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Abstract 

In many engineering and industrial applica-
tions the investigation of rotating turbulent flow is of 
great interest. In rotor-stator cavities, the centrifugal 
and the Coriolis forces have a strong influence on the 
turbulence by producing a secondary flow in the me-
ridian plane composed of two thin boundary layers 
along the discs separated by a non-viscous geostro-
phic core. Some research has been done using RANS 
and URANS modelling, however, so far very few in-
vestigations have been done using LES. This paper 
reports on a benchmarking of two high-order LES 
modelling to predict a turbulent rotor-stator flow at 
rotational Reynolds number Re(�b²/�)=4.105. The 
dynamic Smagorinsky model for the subgrid-scale 
stress (Germano et al. 1991) is here compared to a 
spectral vanishing viscosity technique (Séverac and 
Serre 2006). Results show a good agreement in the 
predictions of the mean velocities and Reynolds 
stresses with experimental data with the largest dis-
crepancy occurring in the prediction of the tangential 
normal stresses Rθθ. These both LES modelling are 
among the firsts to catch the main features of the tur-
bulent flow at this moderately high Reynolds number 
where rotor-layer goes to turbulence at a local radius 
close to the periphery. As already noticed by Wu and 
Squires (2000) on the single disk case, this work of-
fers indirect supports to the idea that in such flows 
when large-scale motions are accurately resolved - 
the high-order schemes guarantying a weak dissipa-
tive truncation error - LES modelling seems to have 
only weak effects on the predictions. 

 
 
1 Introduction 

The simulation of turbulent rotating cavities 
flows is a major issue in computational fluid dynam-
ics and engineering applications such as disk drives 
used for digital disk storage in computers, automo-
tive disk brakes, and disks to support turbomachinery 
blades. Besides its primary concern to industrial ap-
plications (Owen and Rogers 1989), the rotor-stator 
problem has also proved a fruitful means of studying 
the effects of mean flow three-dimensionality on the 
turbulence and its structure (Little and Eaton 1994, 
Lygren and Anderson 2004, Kang et al., Séverac et 
al. 2007), since it is among the simplest flows where 

the boundary layers are three-dimensional from their 
inception. 

RANS modelling of such flows has been deeply 
investigated in the group of B.E. Launder in Man-
chester for several decades (see a review in Launder 
et al. 2010). Conclusions of such investigations are 
that eddy viscosity models clearly fail by providing 
erroneous rotor-layer predictions and rotation rates in 
the central core, particularly due to a delay in the 
transition to turbulence along the rotor (Iacovides and 
Theofanoupolos, 1991). Second moment closures 
provide a more appropriate level of modelling 
(Launder and Tselepidakis, 1994; Poncet et al., 
2005b), but even if they provide a correct distribution 
of laminar and turbulent regions, the Reynolds stress 
behaviour is not fully satisfactory, particularly near 
the rotating disk. 

Consequently, LES seems to be the appropriate 
level of modelling. Wu and Squires (2000) per-
formed the first LES of the three-dimensional turbu-
lent boundary-layer over a free rotating disk in an 
otherwise quiescent incompressible fluid at Re = 
6.5×105 and using periodic boundary conditions both 
in the radial and tangential directions. They con-
cluded that when the grid is fine enough to resolve 
accurately large-scale motions, SGS models and fur-
ther grid refinement have no significant effect on 
their LES predictions. Lygren and Andersson (2004) 
and Andersson and Lygren (2006) performed LES of 
the axisymmetric and statistically steady turbulent 
flow in an angular section of an unshrouded rotor-
stator cavity for Reynolds numbers ranging from Re 
= 4×105 to Re = 1.6×106. Their study showed that the 
mixed dynamic subgrid scale model of Vreman et al. 
(1994) provided better overall results compared to 
the dynamic subgrid scale model of Lilly (1992). Fi-
nally, Séverac and Serre (2007) proposed a LES ap-
proach based on a spectral vanishing viscosity (SVV) 
technique, which showed to provide very satisfying 
results with respect to experimental measurements in 
an enclosed rotor-stator cavity including confinement 
effects and for Reynolds numbers up to one million 
(Séverac et al. 2007). 
Clearly, traditional LES approaches using a fixed co-
efficient for subgrid scale viscous dissipation are not 
able to tackle the transition on the rotor-layer. In this 
work, it is replaced by the dynamic eddy-viscosity 
SGS model (SGS-LES) associated to a fourth-order 



