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a b s t r a c t

The paper presents the 3D LES study of the non-isothermal transitional and turbulent flow in rotor/stator
sealed cavity with a rotating inner and a stationary outer cylinder. The stator and the outer cylinder are
warmer than the rotor and the inner cylinder. Computations have been performed for the cavity of aspect
ratio L = (R1 � R0)/2h = 5, curvature parameter Rm = (R1 + R0)/(R1 � R0) = 3, Reynolds numbers
Re ¼ XR2

1=m ¼ 75;000—300;000, thermal Rossby numbers B = b(T2 � T1) = 0.01–0.4, and for the cavity
(L = 9, Rm = 1.5, Re = 100,000–150,000, B = 0.01–0.4). Computations we based on the efficient pseudo-
spectral Chebyshev–Fourier method (Serre, E., Pulicani, J.P., 2001. A three-dimensional pseudospectral
method for rotating flows in a cylinder. Computers and Fluids, 30, 491). In Large Eddy Simulations we
used a version of the dynamic Smagorinsky eddy viscosity model proposed by Meneveau (Meneveau,
C., Lund, T.S., Cabot, W.H., 1996, A Lagrangian dynamic subgrid-scale model of turbulence. Journal of Fluid
Mechanics, 319, 353–385), in which the averaging is performed over the particle pathline. This approach
allowed us to perform computations for higher Reynolds numbers for confined rotating flows, which are
strongly inhomogeneous and anisotropic. Results showed that the turbulence is concentrated mostly in
the stator boundary layer with a maximum at the junction between the stator and the outer cylinder. For
the cavity of aspect ratio L = 5 the stator boundary layer was fully turbulent for Re P 100,000, whereas
the rotor boundary layer was still laminar. The influence of the thermal Rossby number on the flow struc-
ture and the basic state was not significant. The correlation formulas, for predicting the distribution of
local Nusselt numbers along disks as well as the correlation formulas for the averaged Nusselt numbers
depending on the Reynolds numbers are given on the basis of our results.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

This study concerns the numerical prediction of the transitional
and turbulent flows with heat transfer in an enclosed rotor/stator
cavity. The problem is not only very interesting from the point of
view of fundamental fluid mechanics but it is also a topic of prac-
tical importance. The flow in the rotating cavity is of great interest
for the internal aerodynamics of engines, especially for the optimi-
zation of turbomachinery air-cooling devices. The experimental
investigations in the rotating cavities are very difficult and expen-
sive. In this situation, numerical simulations, particularly Direct
Numerical Simulation (DNS) and Large Eddy Simulation (LES),
which can deliver precise knowledge on the flow structure in the
rotating cavity become indispensable tools.

One of the first experimental investigations of the flow in sealed
rotor/stator configurations was performed by Daily and Nece
(1960). Daily and Nece (1960) found that the flow structure de-
pends on the Reynolds number Re ¼ XR2

1=m and the aspect ratio
L = (R1 � R0)/2h. They divided flows in rotating cavities into four re-
gimes depending on the combination of the Reynlods number Re
ll rights reserved.
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pl (E. Tuliszka-Sznitko).
and aspect ratio L: two laminar (I and II) and two turbulent (III
and IV) regimes. Regimes I and III correspond to flows with merged
boundary layers and regimes II and IV to flows with separated
boundary layers. Heat transfer at a single rotating disk was inves-
tigated by Goldstein (1935), Cobb and Saunders (1956) and Dorf-
man (1963). Nikitenko (1963) performed experimental
investigation of the flow in the enclosed rotor/stator cavity, where
both disks were isothermal, for the aspect ratio in a wide range
11.8 < L < 55.5 and for Re < 106. Nikitenko (1963) did not notice ef-
fect of the aspect ratio L on the local Nusselt number distribution.
He correlated his results for laminar and turbulent flows as fol-
lows: Nur ¼ r a=k ¼ 0:675Re0:5

r , Nur ¼ 0:0217Re0:8
r (a is the heat

transfer coefficient, k is the thermal conductivity of the fluid, Rer

is the local Reynolds number). Owen et al. (1974) investigated
experimentally the flow in the cavity with throughflow; cooling
air was introduced through a hole in the centre of an adiabatic sta-
tor, and a parabolic profile of temperature was kept on the rotor.
Owen et al. (1974) showed that for the aspect ratio in the range
55.5 < L < 166.6 the averaged Nusselt number increases with
increasing L (Owen found that for smaller L the Nusselt number
is independent from L). Schukin and Olimpiev (1975) measured
the averaged Nusselt numbers in a rotating cavity of aspect ratio
L = 15.5. The radial distribution of temperature on the rotor varied
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Fig. 1. Schematic picture of the rotating cavity.

Notations

a thermal diffusivity (m2/s)
B thermal Rossby number (=b(T2 � T1))
CS Smagorinsky coefficient
h half of the distance between disks (m)
H ramp function
L aspect ratio (=(R1 � R0)/2h)
N, K, M number of collocation points in radial, azimuthal and

axial directions
Nur local Nusselt number (=ar/k)
Nuavg averaged Nusselt number
p* dimensionless pressure
P pressure (N/m2)
Pr Prandtl number (=0.71)
PrSGS SGS Prandtl number
r*, /, z* dimensionless cylindrical coordinates
r, /, z dimension cylindrical coordinates (m), (rad), (m)
�r dimensionless radial coordinate (=r/h)
Rm curvature parameter (=(R1 + R0)/(R1 � R0))
R0 radius of the inner cylinder (m)
R1 radius of the outer cylinder (m)
Re Reynolds number ð¼ XR2

1=mÞ
Rer local Reynolds number (=Xr2/m)
Sij rate of strain tensor
t time (s)
t* dimensionless time
T temperature (K)
T1, T2 temperature of rotor and stator (K)
Tn, Tm Chebyshev polynomials
V velocity vector (m/s)

u*, v*, w* dimensionless velocity components in radial, azimuthal
and axial direction

x* dimensionless position along the particle pathline in
considered time n + 1

Greek symbols
a coefficient of heat transfer (W/m2 K)
aSGS

j subgrid-scale energy flux
d thickness of the boundary layer (m)
b thermal expansion coefficient, 1/(K)
D filtering width
e weighting function
k coefficient of thermal conductivity (W/m K)
l dynamic viscosity (kg/s m)
m kinetic viscosity (m2/s)
mSGS subgrid-scale eddy viscosity
q density (kg/m3)
T* dimensionless temperature (=(T � T1)/(T2 � T1))
rSGS

ij subgrid-scale stress tensor
s time scale
X rotation of the rotor (rad/s)

