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Current study analyzes flow around a rotating small axial fan that is one of general-purpose products and aerodynamic noise
production. A reference length and velocity are a diameter of the fan and the velocity of impeller at the tip, respectively. Based on
the reference length and velocity, a Reynolds number is 1.6x10°. The flow around the fan without the casing is simulated by means
of large-eddy simulations (LES) with highly accurate and resolution computational scheme. Results present that rotating the fan
produces strong axial flows that have complicated structures. The axial flows interact with the low velocity region in the behind of
the boss resulting in generation of the vortex-like flow structures. The static pressures remarkably fluctuate near the vortices in the
interference region and the shear layers. It is seen that the distance decay of sound pressure level and fluctuation of acoustic pressure
are reasonably captured. This implicates that current simulations with the high-resolution computational scheme are promising and

useful for predicting aerodynamic sounds radiated by the axial fan.

Keywords: Large-eddy simulations, Vortex, Fan, Noise, High Resolution Scheme

1. Background calculate acoustic pressures, acoustic pressure calculations

The heating densities inside the industrial and commutated based on LES in the entire region of interest could be instructive
machinery and industrial house electric appliances have kept in order to accurately evaluate the sound pressure level (SPL)
increasing due to downsizing the products year by year. It is and predict a source and characteristics of the sound. However,
most likely to make the rotational speed of the cooling fan to obtain quantitative data around the fan considered in this
faster in order to improve the cooling performance. However, study, several billion computational grid points is required when
the cooling fan with such high rotational velocity causes a the standard second-order computational method for spatial
considerable increase of a pressure fluctuation of flow around discretization is considered. Furthermore, several hundred
the fans, hence the increase of the aerodynamic noise could be thousand computational timestep is required in order to compute
accompanied. Currently, the reduction of such aerodynamic low frequency component of the aerodynamic noise. If it is
noise is one of main issues in the process of the design of the possible to adopt a high-order and resolution computational
fan motor’s companies. scheme for spatial discretization, it could reduce approximately

Either large-eddy simulations (referred as LES, hereafter) a fraction of number of original computational grid point.
or direct numerical simulations (referred as DNS, hereafter) Furthermore, overset methods enable us to compute flow around
are necessary for the reliable prediction of aerodynamic sound realistic three-dimensional fan configurations. As motivated by
radiated by the cooling fans. However, the DNS of the cooling previous efforts, current study investigates the flow around a
fans is unrealistic though recent high-performance computing rotating axial fan with a high-resolution computational scheme.
infrastructure is used. On other hand, recently several studies The main objectives of this study are to investigate flow
have conducted the LES of the fans and reported detailed structures produced by the fan without the casing and to discuss
flow structures around the fans [1-6]. Moreover, although an a possible source and characteristics of the aerodynamic fan

aerodynamic/acoustic splitting method is widely adopted to blade noise.
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2. Case Description

Current study considers the axial fan [6]. The number of
the impellers of the fan is seven. The fan is a general-purpose
and often used in domestic electrical appliances. For the simple
purpose, this study considers only the boss and the impellers.
A Reynolds number based on the diameter of the impeller (L,,,)
and the impeller peripheral speed at the tip (U,,,) is 1.6x 10°. This
condition corresponds to a maximum flow rate of the fan. Flow

around the axial fan is initially quiescent.

