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ABSTRACT

Large eddy simulation is applied to simulate the turbu-
lent flows within rotor-stator cavity. Parallel computation is
achieved using the domain decomposition and SPMD model.
For the rotor-stator flow, the internal structure is induced by
the diffusive transport of the tangential momentum from the
rotor into the interior. The instantaneous azimuthal vortic-
ity contours near the stator and rotor show stretching and
elongated structure in the tangential direction. Near the
rotor, the vorticity line is more coherent; however along its
counterpart location at the stator wall, the structure is more
chaotic. This shows that the turbulence intensity along the
stator wall is much more enhanced compared to that on the
rotor wall. A laminar region is also identified near the shaft
at small radii. Capability of the adopted LES model is also
examined by comparing the predicted flow quantities with
available measured data.

INTRODUCTION

The enclosed rotor-stator case, where no external
through flow is present across the disk boundary, is rather
complex. The internal flow field is induced by the diffusive
transport of tangential momentum from the rotor wall into
the cavity interior. Therefore, the thin boundary layer, (the
Ekman layer), on the wall exerts significant influence on the
momentum transport and also heat transfer, and hence in-
tense interaction of wall and the internal flow fields exist.
Two distinct features characterize the flow field. The first
one is the single circulating vortex caused by the imbalance
of centrifugal forces which produce the radial outflow over
the rotor side and a radial inflow over the stator side; and
the second is the gradual transition from laminar to turbu-
lent flow when the flow travels to large radii. An inviscid
core exists between the two thin boundary layers that the
radial velocity is virtually zero. Comprehensive discussions
of the rotating disk cavity flows can be found in Owen and
Rogers (1989).

Despite its geometric simplicity, numerical predictions
of the enclosed rotor-stator flow fields, for example, are re-
strained by various obstacles, such as the numerical accuracy
and the representation of turbulence (Morse, 1991; Iaco-
vides and Theofanopoulos, 1991). The effects of the moving
wall or rotation on the turbulence field and the possible co-
existence of laminar and turbulent regions make it a difficult
task. The measurements of Itoh et al.(1990) also indicated
that the turbulence on the rotor side is severely damped
under to that on the stator side. However, few of the previ-
ous proposed models are capable of reproducing the complex
flow characteristics in the rotor-stator system.

It is generally accepted that the Coriolis force can con-
siderably affect turbulent flows. Traditionally, these effects
are investigated by studying parallel shear flows under or-

thogonal mode rotation, i.e. when the axis of rotation is
either parallel or antiparallel to the mean flow vorticity vec-
tor. Turbulence is usually suppressed if the rotation vector
is parallel to the vorticity vector, and enhanced if they are
antiparallel. This is similar to the stabilizing and destabiliz-
ing effects for a shear flow entering a convex and a concave
curvature. So, it was suggested that the Reynolds stress
transport model is needed to deal with the complex flows
present in rotating cavity flows.

However, Computations of Elena and Schiestel (1995)
indicated that though the Reynolds stress transport model
(Hanjalic and Launder, 1976) performs better at the stator
side, its performance at the rotor side is surprisingly simi-
lar to the k — ¢ model(Launder and Sharma, 1974). Both
models show reduced levels of diffusion at the rotor side.
Therefore, the capability of the inherent interaction of swirl
and turbulence present in the RSTM model does not seem to
play a major role. There may be another mechanism which
is absent in the models. Elena and Schiestel (1996) further
improved their results by adding rotation and local vortic-
ity sensitized empirical terms in the k equation. The effect
of this term is to increase the turbulence level at the rotor
side. It was argued that these are to model the effect of the
pressure diffusion process at this region, which is absent in
the model of Hanjalic and Launder. Therefore, this seems
to suggest that the accurate near wall modeling is important
in the present rotor-stator geometry.

Hwang and Lin (2003) examined the influence of rotation
on the flow field and turbulence modeling by sensitizing the
turbulence model coefficient to rotational Richardson num-
ber, and the effect was found to be marginal. By adopting
an improved low Reynolds number k — ¢ model (Hwang and
Lin, 1998), the model reproduces correctly the gradual thick-
ening of the Ekman layers from small to large radii, which
is due to the transition from laminar to turbulent regimes,
especially on the rotor side within the disk cavities. The ele-
vated level of turbulence on the stator side compared to that
on the rotor side is also predicted correctly by the model.
However, the level of diffusive transport on the stator side
was still under-predicted.

In the present study, the large eddy simulation technique
is adopted to predict the flows within the enclosed rotor-
stator. Focuses will be on the predicting capability of the
LES model to internal flow fields and the differential levels
of turbulence on the stator and rotor walls. Since the LES
requires the solutions of three-dimensional time dependent
equations, and this requires the usage of parallel computers.
Therefore, the implementation of parallel algorithm and its
efficiency are also addressed.