Subscripts and superscripts
c inviscid core
n, n + 1 time sections
w parameters at the wall
– filtering at scale D
K filtering at scale 2D
1 and 2 indicate rotor and stator
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with rn (0 < n < 0.6). Measurements were performed in the transi-
tional (105 < Re < 106) and turbulent regimes (106 < Re < 3 � 108).
For a temperature profile with n = 0.25 and for turbulent flow,
Schukin and Olimpiev (1975) proposed the correlation Nuavg =
0.0168Re0.8. All earlier theoretical and numerical works were sum-
marized by Owen and Rogers (1989, 1995). Itoh et al. (1990) per-
formed measurements of the mean velocity and of the Reynolds
stress tensor components for a wide range of parameters in an en-
closed cavity of the aspect ratio 12.5. Djaoui and Debuchy (1998)
measured the Reynolds stresses in the rotor/stator cavity of a large
aspect ratio with throughflow, using the hot and cold wire ane-
mometry technique. Pellé and Harmand (2007) performed mea-
surements over the rotor (in the open rotor/stator configuration),
using a technique based on infrared thermography. They deter-
mined the distribution of the local convection heat transfer coeffi-
cient on the rotor and analyzed the influence of the Reynolds
number Re and the aspect ratio L on a.

Numerical modeling of the flow in the rotor/stator cavity turned
out to be a difficult problem mostly due to the fact that in the cav-
ity simultaneously exist areas of laminar, transitional and turbu-
lent flow which are completely different in terms of flow
properties. The first numerical modeling in the rotor/stator cavity
was performed by Morse (1987) who used a modified version of
the low Reynolds number k–e model proposed by Launder and
Sharma (1974). Chew and Vaughan (1988) solved the Reynolds
equations in the rotor/stator cavity using a finite difference meth-
od and a mixing length model. They received a good agreement
with Daily and Nece (1960) experimental data. Some advanced
heat transfer models were developed by Nagano et al. (1991), Iaco-
vides and Toumpanakis (1993), Elena and Schiestel (1995, 1996),
Abe et al. (1996), Poncet and Schiestel (2007). Poncet and Schiestel
(2007) performed detailed computations using an RSM model for
the rotor/stator cavity with axial inflow and outflow (L = 2.25,
12.5 and 27.7).

At the beginning of the present decade, numerical methods like
DNS, and for fully turbulent flow-LES, became a valuable tool in
predicting the flow structures and heat transfer effect. Most of
studies using DNS were dedicated to instability of the flow in
shrouded cavities (Serre and Pulicani, 2001; Serre et al., 2001,
2004a,b; Healey, 2007; Craspo del Arco et al., 1996; Moisy et al.,
2004; Jacques et al., 2002; Randriamampianina and Poncet, 2006;
Lopez et al., 2002; Tuliszka-Sznitko et al., 2002, 2007, 2009;
Tuliszka-Sznitko and Zielinski, 2008; Czarny et al., 2002). The main
contribution concerning turbulent flow (using DNS) came from
Lygren and Andersson (2001) who provided a detailed description
of coherent structures in the near-disk areas. The first LES compu-
tations of the flow around a single rotating disk were performed by
Wu and Squires (2000). Lygren and Andersson (2004), Andersson
and Lygren (2006) and then Séverac et al. (2007) and Séverac
and Serre (2007) performed LES numerical computations for a
sealed cavity. Séverac et al. (2007) used Spectral Vanishing Viscos-
ity (SVV) method and compared the results with their LDV exper-
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imental data. SVV technique, developed among others by Pasquetti
(2006), turned out to be very effective numerical tool for investiga-
tion of the turbulent flow in the rotating cavities.

DNS and LES for the non-isothermal flow in rotating cavities are
not numerous (Randriamampianina et al., 1987; Serre et al., 2004a;
Tuliszka-Sznitko et al., 2007, 2009; Tuliszka-Sznitko and Zielinski,
2008; Poncet and Serre, 2008).

This paper is devoted to a study of the turbulent and transi-
tional flow with heat transfer in sealed rotor/stator cavities of as-
pect ratios 5 and 9. The cavity is heated from below and from
the outer end-wall, whereas the rotor and the inner cylinder are
cooled (Fig. 1). The main motivation of our work is to analyze
the properties of turbulence of the non-isothermal flow dominated
by Coriolis and centrifugal forces. In Section 2 the geometrical and
mathematical models are given and the numerical approach is de-
scribed. Section 3 is devoted to the mean flow and temperature
field obtained for the cavity of aspect ratio L = 5 and 9. In Section
4 turbulent fields are discussed. The distributions of the local Nus-
selt number along the rotor and stator for different thermal condi-
tions are presented in Section 5. Conclusions and closing remarks
are given in Section 6.

2. Numerical modeling

2.1. Geometrical model

The geometrical domain is presented in Fig. 1. The upper disk
rotates at a uniform angular velocity X around the central axis.
The outer cylinder of radius R1 and inner cylinder of radius R0 are
attached to the stator and rotor, respectively. The interdisk spacing
is denoted by 2h. The flow is controlled by the following physical
parameters: the Reynolds number, based on the external radius
of the disks R1 and on the angular velocity of the rotor,
Re ¼ XR2

1=m, the local Reynolds number Rer ¼ r2X=m, the aspect ra-
tio L = (R1 � R0)/2h, the curvature parameter Rm = (R1 + R0)/
(R1 � R0), the Prandtl number Pr = 0.71 and the thermal Rossby
number B = b(T2 � T1) (where b is the thermal expansion coeffi-
cient, T1 is the temperature of the upper rotating disk and the inner
cylinder, and T2 indicates the temperature of the stator and the
outer cylinder).

2.2. Numerical approach

The flow is described by the continuity, Navier–Stokes and en-
ergy equations. The equations are written in a cylindrical coordi-
nate system (r,/,z), with respect to a rotating frame of reference:

r � V ¼ 0 ð1aÞ

q
@V
@t
þ qðV � rÞV þ qX� ðX� rÞ þ 2qX� V ¼ �rP þ lDV ð1bÞ

@T
@t
þ ðV � rÞT ¼ aDT ð1cÞ

where t is time, r is radius, P is pressure, q is density, V is the veloc-
ity vector, a is the thermal diffusivity and l is the dynamic viscosity.
Table 1
Geometrical and physical parameters of considered flow cases. Range of the thermal Rossby
and axial directions (N, K, M). The dimensionless time step dt*.

