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Abstract

This paper describes industrial applications of LES with a particular emphasis on
internal-flow simulations of turbomachinery and simulations of aeroacoustics.
The aerodynamic sound is assumed to be generated by flows, at relatively low
Mach numbers, around an object, and it is therefore calculated from fluctuating
surface-pressure as obtained by the LES. In order to deal with a moving
boundary interface in the flow field, a form of the finite-element method in
which overset grids are applied from multiple dynamic frames of reference has
been developed. The overset-grid approach is also applied to increase the grid
resolution around the body of interest for computations in the field of
aeroacoustics. The method is implemented as a parallel program by applying a
domain-decomposition programming model. The validity of the proposed
method is shown through two numerical examples: prediction of the internal
flows of a hydraulic pump stage and prediction of the far-field sound that results
from unsteady flow around an insulator mounted on a high-speed train.

1. Introduction
At present, the Reynolds-averaged Navier-Stokes (RANS) equations are used as
the governing equations in most computations of flow field for engineering
applications. Since the RANS equations are in terms of time averages,
computation with RANS has inherent limitations in predicting the unsteady
nature of a flow field. Solutions from the RANS equations usually deteriorate
when the flow field of interest involves the large-scale separations that are often
encountered in engineering applications. On the other hand, the large eddy
simulation (LES), in which turbulent eddies of a scale larger than the
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computational grid are directly computed, has the potential to predict unsteady
flows and/or flow fields that include regions of large-scale separation much more
accurately than RANS-based computation does in general. The goal of the
present study is to develop a practical engineering tool that is based on LES, with
a particular emphasis on internal-flow simulations of turbomachinery and
simulations of aeroacoustics.

2. Governing Equations
2. 1 Flow-Field Computation
The governing equations on which the present study is based are the spatially
filtered continuity equation and Navier-Stokes equations for the flow of an
incompressible fluid, as represented in Cartesian coordinates. The inertial forces
associated with the motion of the frames of reference are added to Navier-Stokes
equations. The standard Smagorinsky model', incorporated with the Van-Driest
wall-damping function that represents the near-wall effects, is adopted as the
subgrid-scale model of turbulence. The Smagorinsky coefficient is fixed to 0.15,
which is a standard value for flows with large separation, and the grid-filter size
is computed as the cube-root of the volume of each finite element.

2. 2 Computation of the Acoustic Field
In the present study, the aerodynamic sound is assumed to be generated by flows,
at relatively low Mach numbers, around an object whose dimension is much
smaller than the wavelength of sound. In this case, the far-field sound radiated
from the unsteady flow can be calculated from Curle's equation2:

A , = Lxidfnip(y, t- r/a)dS(1
Pa r 2 a r

where a denotes the speed of sound in the ambient fluid, p the static pressure in
the flow field, Pa the far-field sound pressure, xi the location of the
sound-observation point, y the coordinates at the noise source, r the distance
between the noise source and the sound-observation point, and nj the outward
unit vector normal to the solid boundaries. In the above expression, the
assumption that the flow has a high Reynolds number makes the contribution of
viscous stresses to the surface integral negligible. It is thus possible to calculate
the far-field sound from the fluctuating surface pressure as obtained by the LES.

3. Numerical Method
3. 1 Overset Grids from Multiple Dynamic Frames of Reference
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In the present study, a moving boundary interface in the flow field is treated with

overset grids from multiple dynamic frames of reference'. The application of this
method to the interaction between a rotating impeller and a stationary casing in a
pump is schematically depicted in figure 1. A computational mesh that rotates
along with the impeller is used to compute the flow within the impeller. On the
other hand, a dedicated stationary computational mesh for each part computes
the flow in stationary parts of the pump. Each mesh includes appropriate margins
of overlap with its neighboring meshes upstream and downstream. At every time
step, the velocity components and static pressure within each such margin are the

values interpolated in the computational mesh of the corresponding neighbor.

Element-wise tri-linear functions are used to interpolate both the velocity
4.,5

components and the static pressure . When velocity components are overset, an
appropriate coordinate transformation must be applied to take the differences
between the frames of reference into account.

3. 2 Finite-Element Formulation
A streamline-upwind finite-element formulation 6 is used to discretize the

governing equations of the flow field. This formulation is based on the explicit
Euler's method, but shifts the spatial residuals of the governing equations in the
upstream direction of the local flow. The magnitude of this shift is one half of the

time increment multiplied by the magnitude of the local flow velocity. This shift

exactly cancels out the negative numerical dissipation that is otherwise the result
of applying Euler's method and guarantees stability and the accuracy of
solutions. The proposed formulation essentially possesses second-order accuracy
in terms of both time and space, and has been successfully applied to the LES of

external as well as internal flows36 7.