 

 

compact finite-difference scheme. (SGS-LES) results 
are then compared with spectral vanishing viscosity 
results formerly published in Séverac et al. (2007) in 
the same configuration. This alternative LES formu-
lation (SVV-LES) associated to a spectral approxi-
mation is based on a modification of the Navier–
Stokes equations which only dissipates the short 
length scales, a feature which is reminiscent of LES 
models, keeping the spectral convergence of the error 
(Séverac and Serre 2007).   

The aim of this work is to evaluate LES model-
ling in a very complex configuration with both lami-
nar and turbulent flow regions and involving con-
finement, flow curvature and rotation effects provid-
ing a strongly inhomogeneous and anisotropic turbu-
lence within the boundary layers along the disks and 
the endwalls. The use of high-order numerical ap-
proximations guarantees here that the dissipative 
truncation error cannot act as an additional subgrid 
model. 

 
First geometrical and numerical modellings are 

briefly described in Sections 2 and 3, respectively. 
Comparisons between the LES calculations and pre-
vious velocity measurements (Séverac et al. 2007) 
are performed for a given Reynolds number 
Re=4×105 in Section 4 for the mean and turbulent 
fields. Finally some conclusions and closing remarks 
are provided in Section 5. 

 
2 Geometrical modelling 
 

The cavity (Figure 1) is composed by two paral-
lel disks of radius b=140mm, one rotating at a uni-
form angular velocity Ω (rotor), one being at rest 
(stator). The disks are delimited by an inner cylinder 
(the hub) of radius a=40 mm attached to the rotor and 
by an outer stationary casing (the shroud) attached to 
the stator. The interdisk spacing, denoted h, is fixed 
here to 20 mm.  

 

 
Figure 1: Rotor-stator cavity with relevant notations. 
Averaged velocity vector-field (LES-SVV) showing 
the secondary flow in the meridian plane at 
Re=4.105. 

 
The mean flow is governed by three global con-

trol parameters: the aspect ratio of the cavity G, the 
curvature parameter Rm and the rotational Reynolds 

number Re based on the outer radius b of the rotating 
disk defined as follows: 
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where ν is the fluid kinematic viscosity. The values 
of the geometrical parameters were chosen in order 
to be relevant with industrial devices such as real 
stage of turbopump, and to satisfy technical con-
straints of the experimental device as well as compu-
tational effort to reach statistically converged states. 
In the experimental setup, a small clearance j=0.85 
mm exists between the rotor and the shroud because 
of mechanical constraints. In the following, the stator 
is located at z*=z/h=1 and the rotor at z*=0. We de-
fine also the dimensionless radial location as r*=(r-
a)/(b-a). 
 
2 Numerical set up 

The incompressible fluid motion is governed by 
the three-dimensional Navier-Stokes equations writ-
ten in primitive variables for cylindrical coordinates 
(r,θ, z). No-slip boundary conditions are applied at all 
walls so that all the near-wall regions were explicitly 
computed. The tangential velocity is fixed to 0 on the 
stator and on the shroud and to the local disk velocity 
�r on the rotor and the hub. The singularities present 
in the experiments at the junctions between rotating 
and stationary walls are regularized in the two LES 
codes by using an exponential function to provide a 
smooth switchover.  

Conservation equations are solved using a Fou-
rier approximation in the homogeneous tangential di-
rection. In both non homogeneous radial and vertical 
directions the solutions are approximated using either 
a fourth-order compact finite-difference scheme 
(Abide and Viazzo 2005) either a collocation-
Chebyshev approximation (Séverac and Serre 2006). 

