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Abstract

The Sirocco fan performance and its three-dimensional flow characteristics are numerically
predicted by STAR-CD. Turbulent flow computations are performed using approximately
500,000 mesh points, and the performance resuits of two computational methods, transient and
quasi-static flow analyses are compared with experimental data. In the present study, our
attention is focused on the three-dimensional flow characteristics of the Sirocco fan, especially
the through-flow characteristics of the Sirocco fan blades and the secondary flow stnicture in
the scroll. For a design optimization study, the scroll shape is tilied by 10° to modify the
secondary flow structure, which yields some improvement of the fan performance.

1. Introduction

Sirocco fans are widely used for industrial
fans as well as in home-appliances, due to its
high pressure rise and large capacity of flow
rate compared to the size compactness. Be-
cause of the complexity of the fan geometry
and the three-dimensionality of the internal
flow structure, researches have been pursued
with some limitations.

Raj and Swim" found that the blade active
area (or called "wetted area”) depends on the
circumferential location of the impeller and the
flow rate, and Cau et al® attempted to ana-
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lyze the secondary flow inside the Sirocco fan
scroll by applying a simple flow theory. Im et
al® investigated the three-dimensional flow
structure by using a 5-hole pitot tube, and
Maeng et al.'’ experimentally studied the flow
characteristics inside the rotor and the hub
effect. Gronier and Gilotte™
three-dimensional flow computations using
STAR-CD, and Shin et al® predicted the
flow-induced noise by a time-dependent flow

performed the

analysis.

In the present study, fan performance and
three-dimensional flow characteristics are in-
vestigated by the transient and quasi-static
flow analyses with STAR-CD. The computed
results are verified by the experiment and a
design optimization study is pursued by mo-
difying the scroll shape, which in fact yields
some improvement of the fan performance.
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2. Background theories

2.1 Numerical methods

The internal flow charactenstics of the Si- |

rocco fan are often turbulent. For a rotational
speed of 2500RPM and a flow rate of 50
CMM, the local Reynolds number is roughly
2,700 at the blade passages and 38,000 along the
scroll. In this study, the three-dimensional in-
compressible Navier-Stokes equations are solved
in coupled with a standard £— ¢ turbulence
model. For the convective flux terms, a hybrid
scheme is used to locally damp out the num-
erical instabilities developed by mesh irregu-
larities or by largely separated flows. At the
inflow boundary, a uniform flow condition is
imposed, while at the outflow boundary a con-
stant pressure condition is applied.

Two computational methods are used in the
present study; (i} transient flow analysis and
(i) quasi-static flow analysis. In the transient
flow analysis, a moving coordinate is used for
the grid rotating with the impeller, while in
the rest of the stationary grids the governing
equations are solved in an inertia frame of
reference. In this approach, computations are
performed in a time-accurate manner by a
PISO algorithm, and at the interface between
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Fig. 1 Performance comparison of transient
and quasi-static analyses.

two grid systems a sliding mesh technique is
utilized to allow for the transfer of transient
solutions. In the quasi-static analysis, a rota-
tional coordinate system is used instead, which
is a method of solving for the steady-state
flow. In this approach, a rotational effect is
taken into account by the source terms in the
governing equations, and solutions are obtained
by a SIMPLE method.

Both computational methods described above
are tested for the case of 2,500 RPM and 3.0
CMM. The numerical predicted performances
are well compared with experimental data® in
Fig. 1. The result of quasi-static calculation is
slightly under-predicted than that of the tran-
sient analysis, but in overall both methods
yielded reasonably well matched solutions. In
the present study, the guasi-static analysis is
further used for investigating the three-dimen-
sional flow characteristics of the Sirocco fan,
since this method is computationally much less
expensive than the transient flow analysis.

22 Fan geometry and grid generation

The Sirocco fan has an impeller consisted of
44 forward-curved blades. The blade thickness
is 1.5mm and its span is 72mm. The outer
diameter of the impeller is 147mm and the
inner diameter is 121 mm. The blade inner an-
gle B, is 80°, the outer angle B, is 140°, the

setting angle 8, is 20°, and the forward-lean-

ing angle & is 60°. Figure 2 shows the frontal
and cross—sectional views of the Sirocco fan
geometry,

The grid used in the present Sirocco fan
computation is presented in Fig. 3. Figure 3(a)
shows a perspective view of the grid consisted
of 494,252 mesh points in total (305,184 points
are used for the impeller blades and the scroll).
A detailed view of meshes near the blades is
shown in Fig. 3 (b). With limited computational
resources, only 12X10 mesh points are used
within each blade flow passage and mesh sizes
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Fig. 2 Sirocco fan geometry.
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Fig. 3 Computational meshes.

are doubled as the radial direction increases.
For the case where the mesh points are not
aligned, an arbitrary couple technique‘g) is used
at the interface. Figure 3(¢) also shows a
cross—sectional view of the grid, omitting the
impeller blade and scroll regions. In the mo-
deling of the tip clearance region between the
blade and the hub wall, only 4 mesh points are
used across it.

3. Computational results and discussion
3.1 Performance prediction

Performance of the Sirocco fan operating at
2500 RPM is numerically predicted for the two
cases of flow rates, 30CMM and 7.0CMM.
The computational results are compared with
experimental data® obtained at 2,590 RPM. The

performance curve is plotted with the static
pressure coefficient versus the flow coefficient.
Figure 4 indicated that the present three-
dimensional computations predict the perfor-
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Fig. 4 Comparison of performances bhetween
experiment and computation.
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Fig. 5 Static pressure contours on a mid-
span plane.

mance of the Sirocco fan with reasonable ac-

curacy.