GOVERNING EQUATIONS AND MODELING
LES is based on the definition of a filtering operation: a
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filtered (or resolved, or large-scale) variable is defined as,
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where D is the entire domain and G is the filter function.
The filter function determines the size and structure of the
small scales.

The governing equations are grid-filtered, incompressible
continuity and Navier-Stokes equations (in cartesian tensor
form),
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where
Tij = PU;U; — PU;iUj

is the sub-grid stress due to the effects of velocities being
not resolved by the computational grids.

In the present study, the Smagorinsky model (Smagorin-
sky, 1963) has been used for the sub-grid stress, such that,

Tij = "P(CSA)2\/L§\/mSij + gpkags&j (4)
where Gy = 0.1, S = g_;; + 52 and A = (AzAyAz)'/3,
respectively. It can be seen that in the present study the
mesh size is used as the filtering operator.

A Van Driest damping function accounts for the effect of
the wall on the subgrid-scale is adopted here and takes the
form as,
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where y is the distance to the wall and the cell size is rede-
fined as,
A = MIN[lm, (AzAyAz) /3 (6)

NUMERICAL ALGORITHMS

All the spatial derivative are discretised using second-
order central differencing scheme within the staggered finite
volume arrangement. The time integration method adopted
for the transport equation is based on the semi-implicit, frac-
tional step method. A four step time advancement scheme
(Choi and Moin 1994) is adopted, i.e.,
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where C; are the convective fluxes and D; , and D;,, are
diffusive fluxes in the wall parallel and normal directions,
respectively.

Therefore, it can be seen that the explicit and implicit
terms are advanced using the Adams-Bashforth and Crank-
Nicholson methods, respectively. The discretised algebraic

equations are solved by application of the CGSTAB solver
(Van den Vorst and Sonneveld, 1990).

The continuity is satisfied through the solution of a Pois-
son equation (equation 9). The Poisson equation for pressure
is solved using a combination of Fourier transform and the
CGSTAB method. Because the grid spacing is uniform in
the tangential direction, together with the adoption of the
periodic boundary conditions, Fourier transform can be used
to reduce the 3-D Poisson equation to uncoupled 2-D alge-
braic equations.

Because the above numerical framework is explicit in
the tangential direction, the adopted scheme can be par-
allelized using the domain decomposition and the single
program multiple data (SPMD) model. Each processor has
direct access to its local memory, however the information
sharing between processors and the reference to non-local
memory have to go through the interconnection networks
via message-passing MPI. The 3D grid is partitioned among
processors. Data in the tangential direction are distributed
among processors while the dimensions along the axial and
radial directions are not distributed. The data distribution
is [*,*,Block], where “Block” distribution assigns a contigu-
ous block of array elements to each processor and “*” means
no distribution in that dimension.

One drawback of the above parallel implementation is
that excessive data movement among procgssors is required
when applying the Fourier transform in solving the Poisson
equation in the tangential direction.

The platforms of the parallel computations are IBM P690
and PC cluster. For IBM P690, there are 8 nodes and each
node has 32 cpus. As for PC cluster, there are 32 dual
cpu nodes with Myrinet. For IBM P690, each node has 32
cpus with a shared memory, which is beneficial for cross
cpu data transfer due to Fourier transform. The parallel
efficiency using IBM P690 is shown in Figure 1. It can be
clearly observed that the problem size has a drastic effect
on the parallel efficiency, where a higher level of efficiency
is achieved with the elevated level of problem size. Super-
linear speed-up is also observed for the 120x120x80 grid and
this phenomenon is particularly pronounced using IBM P690
machine. This is partly due to the use of cache at multiple-
Cpu runs.
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Figure 1: Parallel efficiency

RESULTS

Pigure 2 shows the geometry of the enclosed disk cav-
ity, where the moving parts (rotors:rotating shaft and disk)
are rotating at an angular velocity of Q. The mesh sizes
adopted are 120x120x80 and 80x80x80 in the axial, radial
and tangential directions, respectively. Preliminary results
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Figure 3: Instantaneous velocity vector plot

show marginal difference between the two grids. Therefore,
in subsequent discussions the 80x80x80 grid will be used. In
the tangential direction, the computational domain is 27 and
with a uniform mesh, which allows for the implementation
of the periodic boundary condition and Fourier transform.
In the radial and axial directions, the mesh is clustered near
the wall using the tanh function.

Since the disk cavity is enclosed, no inlet boundary con-
dition is needed. No slip and impermeable wall conditions
are applied, except along the rotor walls, where the rotor
tangential velocity is prescribed according to the angular
velocity. Predictions focus on case in which the rotational
Reynolds number (Reg = Qb2 /v) is 6.9 x 10%. The predicted
results will be contrasted with measurements by Daily et al.
(1964).

