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ABSTRACT

The main objectives of the present study are to identify the
dominant parameters responsible for the generation of unsteady
flow, determine the conditions under which flow oscillations
are produced and the relation between the flow characteristics
and the number of vanes with identical solidity. The flow
instabilities downstream of inlet guide vanes (IGV) are clarified
experimentally and by numerical simulation. The conditions for
the onset of flow instability, including the number of cells and
the oscillation characteristics of the unsteady flow, are
discussed based on measured pressure fluctuations and the
propagating angular velocity ratio of the instability for various
radius ratios (rs/r2). The effectiveness of adjusting the number
of vanes to control the flow instabilities is also discussed.

INTRODUCTION

Variable inlet guide vanes (IGV), which are a type of
swirling flow generator, are installed at the inlet of centrifugal
compressors to reduce the inlet mach number of the rotor
blades. Under lower flow rates, the vane angle (5.) referring to
Figure 1 is reduced to align the flow with the compressor blade
motion. However, under such conditions, flow instabilities with
specific frequency characteristics appear and the performance
of the compressor is degraded [1-4]. In addition, the flow
instabilities that occur downstream of the IGV have been
shown to be different to the rotating stall of the blades, in that
the flow oscillation amplitude is dependent on the number of
cells and the chord length [4]. Similar flow instabilities can also
occur in pump turbines. Recently, the relation between flow
instabilities downstream of IGV and the S-shaped
characteristics of pump turbine performance has been
highlighted due to the increasing demand of pumped-storage
hydroelectricity [5].
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Experimental results have been reported for a swirl
generator tested in a suction wind tunnel [1,2]. The
fundamental frequency of velocity and pressure fluctuations
were found to increase with the flow rate, although no effect of
the blade span or chord length on the fundamental
characteristics of the unsteady flow could be identified.
Regardless, many details still remain to be explained, including
the conditions for the onset of flow instability or the influence
of the number of vanes on flow instability.

The present study involves an experiment and numerical
simulations to clarify the mechanism of flow instabilities
downstream of the IGV for various numbers of vanes under the
condition of identical solidity. Typical flow patterns for various
conditions (radius ratio rs/r,, vane angle £, number of vanes n)
are demonstrated. The onset conditions, which include the
number of cells and the unsteady flow characteristics for
various cell numbers, are investigated based on measured
pressure and velocity fluctuations. In addition, the effectiveness
of adjusting the number of vanes is also discussed with respect
to control of the turbulence intensity (RMS) of the flow
instabilities, which are presented at the same exit flow angle
(a3) and compared for various numbers of vanes with identical
solidity.

NOMENCLATURE

C Chord length [mm]
d : Diameter [mm]

h : Blade span [mm]
m : Number of cells

n Number of blade
P Pressure [Pa]
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Flow rate (two-dimensional) [m?/s]

Radius [mm]

Radius of measurement point [mm]

Solidity

Time [3]

Cycle of flow instabilities [s]

\elocity in the x-direction [m/s]
Time-averaged velocity in the x-direction [m/s]
Fluctuation of velocity in the x-direction [m/s]
\elocity in the y-direction [m/s]
Time-averaged velocity in the y-direction [m/s]
Fluctuation of velocity in the y-direction [m/s]
Radial velocity [m/s]

Circumferential velocity [m/s]

Coordinate axes as shown in Figure 1

Flow angle [deg]

Vane angle [deg]

Density [kg/m3]

Inlet of the device
Leading edge of the vanes
Trailing edge of the device
Outlet of the device
Measurement

Radial direction
Circumferential direction

f‘{}

(a) Coordinate system
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EXPERIMENTAL APPARATUS AND METHOD

Figure 1(a) shows the coordinate system used for the IGV.
The radii of the device inlet, the leading edge, the trailing edge,
and the device outlet are denoted as ro, riy, r» and rs,
respectively. For simplification, the guide vanes are flat plates.
A schematic diagram of the experimental apparatus is shown in
Figure 1(b). The airflow is generated by a ring blower. The
radial flow velocity between two parallel discs is calculated
from the flow rate as measured using a variable area flow
meter. Tangential velocity components are induced by guide
vanes constructed of aluminum plates (chord: 20 mm,
thickness: 1 mm and span: 10 mm). The vane angle /5,
measured from the tangential direction, can be changed
arbitrarily. On the upper disc, the static pressure ports for
measurement of the pressure fluctuations are connected to
semiconductor pressure transducers (Toyota Koki PD104KW).
The power spectrum and phase difference of the pressure
fluctuations were analyzed using a fast Fourier transform (FFT)
analyzer (Ono Sokki CF-5520) to determine the number of cells
(see Ref. [3]). Various radius ratios (rs/r.=0.4, 0.5, 0.525, 0.55,
0.575, 0.6, 0.625, 065, 0.675, 0.7, 0.73) were achieved by
exchanging the lower discs.
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(b) Schematic diagram of the experimental apparatus