L Rm Re

5 3 0.2 � 105 (DNS)
0.75 � 105 (LES), 105 (LES/DNS),
1.5 � 105(LES), 2 � 105 (LES),
2.5 � 105 (LES), 3 � 105 (LES)

9 1.5 0.75 � 105(LES), 105(LES),
1.25 � 105 (LES), 1.5 � 105(LES)
To take into account the buoyancy effects induced by the involved
body forces i.e. the Coriolis force and the circumferential force
(the gravity force is neglected, for its magnitude is small compared
to the centrifugal force), the Boussinesq approximation is used.

q ¼ qr 1� b T � T1ð Þ½ � ð1dÞ

where b = �1/qr(oq/oT)p. However, for validity of the Boussinesq
approximation, the values of B have been limited to B 6 0.4 in this
study. The Prandtl number, the specific heat at constant pressure
and the dynamic viscosity are constant in the present simulation.
The time, length and velocity are normalized as follows: (X)�1, h
and XR1. The dimensionless axial coordinate is z* = z/h;
z* e [�1,1]. The radius coordinate �r ¼ r=h is additionally normalized
to obtain the domain [�1,1], required by the spectral method based
on the Chebyshev polynomials: r* = (2r � (R1 + R0))/(R1 � R0). The
dimensionless temperature is defined in the following manner:
T* = (T � T1)/(T2 � T1). The dimensionless components of the veloc-
ity vector in radial, azimuthal and axial directions are denoted by
u*, v*, w* and dimensionless pressure is denoted by p*. The no slip
boundary conditions are applied to all rigid walls, so u* = w* = 0.
For the azimuthal velocity component, the boundary conditions
are v* = 0 on the top rotating disk, and v* = �(Rm + r*)/(Rm + 1) on
the stator. However, in order to eliminate the singularity of the azi-
muthal velocity component at the junction between the stationary
outer end-wall and the rotating disk, and between the rotating in-
ner cylinder and stator, the azimuthal velocity component was reg-
ularized by using exponential azimuthal velocity profiles:

v� ¼ �1þ eðz
��1Þ=0:004 ð2aÞ

v� ¼ �Rm� 1
Rmþ 1

eð�z��1Þ=0:004 ð2bÞ

These profiles provide reasonable representation of experi-
mental conditions at the radial and axial gaps (Fig. 1). According
to the paper by Tavener et al. (1991), in which the authors inves-
tigated experimentally and numerically the flow in a rotating
annular cavity, if the gaps are sufficiently small, the effect of
the form of function used to describe azimuthal velocity profiles
on the cylinders, on the flow patterns away from the closest
vicinity of singularities is negligibly small. Problem of regulariza-
tion formulas are also discussed in Randriamampianina et al.
(1997, 2001).

The numerical code prepared in the present research for LES of
the non-isothermal flow in the annular cavity (described in details
in Tuliszka-Sznitko et al., 2009) is an extended version of the DNS
code developed in Prof. P. Bontoux group (Hugues and Randria-
mampianina, 1998; Serre and Pulicani, 2001; Raspo et al., 2002).
The numerical solution is based on a pseudo-spectral Cheby-
shev–Fourier–Galerkin approximation; the approximation of the
flow variables W = (u*,w*,v*,p*,T*) is given by a development in
truncated series:

WNMK r�; z�;u; t�ð Þ ¼
XK=2�1

p¼�K=2

XN

n¼0

XM

m¼0

Ŵnmp t�ð ÞTn r�ð ÞTm z�ð Þeipu;

� 1 � r�; z� � 1; 0 � u � 2p ð3Þ
number used in computations. Number of collocation points used in radial, azimuthal

B Mesh dt*

0.1 (64 � 95 � 51) 0.005
0.01–0.4 (125 � 125 � 81) 0.001
0.01–0.4 (125 � 125 � 81) 0.001–0.0005
0.1 (150 � 150 � 81) 0.0005

0.01–0.4 (125 � 125 � 81) 0.001
0.01–0.4 (150 � 150 � 81) 0.001–0.0005



Fig. 3. Axial profiles of the radial velocity component obtained from LES for (a) (L = 5, Rm
(L = 5, Rm = 3, Re = 100,000, B = 0.1) and for different sections of the cavity, (d) (L = 9, Rm

Fig. 2. The 3D views of geometrical annular cavities: (a) (L = 5, Rm = 3) and (b)
(L = 9, Rm = 1.5).
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where Tn(r) and Tm(z) are Chebyshev polynomials of degrees n and
m, respectively, t* is dimensionless time, and N, K and M are the
numbers of collocation points in the radial, azimuthal and axial
directions, respectively. The Gauss–Lobatto collocation points in ra-
dial and axial directions are used: r�i ¼ cos ðpi=NÞ for 0 6 i 6 N and
z�i ¼ cos ðpi=MÞ for 0 6 i 6M to ensure high accuracy of the solution
inside the very narrow boundary layers at the disks. The uniform
mesh has been used in the azimuthal direction; /k = 2pk/K, k = 0,
1, 2. . .K � 1. The number of collocation points (N,K,M) used in com-
putations depends on analyzed flow cases; detailed information are
included in Table 1. The initial condition corresponds to the fluid at
rest. The time scheme is semi-implicit and second-order accurate; it
corresponds to a combination of the second-order backward differ-
entiation formula for viscous diffusion terms and the Adams–Bash-
forth scheme for non-linear terms. The dimensionless time step is
dt* = 0.001–0.0005. The method uses a projection scheme to main-
tain the incompressibility constraint.

In the LES, after a filtering operation has been applied to the
governing equations, with filter width equal to the grid spacing
in azimuthal direction, we obtained the filtered equations of mo-
tion (Tuliszka-Sznitko et al., 2009). Subgrid-scale stress tensor
rSGS

ij and energy flux aSGS
j are expressed as:

rSGS
ij ¼ �2mSGSSij ð4aÞ

aSGS
j ¼ mSGS

PrSGS

@f�k

@x�j

@T�

@f�k
ð4bÞ
= 3, B = 0.1) and for different Re, (b) (L = 9, Rm = 1.5, B = 0.1) and for different Re, (c)
= 1.5, Re = 100,000, B = 0.1) and for different sections of the cavity.
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Sij ¼
1
2

