra=250000 are visible in tlge &, b
and c where iso-surfaces of temperature are arslyze

Figure 8. Iso-surfaces of temp

era

ture showing

structure of plumes.
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Figure 9. Iso-surfaces of temperature obtained.&r,
Rm=1.5 , Ra=2500000 and different Rossby number:
a) Ro=0.25, b) Ro=.0.75, c) Ro=1.

The superimposed rotation on the Rayleigh-Bénard
cconvection stabilizes the fluid layer. Simultaneously the
modest rotation increases the Nusselt number cardparthe
non-rotating case flow. It is explained by so ahliEkman
pumping. Fig. 10a presents profiles of temperatweraged in
time and horizontal direction. In classic RayleigiBénard
convection averaged temperature profile consiststved
boundary layers and the bulk of zero temperatuadignt. As
rotation is superimposed, a negative temperatuadignt in
the bulk appears; its value depends on Rossby euffig.
10a). In Fig. 10b we compare the axial profilesaoigd in the



present computations for adiabatic and isothernasainbary
conditions on the cylinders with the results of Ken et al.
(2009) and Julien et al. (1996), who used peritgici
conditions in horizontal direction. The results abtained

for Ro=0.75, Pr=1 andRa= 2.0010°. In Fig.10b we observe
that the difference between the results obtainedadabatic

and isothermal boundary conditions on the cylinder

negligibly small. Profiles obtained by Kunnen et @009)

and Julien et al. (1996) are almost identical ie thlk; the

differences are observed only in the boundary Rykr the

bulk area our results show more negative temperatioan

Kunnen et al. (2009) and Julien et al. (1996), whian be

attributed to confinement of the domain in horizdnt
direction.

In Rayleigh - Bénard investigations we analyzede th
distributions of the Reynolds stress tensor comptmethe
distribution of turbulent heat fluxes and the disitions of
local and averaged Nusselt numbers.
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Figure 10. a) Distributions of averaged temperature
Ra=2000000, L=5, Rm=1.5. b) Comparison with
Kunnen et al. (2009) and Julien et al. (1996)ltesu

CONCLUSIONS

In the paper we have analyzed the influence oftiorta
and aspect ratio on flow structure and heat tranisfethe
rotor/stator cavity. Computations have been peréafnfior
large rotations (large Reynolds numbers) and foyldRgh-
Bénard convection with superimposed moderate mtatiThe
results (the Reynolds stress tensor components,
components of the turbulence energy tensor, theutemt
Prandtl numbers and other structural parametersje we
compared with the results obtained by Elkins andofta
(2000). We have found significant influence of #spect ratio
on the flow structure and the distribution of Nussambers.

The results obtained for Rayleigh-Bénard convection
showed large influence of Rossby number on stegistnd the
flow structure. The results have been compared thighdata
published by Kunnen et al. (2009).

the

ACKNOWLEDGEMENT

We are grateful to The Poznan Supercomputing and
Networking Center, where the computations have been
performed.

REFERENCES

Blair, M.F. and Bennett J.C., 1987, “Hot-wire
measurements of velocity and temperature fluctnatim a
heated turbulent boundary layed, Phys. E. . Instrum.,,
Vol. 20, pp. 209-216

Elkins, C.J. and Eaton, J.K., 2000, “Turbulent haat
momentum transport on a rotating dis&” Fluid Mech., Vol.
402, pp. 225-253

Julien K., Legg, S., McWiliams, J., Werne, J., 199€ard
turbulence in rotating Rayleigh-Bénard convectiofhys.
Rev., E 53, R5557-R5560

Kunnen, R.P.J., Geurts, B.J., Clercx, H.J.H., 2009,
“Turbulence statistics and energy budget in rotpiRayleigh-
Bénard convection”European J. of Mech. B/Fluids, Vol. 28,
pp. 578-589

Littell, H.S. and Eaton, J.K., 1991, “An experimant
investigation of the three-dimensional boundaryetapn a
rotating disk”, Stanford Univ. of Mechanical Engamimg.
Thermosciences Div. Rep. MD-6

Lygren, M. and Andersson, H.l., 2004, “Large eddy
simulations of the turbulent flow between a rotgtiand a
stationary disk”ZAMP, Vol. 55, pp. 268

Meneveau, C., Lund, T.S., Cabot, W.H., 1996,
Lagrangian dynamic subgrig-scale model of turbwénd.
Fluid Mech., Vol. 319, pp. 353-385

Pellé, J. and Harmand, S., 2007, “Heat transfer
measurements in an opened rotor—stator systenagitgxp.
Therm. Fluid Sci., Vol. 31, pp.165-180

Randriamampianina, A., Bontoux, P., Roux, B., 1987,
“Ecoulements induits par la force gravifigue dame \cavité
cylindrique en rotation”)nt. J. Heat Mass Transfer, Vol. 30
(7), pp. 1275-1292

Schouveiler L., Le Gal P., Chauve M.P., 2001,
“Instabilities of flow between a rotating and ati&taary disk”,
J. Fluid Mech., Vol. 443, pp. 329-350

Serre,E. and Pulicani, J.P., 2001, “A three-dimensional
pseudospectral method for rotating flows in a agir,
Computers & Fluids, Vol. 30, pp. 491

Subramanian C.S., Antonia R.A., 1981, “Effect of
Reynolds number on a slightly heated turbulent blemy
layer”, Int. J. Heat Mass Transfer, Vol. 24, pp. 1833-1846

Tuliszka-Sznitko, E., Zielinski A., Majchrowski, W.
2009a, “LES and DNS of the non-isothermal transaidlow
in rotating cavity”,Int. J. Heat and Fluid Flow, Vol. 30, 3, pp.
534-548

Tuliszka-Sznitko, E., Zielinski A., Majchrowski, W.
2009b, “Large Eddy Simulation of transitional flowis
rotor/stator cavity” Archives Mech., Vol. 61, 2, pp. 93-118

Wroblewski D.E., Eibeck P.A., 1990, “An experimdnta
investigation of turbulent heat transport in a baany layer
with an embedded streamwise vortex”, Ph.D, Thesis,
University of California at Berkeley, Mechanical gtneering
Department, California

“p