Figure 1. Coordinate system and schematic diagram of the experimental apparatus
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(a) n=36, C=20mm

(i) m=3, ra/r2=0.73, f.=3deg
(a) Velocity fluctuation (b) Pressure fluctuation

Figure 3. Distribution of wvelocity and pressure
fluctuations (n = 36,s = 1.14)

(b) n=18, C=40mm (c) n=6, C=120mm
Number of mesh: 103378 Number of mesh: 105542 Number of mesh: 113280

Figure 2. Typical calculation mesh for various numbers of vanes and identical solidity (rs/r.=0.4, f.=20deg, s=1.14)
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NUMERICAL SIMULATION

Commercially available computer software was used to
simulate two-dimensional laminar and incompressible flows in
the computational fluid dynamics (CFD) simulation. The
boundary conditions for constant radial flow velocity of the
device inlet (ro) and constant static pressure for the device
outlet (rs) were specified, in addition to the non-slip conditions
at the vane surfaces and the slip conditions at the upper/lower
disc surfaces. Figure 2 shows typical calculation meshes for the
case with a radius ratio of rs/r,=0.4, a vane angle of $,=20° and
a solidity of s=1.14. Figures 2(a-c) show the cases for n=36
with C=20 mm, n=18 with C=40 mm, and n=6 with C=120
mm, respectively. The condition for identical solidity is fulfilled
by decreasing the number of vanes and increasing the chord
length. The solidity is defined as:

s=nCh/2nryh (D)
RESULTS AND DISCUSSION

FUNDAMENTAL FLOW CHARACTERISTICS FOR 36
GUIDE VANES

In this report, only the results for s = 1.14 are discussed.
Typical flow patterns for n=36 and C=20 mm obtained by
numerical simulation are shown in Figure 3. Figure 3(a) shows
vectors of velocity fluctuation and Fig. 3(b) shows the pressure
fluctuation. In the case of rs/r,=0.4, £,=20° (Figures 3(a, i) and
(b, 1)), a single cell (m=1) flow instability is observed. Figure
3(a, i) shows a velocity fluctuation that is periodically
propagated in the circumferential direction per cycle and
corresponds to a single cell. A pair of high-pressure (black) and
low-pressure regions (white) is evident in Figure 3(b, i).
Figures 3(a, ii) and 3(b, ii) (rs/r,=0.65, $.=8°) show a velocity
fluctuation that is periodically propagated in the circumferential
direction per half cycle, and the two pairs of high-pressure
(black) and low-pressure (white) regions correspond to two
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Figure 4. Influence of cell number on amplitude of
pressure fluctuation measured experimentally
(s=1.14, 5,=15 deg, C=20 mm)
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Figure 5. RMS on the outlet of the device in the case of
constant 36 guide vanes
(s=1.14, C=20mm, n=36, ra/r.=0.4)

cells (m=2). In addition, Figures 3(a, iii) and 3(b. iii)
(ra/r.=0.73, p»=3°) show a velocity fluctuation that is
periodically propagated in the circumferential direction per
one-third cycle, and the three pairs of high-pressure (black) and
low-pressure (white) regions correspond to three cells (m=3).
Therefore, it is concluded that the cell structure of flow
instabilities downstream of annular IGV is significantly
dependent on the radius ratio (rs/r2), the vane angle (5.), and
the number of vanes, where the vanes have identical solidity.

Figure 4 shows the pressure fluctuation with time at rn/r; =
0.8 in the case of $,=15° and C=20 mm. The horizontal axis
represents non-dimensional time based on the cycle of flow
instabilities (t/T) and the vertical axis represents the non-
dimensional fluctuation of pressure (p/0.5pvr;%). Radius ratios
of rs/r,=0.4, 0.65 and 0.73 correspond to a single cell, two cells
and three cells, respectively. The non-dimensional amplitude of
pressure fluctuation p/0.5pvre?, is 10 for a single cell (m=1), 4
for double cells (m=2.5) and 1.0 for three cells (m=3). The
amplitude of pressure fluctuation decreases as the numbers of
cell increases.
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Figure 6. Onset condition of the flow instabilities
( C=20 mm, r,,/r,=0.8)
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Figure 5 shows the root mean square (RMS) of the velocity
fluctuation at the device outlet in the case of n=36, C=20 mm
and rs/r,=0.4, where the vertical axis represents the non-
dimensional RMS of the radial velocity fluctuation and angular

velocity fluctuations ( fvr_'z/vrzand /?/vrz). Note that both

RMS values become larger than unity at $,=35°, and then
decrease to almost zero. The flow instabilities decrease as the
vane angle f,, increases.