@f�k

@x�j

@�u�i
@f�k
þ @f

�k

@x�i

@�u�k
@f�k

 !
ð5aÞ

mSGS ¼ C2
SD

2
ffiffiffiffiffiffiffiffiffiffiffiffi
2SijSij

q
ð5bÞ

where filtered dependent variables are indicated by overbars. In the
above equations ðx�1; x�1; x�1Þ ¼ ðx�; y�; z�Þ and (f*1,f*2,f*3) = (r*,/,z*). In
our computations, we used a version of the dynamic Smagorinsky
eddy viscosity model (Germano et al., 1991) proposed by Meneveau
et al. (1996). Meneveau et al. (1996) accumulated the required aver-
aging over the fluid particle pathlines, instead of averaging over the
direction of statistical homogeneity. In this approach the Smagorin-
sky coefficient, at a given position x, depends on the history of the
flow along the pathline. In the present research the approach from
Meneveau et al. (1996) was used to perform computations in the
rotating cavity because this class of flows is statistically homoge-
neous only in the azimuthal direction. The Smagorinsky coefficient
is determined by minimizing the modeling error over the pathline
of the fluid particle:

C2
S ¼

LLM

LMM
ð6Þ

where

Lnþ1
LM x�ð Þ ¼ H e LijMij

� �nþ1 x�ð Þ þ ð1� eÞLn
LM x� � �u�Dt�ð Þ

� �
ð7aÞ

Lnþ1
MM x�ð Þ ¼ e MijMij

� �nþ1 x�ð Þ þ ð1� eÞLn
MM x� � �u�Dt�ð Þ ð7bÞ

In the above equations x* is the position of particle in considered
time n + 1 and ðx� � �u�Dt�Þ is the position of the same particle at
Fig. 4. Axial profiles of the azimuthal velocity component obtained from LES for (a) (L = 5
(c) (L = 5, Rm = 3, Re = 100,000, B = 0.1) and for different sections of the cavity, (d) (L = 9
the previous time n, �u� is the velocity computed in time n, H is a
ramp function (H(a) = a if a > 0 and zero otherwise), e is the weight-
ing function (Meneveau et al. 1996):

e ¼ Dt�=sn

1þ Dt�=sn
ð8Þ

where s is the dimensionless time scale over which the averaging is
performed. Meneveau et al. (1996) gives some possible choices for s
based on the requirement, that the model should be purely dissipa-
tive, ensuring numerical stability. In this paper we used the follow-
ing function for the time scale s:

s ¼ 1:5D MijMij
� ��1=4 ð9Þ

where

Mij ¼ 2D2 djSjSij � 4jeSjeSij

� �
ð10aÞ

Lij ¼ d�ui�uj � ~�ui
~�uj ð10bÞ

In the above equations ð�Þ represents filtering with scale D andcð�Þ represents filtering with scale 2D. For the non-isothermal flow
we adopted Lilly’s approach to the Lagrangean model (Lilly 1992).
We introduced the turbulent Prandtl number denoted by PrSGS

(Tuliszka-Sznitko and Zielinski, 2008; Tuliszka-Sznitko et al.,
2009):

1
PrSGS

¼ Lnþ1
PRMM

Lnþ1
RRML

ð11Þ

where
, Rm = 3, B = 0.1) and for different Re, (b) (L = 9, Rm = 1.5, B = 0.1) and for different Re,
, Rm = 1.5, Re = 100,000, B = 0.1) and for different sections of the cavity.



Fig. 5. Axial profiles of (a) the radial, (b) azimuthal velocity components obtained
for (L = 5, Rm = 3, Re = 100,000, B = 0.1, 0.4) by LES (125 � 125 � 81) and by DNS
(150 � 150 � 81) in the middle section of the cavity.

Fig. 7. The iso-lines of the dimensionless temperature T* obtained for (a) Re = 100,000,
Rm = 3.0, B = 0.1).

Fig. 6. Polar plots of the radial and azimuthal velocity components of velocity
obtained for different Re in the middle section of the cavity (L = 5, Rm = 3, B = 0.1,
0.4).
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Lnþ1
PRMM x�ð Þ ¼ H e PjRjMijMij

� �nþ1 x�ð Þ þ ð1� eÞLn
PRMM x� � �u�Dt�ð Þ

� �
ð12aÞ

Lnþ1
RRML x�ð Þ ¼ e RjRjMijLij

� �nþ1 x�ð Þ þ ð1� eÞLn
RRML x� � �u�Dt�ð Þ ð12bÞ
3. Mean flow

3.1. Flow field

Computations were performed for two geometrical annular cav-
ities, (L = 5, Rm = 3) and (L = 9, Rm = 1.5) whose 3D views are
(b) Re = 200,000, and (c) Re = 300,000 in the meridian section of the cavity (L = 5,



Fig. 8. The iso-lines of the dimensionless temperature T* obtained for (a) Re = 100,000 and (b) Re = 150,000 in the meridian section of the cavity (L = 9, Rm = 1.5, B = 0.1).
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shown in Fig. 2a and b, respectively. The mean and turbulent quan-
tities computed in the frame of this research were obtained for the
parameters presented in Table 1. Turbulent quantities were aver-
aged over the dimensionless time t* = 7–10.

The considered flows are of Batchelor type; it means that flows
consist of two separated boundary layers and an inviscid core.
Depending on the Reynolds number these flows can be laminar
or turbulent and belong to the regime II (laminar Batchelor flow)
or regime IV (turbulent Batchelor flow), respectively, according to
Daily and Nece (1960) classification. Figs. 3a–d and 4a–d show
the axial profiles of the radial and azimuthal velocity components,
respectively. The profiles are obtained for different Re and for
B = 0.1. In Figs. 3 and 4 the velocity components are normalized
by rX : u�s ¼ u�LðRmþ 1Þ=�r;v�s ¼ v�LðRmþ 1Þ=�r.

In Fig. 3a and b radial velocity component profiles obtained for
different Re (B = 0.1) in the middle section (r* = 0) of cavities (L = 5,
Rm = 3) and (L = 9, Rm = 1.5) are analyzed, respectively, whereas in
Fig. 3c and d the radial profiles obtained for Re = 100,000, B = 0.1 in
three radial sections of considered cavities are shown. From Fig. 3
we can see that the flow consists of two separated boundary layers
and an inviscid core where the radial velocity component is almost
zero. In the core region, the axial velocity component is also close
to zero and the azimuthal component is constant (Fig. 4). The flow
is pumped radially outward along the rotor and recirculates along
the stator. We can see from Fig. 3 that with increasing Re, the
velocity profiles in the stator boundary layer become more turbu-
lent. From Fig. 3d we can see that the stator boundary layer in the
cavity of the aspect ratio L = 9 is turbulent only in the junction be-
tween the stator and the outer cylinder, whereas in case with L = 5
the whole stator boundary layer is turbulent. For both cases, L = 5
and L = 9 (Re = 100,000, B = 0.1), the rotor boundary layer is lami-
Fig. 9. The distributions of the dimensional core emperature T�c in terms of �r
obtained for (L = 5, Rm = 3, Re = 100,000, B = 0.1, 0.3).
nar. The velocity profiles obtained in the present simulation for dif-
ferent Reynolds numbers have shown that the thickness of the
stator boundary layer (d2) is approximately two times thicker than
the rotor boundary layer (d1). For cavity (L = 5, Rm = 3, B = 0.1,
Re = 100,000) we obtained d1/h = 0.3 for the rotor boundary layer
and d2/h = 0.55 (d2/d1 � 1.8) for the stator boundary layer (r* = 0),
whereas for (L = 5, Rm = 1.8, B = 0.0, Re = 100,000) Séverac et al.
(2007) obtained d1/h = 0.208 for the rotor boundary layer and d2/
h = 0.444 (d2/d1 � 2.1) for the stator boundary layer (with the pres-
ent paper normalization).