In both numerical code, the time advancement is 
second-order accurate and is based on the explicit 
Adams–Bashforth time-stepping for the convective 
terms and an implicit Crank–Nicolson (LES-FD) or 
Euler-backward (LES-SVV) scheme for the viscous 
terms. The velocity-pressure coupling is solved using 
a two-step fractional scheme (predictor–corrector) 
reducing the problem at each time step to a set of 
two-dimensional Helmholtz equations (Raspo et al. 
2002).  

In the LES-FD, mass and momentum conserva-
tion is enforced for the large-scale resolved variables, 
which are obtained by grid-filtering the Navier-
Stokes equations. The unresolved small scale turbu-
lence is represented by a dynamic eddy-viscosity 
SGS model proposed by Lilly (1992) in which the 
Smagorinsky coefficient Cs is evaluated as a part of 
the solution at each time step using a test filter. As 
usually, the test filter width was twice the grid-filter 
width. The test filter used sequentially in each non 



 

 

homogeneous direction is a symmetric discrete filter 
based on the trapezoidal rule as proposed in Sagaut 
(2005) while in the homogeneous direction a cutoff 
filter was applied with the Fourier approximation. 
Furthermore, negative values of νT are clipped to 
zero if the turbulent viscosity νT is negative meaning 
that no transfer of energy from the unresolved scales 
to the resolved ones (backscatter) is taken into ac-
count in order to be consistent with the LES-SVV 
model. Finally, in order to improve time-stability the 
eddy viscosity is split into an averaged value in the 
azimuthal direction treated semi-implicitly by the 
way of internal iterations and a fluctuation part 
treated fully explicitly. Practically, five iterations are 
required to obtain a convergence criterion of 10-6.  
 

In the LES-SVV, an appropriate viscosity kernel 
operator is incorporated in the conservation equa-
tions, only active for high wave numbers. This opera-
tor does not affect the large scales of the flow and 
stabilise the solution by increasing the dissipation, 
particularly near the cut off frequency without sacri-
ficing the formal accuracy, i.e., exponential conver-
gence, (Séverac and Serre 2007). A new diffusion 
operator �SVV can be simply implemented by com-
bining the classical diffusion and the new SVV terms 
to obtain: 
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Because our SVV operator is fully linear, no 
additional computational cost is needed. The compu-
tational parameters used in the present LES-SVV are 
summed up in table 1, where �t is the time step.  

 
 

direction T�  N�  Grid 

r 
θ 
z 

0.8 N1/2  
N1/2 

N1/2 

1/(2N) 
1/(2N) 
1/(2N) 

N=121 
K=181 
M=65 

 
Table 1: Parameters for the LES-SVV 

 
In both simulations, the number of grid points is 

fixed 121×65×180 respectively in the radial, axial 
and azimuthal directions with a time step of 3.10-4

�
-1 

for LES-FD and 5.10-5 �-1 for (LES-SVV). The grid 

resolution was chosen from our former study using 
LES-SVV (Séverac et al. 2007) where results have 
shown a satisfactory agreement with the experimen-
tal measurements. Such a grid corresponds to an axial 
wall-coordinate z+ around unity slightly varying with 
r the total friction velocity increasing towards the pe-
riphery of the cavity. 

Mean flow and second-order statistics were ob-
tained through averaging over time as well as along 
the homogeneous tangential direction.  
 
3 Results 

 
Turbulent quantities have been compared to ve-

locity measurements using a two component laser 
Doppler anemometer (LDA) from above the stator 
(see details in Séverac et al. 2007). About 5000 vali-
dated data are necessary to obtain the statistical con-
vergence of the measurements. The mean and turbu-
lent quantities are given with an accuracy of 2% and 
5% respectively. Comparisons with the Reynolds 
Stress Modelling (RSM) of Elena and Schiestel 
(1995) are also provided. This model has been sensi-
tized to the implicit effects of rotation on turbulence 
and applied to a wide range of flow conditions in en-
closed or opened rotor-stator cavities (Poncet et al. 
2005b). 