3.2 Three-dimensional flow characteristics

The pressure field at the mid-plane is pre-
sented in Fig. 5 for the Sirocco fan operating
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Fig. 6 Secondary flow wectors on a scroll
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at 2500 RPM and 7.0CMM. This figure exhi-
bits a typical flow characteristics of the pres-
sure field: pressure rises in the radial and cir-
cumferential directions due to the centrifugal
force and the energy transfer by the impeller,
respectively, One can also notice the flow sep-
aration occurrence near the cut-off region.
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A secondary flow structure in the cross-
section of the scroll is visualized at a cir-
cumferential angle 13%° by the cross-sectional
velocity vectors. Figure 6 exhibits a two-cell
structure of the counter-rotating vortices! the
upper vortex is in a clockwise rotation, while
the lower vortex is in the opposite direction. In
this figure, the right vertical line is the blade
side and the left one is the scroll side wall

Figure 7{a)~(c) show the radial-velocity
distributions of the blade passage flow at the
blade inlet, middle, and exit, all plotted against
the scroll angle & (or the circumferential angle)
for 2500 RPM and 7.0 CMM. The three-dimen-
sional flow structure of the blade passage flow
can be more easily understood by investigating
the distributions at the three planes near the
hub, mid-span, and near the shroud. The velo-
city vectors shown in the figure are normalized
by the blade tip velocity at the impeller outer-
diameter. One can see that the radial velocities
near the hub plane are all positive, meaning
that flows are well passing through the blades
near the hub plane. However, at the mid-span
plane, a reverse flow starts to occur at 285°<
8 <315°, and near the shroud plane flows are
not passing through the blades at all scroll
angles. In fact, the flow is largely re-circula-
ting in the middle of the blade passages. Fig-
ure 7{d) also shows the blade passage flows
near the hub plane at 3.0 CMM, which indicates
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Fig. 8 Radial velocity contours at an impeller

rotor exit plane {7 CMM).

a large flow-reversal occurrence at 8 >200°.
This is a typical characteristics of the flow
instability occurred at lower flow rates.

Figure 8 presents a radial—velocity distribu-
tions at the impeller flow-exit plane (i.e, 8§—2z
plane 6 mm away from the blade exit) for 2500
RPM and 7.0CMM. The velocity magnitude is
similarly normalized as in Fig. 7. This can be
interpreted as a through-flow map of the blade,
As already mentioned, one can easily identify
the dead-flow region near the shroud and most
importantly the occurrence of the flow separa-
tion near the cut-off region { @ >270°). The lo-
cation and the shape of the cut-off is directly
related to the three-dimensional flow charac-
teristics of the Sirocco fan. This particular re—
gion also accompanies the flow unsteadiness,
which is strongly associated with the aero-
acoustic noise of the Sirocco fan.

3.3 Design optimization of scroll shape

The primary energy loss of the Sirocco fan
comes from the separated flow near the cut-
off region as well as from the secondary flow
along the scroll flow passage. This mechanical
energy loss is directly related to the Sirocco
fan performances, and therefore the design pa-
rameters that determine the shapes of the cut-
off or the scroll need to be optimized. In the
present study, the scroll shape is modified to
reduce the flow loss caused by the secondary

Cly

Fig. 9 Sirocco fan with 10° tilted scrofl.
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Fig. 10 Comparison of performances between
original and tilted scrolls.

flow development.

Figure 9 shows a Sirocco fan with 10° tilted
scroll, which is supposed to weaken the se-
condary flow development in the scroll. The
modified configuration of the tilted scroll is
tested for computation at 2500 RPM and 7.0
CMM, and its flow and performance charac-
teristics are examined. The fan performances
with original and modified scrolls are presented
in Fig. 10. The tilted scroll fan yielded 8.1%6
improvements of the performance over the ori-
ginal scroll shape.

At the scroll angle 135° the secondary flow
strengths of the original and modified scrolls

are examined by evaluating the circulations at
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Table 1 Comparison of circulations between
original and tilted scrolls

Scroll Original Tilted |Reduction

angle (m%/sec) | (m%sec) (95)

R +0.560 +0.534 4.64%
135 r- —1.002 —0.963 3.89%
180° rt +0.556 +0.586 1.68%

I~ —1.043 -1.023 1.92%

the cross-sectional area of the scroll. In Fig.
11, contours of the streamwise vorticities gen-
erated by the secondary flows are compared.
The computed results indicated that a domi-
nant vorticity strength near the hub is approxi-
mately 500 rad/sec. Its converted value in terms
of the rotational speed is 2,387 RPM, which is
then roughly close to the rotational speed of
impeller, 2,000 RPM, Therefore the strength of
the lower vortex near the hub must be
weakened to improve the fan performance. The
circulation amounts of the two scroll shapes
are summarized in Table 1 at the scroll angles,
135° and 180°, At both angles, the 10° tilted
scroll yielded 5% and 2% reductions of the
circulations in the scroll flow passage.

4, Concluding remarks

(1) In the present study, it was verified that
the computational prediction of the Sirocco fan
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Fig. 11 Comparison of vorticity contours at the scroll cross-sections (135°).
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performance is equally valid by both transient
and quasi-static analyses. Therefore the flow
characteristics at the quasi-steady states and
the performance of the Sirocco fan are in-
vestigated by the latter approach with much
less computational time required.

(2) The present three-dimensional computa-
tion of the Sirocco fan is validated by com-
paring the predicted performances with experi-
mental data.

{3) The three-dimensional flow structure a-
nalysis in the blade flow passage of the
present Sirocco fan reveals that flows are
largely separated near the cut-off and the
flows near the shroud are re-circulating within
the blade passages, i.e. a possible dead-flow
Zone.

(4) The tilted scroll weakens the strength of
the vorticity developed near the hub, which
improves the fan performances.
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