The axial profiles of the azimuthal velocity component are ana-
lyzed in Fig. 4. The LES results show a large flat core region where
the azimuthal component is nearly constant. For different radial
sections the azimuthal velocity components in the core are slightly
Fig. 10. (a) The distributions of (z+)m along the rotor and stator obtained for
Re = 150,000 and 300,000 (L = 5, Rm = 3, B = 0.1). (b) The Reynolds numbers based
on the total (Res,s), radial (Rer,s) and azimuthal (Re/,s) friction velocity along the
rotor and stator (L = 5, Rm = 3, Re = 150,000, B = 0.1).
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different; it is probably the result of changes in the flow character
along the cavity in the radial direction. From Fig. 4 we can see that
the rate of rotation of the inviscid core to the rotation of rotor
K = X(z* = 0)/X(z* = 1) obtained from LES for (L = 5, Rm = 3,
Re = 100,000, B = 0.1) in the middle section (r* = 0) is K = 0.362,
whereas for B = 0.4 we obtained K = 0.357. For (L = 9, Rm = 1.5,
Re = 100,000, B = 0.1) we obtained K = 0.33. In the middle section
of cavity (L = 5, Rm = 1.8, Re = 100,000, B = 0.0) Séverac et al.
(2007) obtained 0.35 from both numerical and experimental
investigations.

To verify our LES results we performed additional computations
for (L = 5, Rm = 3, Re = 100,000, B = 0.1) using DNS with a more re-
fined mesh (150 � 150 � 81). Axial profiles of the radial and azi-
muthal velocity components obtained by LES (125 � 125 � 81)
and by DNS (150 � 150 � 81) in the middle section of the cavity
are compared in Fig. 5a and b. We can see from Fig. 5a and b that
the differences are small; the largest differences are observed in
the central core between the azimuthal velocity components.

The positive thermal Rossby number B > 0 (heated stator)
means that the buoyancy-driven secondary flow enforces the basic
rotation driven flow. However, the influence of the thermal Rossby
number on the velocity profiles is not significant. Fig. 5a and b
present additionally radial and azimuthal profiles obtained by
LES for B = 0.4.

Additional characteristics of the mean flow can be derived
from polar plots of the radial and azimuthal velocity components,
which describe the behavior of the 3D boundary layer. Fig. 6
shows polar plots obtained for (L = 5, Rm = 3, B = 0.1) and for dif-
ferent Reynolds numbers. From Fig. 6 we can see that in the near-
rotor areas all LES profiles are very close to the profile obtained
by DNS for a very small Reynolds number (Re = 20,000). In the
stator boundary layer there are larger differences between the re-
sults obtained by LES for different Reynolds numbers; with the
increasing Reynolds number, the LES polar profiles go away from
the laminar solution obtained for Re = 20,000. For Re = 250,000
Fig. 11. The iso-lines of the axial velocity component obtained for (a) Re = 100,00
(L = 5, Rm = 3) in the stator boundary layer, the form of the polar
plot become more triangular, which is typical for the turbulent
boundary layer (Lygren and Andersson, 2001). In the polar plot
we added the profile obtained for (L = 5, Rm = 3, Re = 100,000,
B = 0.4) to show the influence of the thermal Rossby number on
the velocity profiles. We can see that this solution is more turbu-
lent than solution obtained for the same Reynolds number but for
B = 0.1.

3.2. Temperature field

Figs. 7a–c and, 8a and b show the iso-lines of the dimensionless
temperature T* obtained for Re = 100,000, 200,000 and 300,000
(L = 5, Rm = 3.0, B = 0.1) and Re = 100,000 and 1,500,000 (L = 9,
Rm = 1.5, B = 0.1), respectively. We can see that for all cases the
fluid is pumped along the cold rotor (T*(z* = 1) = 0.0) towards the
heated outer cylinder (T*(r* = 1) = 1.0). Then the fluid is transported
down and recirculates along the heated stator (T*(z* = �1) = 1.0) to-
wards the inner cylinder. Finally, the fluid, warmed by the stator is
lifted up along the cold inner cylinder (T*(r* = �1) = 0.0). The distri-
butions of the dimensional core temperature T�c in terms of �r ob-
tained for (L = 5, Rm = 3, Re = 100,000, B = 0.1 and 0.3) are
presented in Fig. 9. We can see that the dimensionless temperature
increases very rapidly in the area near the inner cylinder from 0 at
the inner cylinder up to about 0.9. Then the temperature in the
core decreases gradually until the minimum value of 0.3 for the ra-
dius �r � 19:8 to reach 1 at the outer cylinder.
4. Turbulent field

To check the accuracy of mathematical description of flow near
the disks, we analyzed the axial wall coordinate (z+)m = zmvs,s/m in
terms of radius �r, where zm is the smallest cell in the axial direction
and vs,s is the total friction velocity vs,s = [m2((ou/oz)2 + (ov/oz)2)]1/4.
0, (b) 200,000, and (c) 250,000 in the meridian plane (L = 5, Rm = 3, B = 0.1)
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For the mesh ð125� 125� 81Þ z�m ¼ zm=h ¼ 0:000771. Fig. 10a pre-
sents the distribution of (z+)m along both disks obtained for
Re = 150,000 and 300,000 (L = 5, Rm = 3, B = 0.1). We can see that
(z+)m increases gradually along both disks towards the outer cylin-
der reaching a maximum value (z+)m = 0.4 for Re = 300,000 (Séve-
rac et al., 2007, used the value (z+)m = 1 as a criterion for precise
description in the near-wall area). It is worthwhile to notice that
(z+)m is larger at the rotor than at the stator. In Fig. 10b the Rey-
nolds numbers based on the total, radial and azimuthal friction
velocity (Res,s = vs,s(2h)/m, Rer,s = vr,s(2h)/m, Re/,s = v/,s(2h)/m) are
presented in terms of the dimensionless radius (Re = 150,000,
L = 5, Rm = 3, B = 0.1). From Fig. 10b we can see that the Reynolds
numbers Res,s, Rer,s, Re/,s increase towards the outer cylinder.
The same tendency was reported by Randiamampianina et al.
(2006).