The averaged velocity vector field is presented in 
Figure 1 and it is qualitatively similar to the laminar 
Batchelor flow obtained at much smaller rotation 
rates. Both LES-FD and LES-SVV provide the same 
base flow characterized by a strong circulation in the 
tangential direction and a secondary flow in the me-
ridian plane due to centrifugal and Coriolis forces 
with two boundary layers developed on each disk 
separated by a central rotating core. There is no axial 
gradient in the core as a consequence of the Taylor-
Proudman theorem. The fluid is pumped centri-
fugally outwards along the rotor and is deflected in 
the axial direction after impingement on the external 
cylinder. After a second impingement on the stator, it 
flows radially inwards along the stator, by conserva-
tion of mass, before turning along the hub and being 
centrifuged again by the rotating disk. The main ef-
fect of finite-radius disks and most of all of the inner 
and outer cylinders is that the boundary conditions 
are not compatible with self-similarity solutions 
though there may be qualitative resemblance far from 
the end walls. Thus, the thicknesses of the Ekman 
layer on the rotor and of the Bödewadt layer on the 
stator are not constant along the radius within the 
cavity. Note that the Bödewadt layer is almost twice 
thicker than the Ekman layer. 

Quantitative comparisons have been made at 
mid-radius of the cavity that corresponds to a local 
Reynolds number Rer=1.65×105, for which the stator 
boundary layer is turbulent, whereas the rotor one is 
only weakly turbulent according to the experiments 
of Itoh et al. (1992). Figure 2 shows the axial profiles 
of the mean radial Vr*=Vr/(Ωr) and tangential Vθ*=Vθ 

 



 

 

/ (Ωr) velocity components at mid-radius r*=0.5 
normalized by the rotor velocity. The axial profile of 
the mean axial velocity component is not shown here 
because it is around zero far from the inner and outer 
cylinders. A crucial quantity for engineering applica-
tions is the entrainment coefficient of the fluid or the 
core swirl ratio K= (Vθ / (Ωr))core because it is directly 
linked to the radial pressure gradient in the cavity and 
as a consequence to the axial thrusts applied on the 
rotor (Poncet et al. 2005a). The LES-FD clearly un-
derestimates K predicting K=0.32 at r*=0.5 with re-
spect to K=0.36 given by LES-SVV as well as ex-
perimental measurements. This underestimate value 
is of the same order that the value K=0.315 predicted 
by the RSM and very close to the value obtained with 
the laminar similarity solution, K=0.313, by Pearson 
(1965) for infinite-disk cavities.  

 

 

 
Figure 2: Mean profiles of tangential and radial 
component of velocity normalized by the local 
speed of the disk at mid-radius. Comparisons be-
tween the LES-SVV (-⋅-), the LES-FD (�), the LDA 
measurements (o) and the RSM model (- -). 
 

Both LES-SVV and LES-FD predict quite well 
the thickness of the Ekman layer on the rotor at mid-
radius which is characteristic of a weakly turbulent 
layer at this radial location. The LES-SVV slightly 
underestimates the thickness of the Bödewadt layer 
but provides better overall results than the LES-FD 
and the RSM. The Vr*-profile deduced from the 

RSM model as well as the LES-FD exhibits a local 
extremum around z*=0.8 characteristic of laminar 
boundary layers.  

 

 

 
Figure 3: Axial profiles of the two main Reynolds 
stress tensor components at mid-radius. Comparisons 
between the LES-SVV (-⋅-), the LES-FD (�), the 
LDA measurements (o) and the RSM model (- -). 