3.3 Parallel Implementation
We have implemented the formulation described in the previous sections as a

parallel program by using the domain-decomposition programming model. In
this programming model, the global computational domain is partitioned into a

prescribed number of subdomains (see figure 2 for an example of mesh
partitioning), and each of the subdomains is assigned to a dedicated processing
node. The communicating pairs and/or local coordinates where given
interpolations are taking place change at the moving-boundary interfaces on
every time step. The usual (unsophisticated) parallel implementation therefore
includes broadcast communications on every time step as the processing node
searches for its new communication pairs. This communication overhead
seriously deteriorates the overall parallel computing performance. In the present
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study, the communication pairs are searched in advance by a serial computation
and they are fed to the parallel flow solver as input data on every time step. This
procedure not only avoids the otherwise inevitable communications overhead but
also brings in greater flexibility with the flow solver. By preparing appropriate
input data for the moving-boundary interfaces, the flow solver is capable of
computing flow fields with an arbitrary number of moving-boundary interfaces
that move in an arbitrary (but defined) manner. The performance of the proposed
method in terms of parallel computing was evaluated on various hardware
platforms. Table 1 shows one such example, where the method was tested on
Hitachi's SR8000 super-computer. The sustained performance ranges from 12%
to 14% of the peak performance. Figure 3 is a plot of the overall sustained
performance against the number of the processing nodes for the same benchmark
test. A parallel computing efficiency of over 85% is achieved on this platform
and this confirms that it is possible to complete a large-scale computation of flow
with a grid that has more than 10 million divisions within a practical period of
time on a high-end computer of the current generation.

4. Simulation Examples
After ensuring the validity of the LES code we developed by applying it to the
calculation of basic flows of various types6'", the code is now being tested on
real-world problems. Two examples will be described below: one from the
simulation of turbomachinery and the other from aeroacoustical simulations.

4. 1 Simulation of Unsteady Flow in a Mixed-Flow Pump
The code was applied to the computation of the internal flow in a mixed-flow
pump stage with a high designed specific-speed. The measured total heads of this
pump exhibited slightly unstable characteristics at a flow-rate ratio of around
60%. In order to obtain comparative data for use in validation, the mean-velocity
profiles at the impeller's inlet and exit cross-sections were measured by a
two-dimensional LDV.

The computational mesh used in this study is shown in figure 4. At the upstream
of the regulation-plate mesh, a driving section (not shown in this figure) is
overset, and therefore, on every time step, the inlet velocities of the
regulation-plate mesh were the values interpolated from instantaneous velocities
of the driving section (see figures 5 and 6, respectively for typical instantaneous
secondary-flow velocity and fluctuations in centerline velocities in this section).
The flow rate of the pump was set by adjusting the magnitude of uniform
acceleration that was applied to the driving section in the axial direction (see
figure 7 for a comparison of the measured and predicted mean-velocity profiles
in the driving section). The Reynolds number based on the impeller's exit
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diameter D, and the circumferential velocity u2 at this point is 5.7 X 106. In order
to investigate effects of grid resolution on the accuracy of the solution, two sets
of meshes with different grid resolution were used. The numbers of elements are
approximately 1.7 million for the coarse mesh and 5 million for the fine mesh.
The time increment was set so that 8,000 time steps corresponded to a single
revolution of the impeller and the total pump head and mean-velocity
distributions were evaluated by averaging the flow field during 10 impeller's
revolutions. The computations were carried out by using 16 processing nodes on
the Hitachi SR8000 super-computer. The required CPU time was about 1.6
seconds per time step for the fine-mesh LES. The total CPU time for a single
flow-rate ratio was thus about 35 hours for this case.

The computed total pump-heads, together with their measured equivalents, are
plotted in figure 8. The total pump-heads predicted by the fine-mesh LES agree
fairly well with the measured values down to a flow-rate ratio of 60%, where the
measured head-flow characteristics indicate an onset of the total stall. The
fine-mesh LES predicted an onset of the total stall at a flow-rate ratio of 54%,
which is 6% lower than the measured value. In the following, we are presenting
flow fields at flow-rate ratios of 60% and 43% as they respectively represent the
pre-stall and post-stall flow fields. Figure 9 shows instantaneous distributions of
axial velocity in the centerline plane of the pump. Figure 10 shows the computed
and measured mean-velocity profiles at the impeller's inlet cross-section (see
figure 9 for its location) where Cm and Cu respectively denote the meridional
and circumferential velocities. The fine mesh LES accurately predicts, for the
post-stall case, the large region of reverse flow near the impeller's tip and intense
pre-rotation that results from this reverse flow and results in the decrease in the
total pump head. Finally, figure 11 shows mean-velocity profiles at the
impeller's exit section. The velocity profiles predicted by the fine-mesh LES are
in reasonably good agreement with the measured profiles and the changes in the
flow pattern to the centrifugal type at the post-stall condition are clearly captured
by the fine-mesh LES. The hydrodynamic mechanism in which characteristics
instability occurs is now being investigated by using the simulated flow-field
data, which will hopefully lead us to the establishment of a general design rule
for avoiding this occurrence.

4. 2 Aeroacoustical Simulation of a Pantograph Insulator
To achieve further increases in the speeds of high-speed trains, which is
presently running at 300 km/h in Japan, a reduction in the generation of
aerodynamic noise by the pantograph (the electric-current collector on the train's
roof) has become a matter of great concerns in terms of the aerodynamic design
of the vehicle. Past research has indicated that, among the various noise sources
of a pantograph, the insulator provides the dominant contribution to the overall
level of noise. We have therefore simulated the near-wake of flow around an
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insulator and the resulting far-field sound, with the particular aim of identifying
the primary source of noise8.