To show the most disturbed regions in the meridian plane, we
present the iso-lines of the axial velocity component obtained for
Re = 100,000, 200,000 and 250,000 in Fig. 11a–c (L = 5, Rm = 3,
Fig. 12. The iso-lines of the azimuthal velocity component disturbances in the
azimuthal sections of (a) the stator and (b) rotor boundary layer (L = 5, Rm = 3,
Re = 200,000, B = 0.1).
B = 0.1). From Fig. 11a we can see that for Re = 100,000 the turbu-
lence is mostly confined in the stator boundary layer with the max-
imum at the junction between the stator and the outer end-wall.
We also observe turbulent area on the rotating inner cylinder,
where disturbances coming from the stator are transported to-
wards the rotor. For the higher Reynolds numbers more intense
turbulence is also observed in the rotor boundary layer. Fig. 12a
and b show the iso-lines of the azimuthal velocity component dis-
turbances in the azimuthal sections of the stator and rotor bound-
ary layer, respectively (L = 5, Rm = 3, Re = 200,000, B = 0.1). We can
see that only the stator boundary layer is turbulent for these
parameters, with increasing intensity of turbulence towards the
outer end-wall. In the rotor boundary layer we observe turbulent
flow only at the junctions between the rotor and the end-walls.
In the rotor boundary layer, positive spiral vortices (the crossflow
type I spiral vortices) are still visible, whereas in the stator bound-
ary layer we observe thinner and more axisymmetrical structures.

Fig. 13 shows the profiles of turbulence kinetic energy normal-
ized by wall friction k/sw in the stator boundary layer, obtained in
the middle section of cavity (L = 5, Rm = 3, B = 0.1, r* = 0) for differ-
ent Reynolds numbers, k=sw ¼ Reðu�0u�0 þ v�0v�0 þw�0w�0 Þ=
½2LðRmþ 1Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð@u�=@z�Þ2w þ ð@v�=@z�Þ2w

q
�. We can see that our LES

profiles behave properly i.e. maximum of k/sw there is inside the
boundary layer and with the increasing Re this maximum moves
closer to the disk. A similar tendency was reported in the paper
by Elena and Schiestel (1995), in which an RSM model was used.
More information about the intensity of the turbulence in particu-
lar areas of the cavity can be obtained from the distributions of the
Reynolds stress tensor components. Figs. 14 and 15 present the
comparison between axial distributions of the normal Reynolds
stress tensor components in the stator and rotor boundary layers,
respectively, normalized with the wall friction

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0u0=sw

p
;ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v 0v 0=sw

p
;
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w0w0=sw

p
, obtained in the middle section of cavity

(L = 5, Rm = 3, B = 0.1) for different Reynolds numbers
Re = 100,000, 150,000, and 250,000. From Figs. 14 and 15 we can
see that the turbulence is mainly concentrated in the stator bound-
ary layer and increases with the increasing Reynolds number. All
normal Reynolds stress tensor components reach their maximum
inside the boundary layer, and these maximums move closer to
the disks with the increasing Re. Outside the boundary layer the
values of the three components decrease to a value of one order
less. We can also see from Fig. 14 that in the stator boundary layer
for the Reynolds numbers from the range 100,000–250,000,ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

v 0v 0=sw

p
overestimates 2.15–2.5 times

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0u0=sw

p
. For the cavity

of aspect ratio (L = 9, Rm = 1.5) this rate is even higher. Séverac
Fig. 13. The profiles of turbulence kinetic energy normalized by wall friction k/sw in
the stator boundary layer, obtained in the middle section of cavity (L = 5, Rm = 3,
B = 0.1) for different Reynolds numbers.
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et al. (2007) obtained for Re = 1,000,000 (L = 5, Rm = 1.8, B = 0)
overestimation equaled 2 from their SVV code but they did not ob-
serve overestimation in their experimental measurements. Itoh
et al. (1990) investigated experimentally a cylindrical cavity with
the aspect ratio 12 (L = 12, Rm = 1, Re = 1,000,000, B = 0) and they
found that

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 0v 0=sw

p
overestimated

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0u0=sw

p
1.7 times. These re-

sults show that turbulence anisotropy obtained from LES is larger
than that obtained from experiments. Séverac et al. (2007) sug-
gested that the reason for such behavior is anisotropy of the mesh,
and that a more refined mesh should reduce this phenomenon.
However, we compared distributions of the Reynolds stress tensor
components obtained for two meshes (150 � 150 � 81) and
(125 � 125 � 81) and we observed very small influence of the
number of collocation points on

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 0v 0=sw

p
=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0u0=sw

p
parameter.

More computations are necessary to explain this phenomenon.
Fig. 16 shows the three main Reynolds stress tensor component

profiles u�0u�0 ;v�0v�0 ;w�0w�0 and one shear component u�0v�0 in
terms of z+ (shear component u�0v�0 is the largest in comparison
with w�0v�0 and u�0w�0 ) obtained for (L = 5, Rm = 3, Re = 100,000,
B = 0.1) in the middle section of the cavity. From Fig. 16 we can
see that in the stator boundary layer the turbulence reaches its
maximum at z+ � 10 and decreases to a value of one order less in
the core (shear component u�0v�0 is almost zero in the central core).
In Randriamampianina and Poncet (2006) the maximum of u�0u�0

was found at z+ � 8 and the maximum of v�0v�0 at z+ � 12
(L = 18.32, Rm = 1.3, B = 0).

To verify our computations, we performed simulations for iso-
thermal flow in rotor/stator cavity (L = 5, Rm = 1.8, Re = 100,000,
B = 0) and we compared results with the experimental data of
Séverac et al. (2007) obtained for the same geometry (Fig. 17). In
Fig. 14. The comparison between axial distributions of the normal Reynolds stress tensffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0u0=sw

p
, (b)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 0v 0=sw

p
, and (c)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w0w0=sw

p
, obtained in the middle section of cavity (L =
Fig. 17 the Reynolds stress component
ffiffiffiffiffiffiffiffiffiffiffiffi
u�0u�0

p
ðRmþ 1Þ=ðRmþ r�Þ

in terms of z* is analyzed. From Fig. 17 we can see a good agree-
ment between the experimental data of Séverac et al. (2007) and
results obtained by the present LES approach. To show influence
of the thermal Rossby number on the Reynolds stress tensor com-
ponent

ffiffiffiffiffiffiffiffiffiffiffiffi
u�0u�0

p
ðRmþ 1Þ=ðRmþ rÞ in Fig. 17 the result obtained for

B = 0.2 is also presented (L = 5, Rm = 1.8, Re = 100,000, B = 0.2). A
detailed comparison of the results obtained by the LES approach
used in the present paper and the experimental results of Séverac
et al. (2007) is given in Tuliszka-Sznitko et al. (2009).