Figure 3 shows the instantaneous velocity vector plot
within the disk cavity. The elevated level of tangential ve-
locity along the rotating wall can be clearly observed. The

secondary flow can also be seen from the cross sectional views -

at four selected locations. The instantaneous azimuthal
vorticity contours near the stator and rotor are shown in Fig-
ures 4 and 5. The stretching of the vorticity can be observed
by the elongated contours. At location Z/S=0.992, the vor-
ticity line is more coherent; however along its counterpart
location at the stator wall, the structure is more chaotic.
As will be shown later, the turbulence intensity along the

stator wall is much more enhanced compared to that on the
rotor wall. At small radii near the shaft, the vorticity level
is reduced. As a rule of thumb, the flow remains laminar at
Reg < 105, which corresponds to location at r/b=0.15.

Z/$=0.008

Figure 4: Instantaneous azimuthal vorticity field-stator side
(solid line: positive; dotted line: negative)

Responses to the turbulence representation are best ex-
emplified by observing the variations of the radial velocity
(V>) and tangential velocity (Vg), shown in Figures 6 and 7.
It is apparent that outside the thin Ekman layers the fluid
possesses no radial component, as shown in Figure 6. The
measurements indicate that the radial velocity is maximum
on the rotor side, due to the lower level of turbulence present
in this region. The present LES model correctly captures
this phenomenon, although there is a discrepancy on the ro-
tor and stator sides in the region r/b > 0.6, where the model
predicts a slightly reduced level of diffusive transport across
the Ekman layers.

The tangential velocity, shown in Figure 7, is seen to
remain uniform in the core region and varies steeply across
the thin near-wall regions. At r/b = 0.47, shown in Figure 7
(a), the level of the diffusive transport predicted by the LES
model is further supported by the measurements. At r/b=
0.65, the model predicts a slightly lower tangential velocity
in the core region than is indicated by the measurements.
In the region r/b = 0.83, comparisons with measurements
indicate that the LES shows a correct tangential velocity.

For comparison purposes, k& — e predictions of Hwang and
Lin (2003) and laminar solutions are also included. Details
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Z/S=0.973

Figure 5: Instantaneous azimuthal vorticity field-rotor side
(solid line: positive; dotted line: negative)

of the k — & model can found in Hwang and Lin (1998). It
can be seen that the performance of both the LES and H-L
k — & are similar, though the results of LES are marginally
better. The radial velocity profiles on the stator wall are
significantly different between the turbulent and laminar so-
lutions. However, the radial profiles on the rotor walls show
similar results, which indicates that the turbulence level on
the rotor is low. On the other hand, this also implies that
the turbulence level on the stator wall is enhanced.

Figure 8 shows polar plots of the velocity distributions.
Vore is the tangential velocity at the mid plane z/b=0.5.
The predicted data location is at r/b=0.83, while the mea-
sured data location is at r/b=0.6. These correspond to the
location-Rotational Reynolds number (Rey, = Qr?/v) being
4.8 x 10% and 3.6 x 105, respectively. Reasonable agreements
are achieved, though the measurements of Itoh et al. (1990)
were conducted at Rep = 105 and without the presence of
central shaft.

Figure 9 shows the distributions of the turbulence kinetic
energy at three radial locations. It can be clearly seen that
the turbulence level on the stator wall is higher than that on
the rotor wall. This confirms the finding of Itoh et al. (1990)
where the turbulence on the rotor side is severely damped
under to that on the stator side, and is also consistent with
the predicted mean flow fields. Also, the turbulence level
increases in tandem with the radius.

The distributions of the LES predicted Reynolds stresses
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Figure 6: Radial velocity

are shown in Figures 10 to 11 at three radial locations.
Again, turbulence levels on the stator wall (z/s=0) are in
general higher than that on the rotor wall (z/s=1). As is
expected, the turbulence intensity along the tangential di-
rection is the highest. The lower levels of shear stresses v; v,

and v} v, are the causes of the thin Ekman layers along the
rotor wall.

CONCLUSION

Large eddy simulation is applied to simulate the turbu-
lent flows within rotor-stator cavity. Parallel efficiency using
the domain decomposition and SPMD model is good. For
rotor-stator flow, the internal structure is induced by the
diffusive transport of the tangential momentum from the ro-
tor into the interior. The instantaneous azimuthal vorticity
contours near the stator and rotor show stretching and elon-
gated structure in the tangential direction. Near the rotor,
the vorticity line is more coherent; however along its coun-
terpart location at the stator wall, the structure is more
chaotic. This shows that the turbulence intensity along the
stator wall is much more enhanced compared to that on the
rotor wall. Therefore, the predicted thickness of the Ekman
layer is found to be thinner on the rotor side. Turbulence
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Figure 7: Tangential velocity

level also increases in tandem with the radius. A laminar re-
gion is also identified near the shaft at small radii. The LES
model correctly reproduces the differential turbulence levels
between the rotor and stator. However, comparisons with
the measured data indicate that the LES model predicts re-
duced level of the diffusive transport across the Ekman layers
at large radii of the disk cavity.
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Figure 10: Turbulence intensity
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