Second-order statistics available from experi-

mental measurements in the radial )²r�/(v=R 2'
rrr and 

tangential directions )²r�/(v=R 2'
���

 have been 
computed in Figure 3. The other three shear-stresses 
are of negligible importance, with a magnitude two-
order lower than the previous Reynolds stresses, as 
already obtained in DNS by Lygren and Andersson 
(2000). LES results provide an overall agreement 
with the experimental data as well in the boundary 
layers as in the core. LES-FD underpredicts the tur-
bulence intensity more largely than the LES-SVV. 
As expected, RSM underpredicts the turbulence in-
tensity in both directions as well in the core as in 
both boundary layers. The peaks of the normal 
stresses maxima are relatively well predicted within 
the stator layer for both radial and tangential direc-
tions; at a distance from the stator equal to 0.05h for 
the radial component and two times closer 0.025h for 
the tangential component. Both LES-SVV and LES-
FD tend to overpredict Rθθ  in both boundary layers, 



 

 

the maximum being reached by the LES-SVV within 
the rotor layer. As a consequence, the anisotropy of 
the normal stresses is stronger in LES than in ex-
periment. Such behaviour could be related to the ani-
sotropy of the grid computation, which is globally 
much coarser in the tangential, especially at large ra-
dii. This idea would be supported by the LES of Wu 
and Squires (2000) which observed a strong sensitiv-
ity of this component depending on the resolution. 

Qualitatively both LES-FD and LES-SVV 
predict the same structures within both boundary lay-
ers. On Figure 4, the structures are localized within 
the boundary layers as shown by the isocontours of 
the Q-criterion. It is interesting to notice the network 
of spiral arms along the inner cylinder which change 
of inclination at about mid-height under the influence 
of the centrifugal or centripetal boundary layers 
along the disks. 

 

Figure 4: Iso-surfaces of the Q-criterion and iso-lines 
in the meridian planes. LES-FD. 

 
Figures 5 and 6 present iso-surfaces of the Q-

criterium along both disks. As observed on the turbu-
lence statistics the rotating disk layer is only weakly 
turbulent featured by coherent positive spiral arms 
(as they roll up in the rotation sense of the disk) at in-
termediate radii (Figures 5a and b). These structures 
are characteristic of the Type I instability (cross-flow 
instability), which plays an important role in the tran-
sition process to turbulence. Around the hub where 
the flow coming from the stator impinges the rotor, 
both simulations predict a highly turbulent region 
with smaller disorganized structures.  

 

 

(a)  
 

(b)

 
Figure 5: Iso-surfaces of the Q-criterion along the ro-
tor:  (a) LES-SVV (b) LES-FD. The rotating disk ro-
tates counter-clockwise. 

Moreover, only the LES-SVV is able to predict 
the transition to turbulence expected by theory and 
experiments at large radii corresponding at a local 
Reynolds Rer

1/2 = 386: the spiral arms breakdown 
into smaller more concentric structures.  

 

(a)  

 
         (b) 

Figure 6: Iso-surfaces of the Q-criterion along the 
stator: (a) LES-SVV (b) LES-FD. The rotating disk 
rotates counter-clockwise. 

Along the stationary disk, both LES exhibit 
very thin coherent vortical structures aligned with the 



 

 

tangential direction (Figure 6) which is typical of a 
turbulent boundary layer. The thinner structures pre-
dict by the LES-SVV indicate nevertheless a globally 
higher level of turbulence. 

 

5- Concluding remarks  
 

These both LES modelling are among the 
firsts to catch the main features of the turbulent flow 
at this moderately high Reynolds number where sta-
tor layer is fully turbulent while rotor-layer goes to 
turbulence at a local radius close to the periphery. 
Results show a global good agreement in the predic-
tions of turbulence quantities as well as flow struc-
tures. Nevertheless, the LES-SVV seems to provide 
better overall results compared to the LES-FD by 
providing a better global level of turbulence intensity 
with respect to LDA measurements and by predict-
ing, at a location in good agreement with theory, 
transition to turbulence on the rotor.  This work of-
fers indirect supports to the idea that when using 
high-order numerical method (low numerical dissipa-
tion) the influence of the LES modelling in complex 
flows seems weaker. Such behaviour should encour-
age the LES community to increase its effort not only 
on the SGS modelling but also in the use of high-
order schemes. 
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