In Fig. 18 the axial distribution of averaged in time and azi-
muthal direction PrSGS computed from Eq. (11) is presented in
function of z* (L = 9, Rm = 1.5, Re = 150,000, B = 0.1, r* = 0). We
can see that the diversity of PrSGS is large.
5. Local Nusselt number distribution

One of the most important information from the engineering
point of view is the distribution of the local Nusselt number in
function of the radius of the disk. Most of the authors correlate
the local Nusselt number by a power law such as (Pellé and Har-
mand 2007):

Nur ¼
ar
k
¼ aReb

r ð13Þ

where a is the heat transfer coefficient and k is the thermal conduc-
tivity coefficient. Coefficient a in Eq. (13) depends on temperature
boundary conditions and other characteristic parameters, whereas
coefficient b changes with the nature of the flow. For laminar flow,
or components in the stator boundary layer, normalized with the wall friction. (a)
5, Rm = 3, B = 0.1) for different Reynolds numbers.
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the local convective heat transfer is independent from the radial po-
sition but increases with azimuthal speed. Consequently, the local
Nusselt number varies linearly with the radius (b = 0.5). For turbu-
lent flow, the local convective heat transfer coefficient increases
with rotation and with radius; in most correlation formulas for tur-
bulent flow b � 0.8. Within the frame of the present research the lo-
cal Nusselt number was computed from the following equation:

Nur ¼
�r
T�c

@T�c
@z�

ð14Þ

where T�c is the temperature of the core of cavity. Exemplary distri-
butions of T�c in terms of the dimensional radius �r are presented in
Fig. 9. Due to the rapid changes of the core temperature T�c near the
inner and outer cylinders these areas are excluded from Nusselt
analysis.

5.1. Distribution of the local Nusselt numbers on the rotor

Distribution of the local Nusselt numbers along the rotor was
investigated experimentally by many authors, among others by
Pellé and Harmand (2007), Dorfman (1963), Nikitenko (1963),
who delivered correlation functions allowing to predict the distri-
bution of the local Nusselt numbers along disks. In most cases
experimental investigations were performed for cavities with large
aspect ratios, in which the confinement effect is small. Fig. 19a
shows distributions of the local Nusselt numbers in terms of
dimensionless radius �r along the rotor, obtained in this paper for
the cavity of the aspect ratio 5 (L = 5, Rm = 3, B = 0.1) and for differ-
ent Reynolds numbers from the range Re = 75,000–250,000. We
can see from Fig. 19a that the influence of the Reynolds number
Fig. 15. The comparison between axial distributions of the normal Reynolds stress tenffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u0u0=sw

p
, (b)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v 0v 0=sw

p
, and (c)

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
w0w0=sw

p
, obtained in the middle section of cavity (L =
on the distribution of Nusselt number is significant; with increase
in Re from 75,000 to 250,000 the maximum value of Nur increased
from 100 to 270. The distributions of the local Nusselt numbers re-
flect the flow structure very well. From the analysis in the previous
sections we know that for all considered Re, the rotor boundary
layer is laminar, however, turbulence of the rotor boundary layer
increases with increasing Re. Additionally, we observe concentra-
tion of turbulence kinetic energy near cylinders, which intensifies
the heat transfer in these areas. In spite of the laminar character
of the flow in the rotor boundary layer (L = 5, Rm = 3), the linear
part of the local Nusselt Nur curves observed in Fig. 19a is very
short, which results from very strong confinement effect. Based
on results presented in Fig. 19a we propose the following correla-
tion function:

Nur ¼ 0:05Re0:17Re0:5
r ð15aÞ

The lines obtained from function (15a) are also included in
Fig. 19a.

Fig. 19b shows distributions of the local Nusselt numbers in
terms of dimensionless radius �r along the rotor, obtained for
the cavity with aspect ratio 9 (L = 9, Rm = 1.5, B = 0.1) and for
the Reynolds numbers Re = 100,000 and 125,000. The flows in
the rotor boundary layer for these parameters are purely lami-
nar. From Fig. 19b we can see that the linear parts of the curves
obtained for (L = 9, Rm = 1.5) are longer in comparison to the
cases analyzed in Fig. 19a due to a smaller confinement effect
(the influence of the end-walls decreases with the increasing as-
pect ratio of the cavity). Fig. 19b also includes the lines obtained
from correlation function (15a). Results obtained from (15a) are
sor components in the rotor boundary layer, normalized with the wall friction. (a)
5, Rm = 3, B = 0.1) for different Reynolds numbers.



Fig. 16. The three main Reynolds stress tensor component profiles
u�0u�0;v�0v�0;w�0w�0 and one shear component u�0v�0 in terms of z+ obtained for
(L = 5, Rm = 3, Re = 100,000, B = 0.1) in the middle section of the cavity.

Fig. 17. Axial profiles of the radial Reynolds stress componentffiffiffiffiffiffiffiffiffiffiffiffi
u�0u�0
p

ðRmþ 1Þ=ðRmþ r�Þ in terms of z* (L = 5, Rm = 1.8, Re = 100,000, B = 0.0,
0.2). Comparison with the experimental results of Séverac et al. (2007).