3. Numerical Method

There-dimensional compressible spatially filtered Navier-
Stokes equations are employed as the governing equations are
solved in the generalized curvilinear coordinates. The spatial
derivatives of the convective and viscous terms and symmetric
conservative metrics [7-9] and Jacobian [9] are evaluated by a
sixth-order compact difference scheme [9,10]. The sixth-order
compact scheme can reduce the total number of computational
grid points required due to its high-resolution. At the first and
second points off the wall boundary, a second-order explicit
difference scheme is used. In this study, the LES approach
is selected so as to avoid the uncertainty of the results that
arise due to modeling boundary layer turbulence. Resolving
the boundary layer turbulence is important to accurately
compute unsteady flow phenomena such as flow separation
and reattachment. Whereas additional stress and heat flux
terms are appended in an ordinary LES approach, they are
not implemented in an implicit LES approach [11-15]. In this
study, based on the supposition that a high-order low-pass filter
selectively damps only unresolved high-frequency waves, the
implicit LES is employed. A sixth-order filtering is used with
a filtering coefficient of 0.45. This implicit LES approach has
been well validated by Visbal et al. [11-15] for many problems
and results of the implicit LES model have shown a good
agreement with the experimental data and numerical results with
standard subgrid-scale models. For time integration, the second-
order backward difference is adopted and it is converged by the
five sub-iterations [16] of the alternating directional implicit

symmetric Gauss-Seidel implicit method [17,18] in each

-0.47

| T
099999  p/pU,? 1.00001 ‘

—
(a) Phase-averaged axial velocity (1/20)

time step. The computational time step is 5x10™ L, /U, that
corresponds to maximum Courant number of approximately 25.
Total number of time step required for one revolution of the fan
is one hundred thousand. A zonal method [19] is used to treat
the complicated geometry of the fan. At the outer boundary, all
variables are extrapolated from one point in front of the outflow
boundary. Here, the static pressure is fixed as the atmospheric
pressure. Moreover, a sponge region [20] is assigned in order to
avoid reflection of pressure wave due to existence of boundary
in the space (over fifty-five L, from the center of the boss). No-
slip and adiabatic-wall conditions are adopted for the surfaces
of the impellers and the boss. For treatment of moving impeller
and boss, all computational grids rigidly rotate about the axial
axis and rotational speed is prescribed on the moving surface of
the fan.

3. Results

Figure 1 shows the streamlines around the axial fan. The color
of streamlines indicates magnitude of the flow velocity. Figure
2 presents the phase-averaged axial flow and static pressure
distribution around the axial fan. Note that computed results for
twelve rotations are employed in the phase-average process and
one rotation is divided into twenty phases. As seen in Figs.1 and
2, strong axial flows are produced by the rotation of the impellers

and the boss and show complicated structures. The axial flows

Fig. 1 Visualization of instantaneous three-dimensional flow structures
around the impellers.

w/U,,

0.47

@)

(b) Phase—avef;g(amﬁfi?pressure (1/20)

Fig. 2 Phase-averagaed flow structures: (a) axial velocity contours, (b) static pressure contours.
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Fig. 3 (a) Phase-averaged static pressure distribution; (b) Sound pressure level (SPL) against distance from the axial fan; and (c¢) Time history of

acoustic pressure at the measurement point.

interact with low velocity region in the behind of the boss
resulting in the vortex-like flow structures. Large fluctuations of
the static pressure can be seen near vortices in the interference
region and shear layers. Moreover, static pressure fluctuates in
front of the axial fan and its magnitude becomes smaller than that
observed in the axial flow region. Lastly, Fig. 3 visualizes the
phase-averaged static pressure distribution around the axial fan,
a distance decay of the SPL, and a time history of the acoustic
pressure at the measured point. Note that the SPL and acoustic
pressure are calculated based on the LES results. It is seen that
the distance decay of SPL and fluctuation of acoustic pressure
are reasonably predicted. This suggests that current simulations
with high-resolution computational scheme are promising and
useful for predicting aerodynamic sound radiated by the axial

fan.

4. Conclusion

This study computed and analyzed the flow structures
around the rotating axial fan at the Reynolds number of 1.6x10
by means of the LES with the high-resolution computational
scheme. Numerical flow fields near the axial fan showed
complicated three-dimensional flow including strong axial
flows, circular flows in the behind of the boss, and the
interaction between the axial flows and quiescent air around the
fan. The distance decay of SPL calculated using the LES results
is in reasonable agreement with that of the point sound source.
In the future data mining techniques will apply for the current
LES results in order to find sources of aerodynamic noise of the

cooling fans and develop low noise fan motor design.
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