Figures 12 and 13 show an overset mesh for the near-wake LES of the insulator
that was simulated in the present study. Two sets of overset grids with different
resolution were used in the LES and the effects of grid resolution on the
fluctuations in the near wake as well as on the resulting far-field sound were
investigated. The numbers of elements are approximately 2 million for the coarse
mesh and 6 million for the fine mesh. In the following, we are presenting results
from the fine-mesh LES unless we state otherwise.

To illustrate the temporal wake structure, regions of instantaneous reverse flow
are shown in figure 14. The boundary layer that develops on the surface of the
insulator separates from the surface while the flow is still laminar, but a
transition to turbulence takes place soon after that. Figure 15 shows an
instantaneous distribution of streamwise velocity in the insulator's mid-height
plane. The wake still possesses a large vortical structure, similar to the
well-known Karman vortex, but this large structure is rather weak due to the
enhancement of spanwise mixing effects by the circular disks. Figure 16 shows
the instantaneous distribution of static-pressure on the insulator's surface and
base plate.
Typical fluctuations in streamwise velocity in the near wake and their power
spectra, for both the coarse- and fine-mesh cases, are shown in figure 17. The
frequency range that is resolvable by the coarse-mesh LES has its upper bound at
a Strouhal number of approximately 1.0 (five times the usual Karman vortex
frequency). The upper bound is extended to a Strouhal number of about 6 by the
fine-mesh LES.

The fluctuations in far-field sound pressure and the power spectra of these
fluctuations are shown in figure 18, for both the coarse-mesh and fine-mesh
cases, together with the experimental value as measured in a wind tunnel. For
convenience, the sound pressure are converted to actual values that correspond to
a vehicle speed of 350 km/h (97.2 m/s) by assuming the Reynolds number
similarility of the flow fields for the model and for the actual structure. The
sound-pressure levels predicted by the coarse-mesh LES and the fine-mesh LES
are surprisingly different. The fine-mesh LES provides a reasonably good
prediction of the sound-pressure level at frequencies up to around 2.5 kHz, which
corresponds to the Strouhal number of 6.4. This is approximately identical to the
resolved frequency range for the near-wake velocity fluctuations.

Finally, the instantaneous sound-source distributions are investigated according
to Powell's equation9. Figure 19 shows the instantaneous distributions of the
sound source term, which are obtained from the LES. By examining these
sound-source distributions, the longitudinal vortices generated by the circular
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disks are identified as being primarily responsible for the generation of sound by
this flow.

The two examples mentioned above (and many others not given here) have
clearly indicated that LES is now beginning to serve as a vital design tool in at
least some cases of mechanical engineering.

5. Conclusions
Large eddy simulation has been applied to the prediction of internal flows in
turbomachinery and aerodynamic sound that results from unsteady flow around a
complex object. The standard Smagorinsky model, incorporated with the
Van-Driest damping function, is adopted as the subgrid-scale model. The
numerical method is based on a streamline-upwind finite-element formulation
with accuracy of the second-order in both time and space, and incorporates the
application of overset grids from multiple and dynamic frames of reference. The
method is implemented as a parallel program by a domain-decomposition
programming model.

Initially, the internal flow of a high-specific-speed mixed-flow pump stage was
simulated, as a way of evaluating the validity of the proposed method. The
predicted total pump-head and mean-velocity distributions at the impeller's inlet
and exit cross-sections were in good agreement with the measured values. The
near wake and the resulting far-field sound were then computed for flow around
an insulator mounted on a high-speed train. The predicted sound-pressure level
was also in reasonably good agreement with the wind-tunnel measurement.

The proposed method thus seems to be a promising candidate for use as an
aerodynamic/aeroacoustic design tool in the next decade.
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Table 1. Results of benchmark tests (CPU time needed to advance by a single time step in
a cubic-cavity flow simulation on Hitachi's SR8000).

Number of processing 1 2 4 8 16
nodes

Number of elements in 1.0 2.0 4.0 8.0 16.0
millions

Seconds taken by CPU 3.45 3.62 3.89 3.99 4.06
per time step

Sustained GFLOPS 2. 03 3.87 7.23 14. 04 27.60
Ratio of sustained to
pat pformane t 14. 1 13.4 12.6 12.2 12.0,peak performance (%) IIIII
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Figure 9. Instantaneous distributions of axial velocity component for Q=60% (upper) and
Q=43% (lower) [fine-mesh LES]. Black lines in the upper figure indicate the approximate
locations where velocity profiles were measured by a two-dimensional LDV for the impeller's
inlet and exit cross-section.
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distributions of phase-averaged velocities distributions of phase-averaged velocities
at the impeller's inlet cross-section for at the impeller's exit cross-section for
Q=60% (upper) and 43% (lower). Q=60% (upper) and 43% (lower).
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Figure 19. Instantaneous sound-source distributions in the near wake: center-line plane

(left), and a plane one diameter downstream from the insulator (right).