Fig. 18. Axial profile of the averaged in time and azimuthal direction PrSGS

computed from Eq. (11) in function of z* (L = 9, Rm = 1.5, Re = 150,000, B = 0.1,
r* = 0).
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very similar to those obtained from Nikitenko (1963) correlation
function:

Nur ¼ 0:675Re0:5
r ð15bÞ

Fig. 20 shows the averaged Nusselt numbers Nuavg in terms of
Reynolds numbers obtained for the rotor boundary layer of the
cavities with aspect ratios L = 5 and 9. Nuavg is defined in the fol-
lowing manner:

Nuavg ¼
R R1

R0
NurðrÞ2pr dr

p R2
1 � R2

0

� � ð16Þ

We can see that the values of Nuavg increase almost linearly
with increasing Re. The present rotor boundary layer results are
correlated by the following law:

Nuavg ¼ 0:0087Re0:7911 ð17Þ

In Fig. 20 the present averaged Nusselt numbers are compared
with the results obtained from correlation formulas proposed by
Daily and Nece (1960) for regime II and IV:

Nuavg;II ¼
2
p

1
2L

	 
0:1

Re0:5 ð18aÞ

Nuavg;IV ¼
0:545

p
1
2L

	 
0:1

Re0:8 ð18bÞ
Fig. 19. Distributions of the local Nusselt numbers in terms of dimensionless radius
�r along the rotor for different Reynolds numbers for the cavities. (a) (L = 5, Rm = 3,
B = 0.1) and (b) (L = 9, Rm = 1.5, B = 0.1). Comparison with the results obtained from
the correlation formulas.
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5.2. Distribution of the local Nusselt numbers on the stator

Fig. 21a and b show distributions of the local Nusselt number
Nur on the stator, in terms of dimensionless radius �r, obtained
for cavities (L = 5, Rm = 3, B = 0.1) and (L = 9, Rm = 1.5, B = 0.1),
Fig. 20. The averaged Nusselt numbers Nuavg in terms of Reynolds numbers
obtained for the rotor boundary layer of the cavities (L = 5, Rm = 3, B = 0.1) and
(L = 9, Rm = 1.5, B = 0.1). Comparison with the results obtained from correlation
formulas proposed by Daily and Nece (1960) for regime II and IV.

Fig. 21. Distributions of the local Nusselt numbers in terms of dimensionless radius
�r along the stator for different Reynolds numbers for the cavities. (a) (L = 5, Rm = 3,
B = 0.1) and (b) (L = 9, Rm = 1.5, B = 0.1). Comparison with the results obtained from
the correlation formulas.
respectively. We can see that for the cavity with aspect ratio
L = 5 the linear dependence between Nur and radius �r holds for
�r <� 18. Then the curves change their slopes and exhibit an
enhancement in the heat transfer. We observe a significant in-
crease of Nur with the increasing Reynolds number. Based on these
results, we propose a correlation function:
Fig. 22. The averaged Nusselt numbers Nuavg in terms of Reynolds numbers
obtained for the stator boundary layer of the cavities (L = 5, Rm = 3, B = 0.1) and
(L = 9, Rm = 1.5, B = 0.1).

Fig. 23. Distributions of the local Nusselt numbers in terms of dimensionless radius
�r along (a) the stator, (b) rotor, obtained for B = 0.01 and B = 0.4 (L = 5, Rm = 3,
Re = 100,000 and 200,000).
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Nur ¼ 0:021Re0:795
r ð19aÞ

This correlation formula is very close to the formula proposed
by Nikitenko (1963) for turbulent flow:

Nur ¼ 0:0178Re0:8
r ð19bÞ

The lines obtained from correlation function (19a) for
Re = 100,000–250,000 are included in Fig. 21a. Distribution ob-
tained by the LES for Re = 75,000 is compared with the result ob-
tained from Nikitenko (1963) formula for the laminar stator
boundary layer.

Nur ¼ 0:364Re0:5
r ð20Þ

Fig. 22 shows the averaged Nuavg values in terms of the Rey-
nolds number, obtained for the stator. We correlate our results
by the following law:

Nuavg ¼ 0:0142Re0:7909 ð21Þ
5.3. Influence of the thermal Rossby number

To analyze the influence of the thermal Rossby number on lo-
cal Nusselt number distributions along disks, we have performed
the computations for the thermal Rossby number from the range
B = 0.01–0.4. In the present research we have found that the influ-
ence of the thermal Rossby number on the basic state (Fig. 5) as
well as on the distribution of the local Nusselt numbers is not
large. Exemplary distributions of Nur along the stator and rotor,
obtained for B = 0.01 and B = 0.4 (L = 5, Rm = 3, Re = 100,000 and
200,000) are presented in Fig. 23a and b, respectively. We can
see that the largest increase takes place in the middle part of sta-
tor; the maximum increment equals about 25. The maximum
increment along the rotor is observed near the outer cylinder
with maximum value about 20. The same order of increase in
the local Nusselt number is observed for cavity (L = 9, Rm = 1.5,
Re = 100,000 and 125,000).

The influence of the thermal Rossby number on the distribution
of the averaged Nusselt numbers in terms of Re is negligible.

6. Conclusions

In this paper we presented Large Eddy Simulation of the non-
isothermal transitional and turbulent flows in sealed cavities with
aspect ratio L = 5 and 9. In the LES we used a version of the dy-
namic Smagorinsky eddy viscosity model proposed by Meneveau
(1996), in which the Smagorinsky coefficients are averaged along
fluid pathlines. This algorithm turned out to be very effective and
allowed us to perform computations for higher Reynolds numbers.

Computations have been performed for the thermal Rossby
number from the range B = 0.01–0.4 (with heated stator and outer
cylinder) and for Reynolds numbers up to Re = 300,000 for the cav-
ity with the aspect ratio L = 5, and for Reynolds number up to
Re = 150,000 for the cavity with L = 9. The investigated flows be-
long to the Batchelor family (the flows are divided into two bound-
ary layers separated by a central rotating inviscid core). In the
considered range of parameters the rotor boundary layer is lami-
nar, whereas the stator boundary layer is turbulent. We have found
that the intensity of the fluid turbulence in the stator boundary
layer increases towards the outer cylinder. In the rotor boundary
layer we observed 3D spiral vortices recognized as the type I insta-
bility. In the fully turbulent stator boundary layer (L = 5, Rm = 3)
the structures are thinner and aligned in the azimuthal direction.
The polar profiles fall between the laminar solution and the typical
turbulent profiles presented in the paper by Lygren and Andersson
(2001). The LES results have been compared with the DNS result
obtained for a more refined mesh. To verify our results the ob-
tained axial distribution of the radial Reynolds stress tensor com-
ponent in the middle section of cavity were compared with the
experimental results of Séverac et al. (2007). Comparison shows
a good agreement.

We analyzed the distributions of the local Nusselt numbers
along the stator and the rotor obtained for different Reynolds num-
bers and different thermal Rossby numbers. The computations
have shown that the Nusselt number distributions reflect the flow
structure. We observed a rapid enhancement in the heat transfer in
the outer end-wall area where the intensity of turbulence is the
largest. We have found that the heat transfer depends strongly
on the Reynolds number and that the influence of the thermal
Rossby number on the local Nusselt number distributions in the
considered range of B is small. We proposed correlation formulas
for predicting distributions of the local Nusselt numbers along
the rotor and stator. The averaged Nusselt numbers in terms of
the Reynolds numbers were analyzed and the proposed correlation
formulas were compared with those published by Daily and Nece
(1960) for regime II and IV.
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