For reasons of expediency, /vr_'z/vrzzo.s is assumed as a

condition for the generation of flow instabilities in this work.
The onset conditions, including the number of cells and the
flow instabilities, are shown in Fig. 6 (onset condition map).
Figures 6(a) and 6(b) show the experimental and numerical
results, respectively. The horizontal axis represents the radius
ratio (rs/r2), which corresponds to the circumferential velocity
ratio (Veo/Ves). The analytical results from Ref. [3] are also
shown (lines) for comparison. The experimental results, linear
analysis and numerical simulation are in good qualitative
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(i) #T=0

(ii ) #T=0.25

(i) #T=0.5

(iv) #T=0.75

(v) #T=1.0

(a) Velocity vectors

(b) Pressure distribution

Figure 7. Distribution of velocity vectors and
pressure fluctuation by CFD
(s=1.14, r;/r,=0.4, =36,
£,=20 deg, 2;=15.0 deg)

agreement. The present investigation reveals that when the
velocity gradient is large and the streamline is long, the number
of cells is one. In addition, the number of cells in an unsteady
flow is shown to be related to the circumferential velocity ratio
and the vane angle. Smaller rs/r, and S, result in more unstable
flow, as shown in Figures 6(a) and 6(b). When the radius ratio
rs/r, is larger, multiple cells are generated with smaller
fluctuation than that of a single cell. Smaller rs/r, and S, result
in higher amplitude and a longer cycle of flow instability is
generated, as shown in Figures 6(a) and 6(b).
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(i) #1=0

(i) #7=0.25

(il ) #T=0.5

(iv) #T=0.75

(v) #T=1.0

(a) Velocity vectors

(b) Pressure distribution

Figure 8. Distribution of velocity vectors and
pressure fluctuation by CFD
(s=1.14, r3/r,=0.4, =18,
$,=20 deg, @;=20.2 deg)

INFLUENCE OF THE NUMBER OF VANES ON THE
FLOW INSTABILITIES

Figures 7, 8 and 9 show typical CFD results for various
numbers of vanes and with rs/r, = 0.4, f, = 20° and s = 1.14.
The (a) and (b) figures show the velocity vector and pressure
distributions, respectively. Panels (i) through (v) in Figures 7
and 8 show the distributions for t/T = 0, 0.25, 0.50, 0.75, and
1.0, respectively.

Figure 7 shows flow patterns for n=36, a3 =15°, and C = 20
mm. Figure 7(a) shows regions of both positive and negative
velocity fluctuations at the device exit (r=rs), which indicates a
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Figure 9. Distribution of velocity vectors and
pressure fluctuation by CFD
(S=1.14, r3/r2=0.4, n=6,
=20 deg, @;=32.8 deg)
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Figure 10. Influence of the number of vanes on
flow angle a3, for identical solidity
(s=1.14,r3/r,=0.4, B,=20 deg)

velocity distribution in the circumferential direction. In the
present study, the pair of high-pressure (black) and low-
pressure (white) regions that appears in Fig. 7(b) is defined as a
single cell (m = 1). The flow instability is shown to rotate in an
anti-clockwise direction.

Figure 8 shows flow patterns for n=18, as =20.2°, and C
=40 mm. The figures show no fundamental difference from the
case presented in Figure 7. However, the reference vector is
longer than that at n=36; therefore, the amplitude of the flow
fluctuation is smaller than that for n=36.

Figure 9 shows flow fields for n=6, a3 =32°, and C =120
mm. In this case, the flow becomes a steady flow without the
formation of a cell structure.

Figure 10 shows the influence of the number of vanes on
the exit flow angle as, for identical solidity. This numerical
result was obtained for rs/r,=0.4 and $,=20°. as decreases with

(i) #7=0

(i) #7=0.25

(iti) #7=0.5

(iv) #T=0.75

(v) #T=1.0

(a) Velocity vectors

(b) Pressure distribution

Figure 11. Distribution of velocity vectors and
pressure fluctuation by CFD
(s=1.14, r;/r,=0.4, n=36,
f,=28 deg, @;=20.3 deg)

increasing n; as is dependent on n, even under the conditions of
an identical vane angle p,, and identical solidity, s.
Furthermore, cell formation is not observed for n=6 and 8.
However, the cause of stabilization could not be identified from
Figures 9(a) and 9(b); whether the flow instabilities are
controlled by reducing the number of vanes or by an increase in
the exit flow angle.

Figures 11, 12 and 13 show the flow fields obtained by
numerical calculation for various numbers of vanes and oz =
20°. The (a) and (b) figures show the distributions of the
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(i) #T=0

(i) #T=0.25

(i) #T=0.5

(iv) #1=0.75

(v) #T=1.0

(b) Pressure distribution

(a) Velocity vectors

Figure 12. Distribution of velocity vectors and
pressure fluctuation by CFD
(s=1.14, r;/r,=0.4, =18,
£,=20 deg, 2;=20.2 deg)

velocity vectors and pressure, respectively. In Figures 11 and
12, panels (i) through (v) show the distributions for t/T = 0,
0.25, 0.50, 0.75, and 1.0, respectively.

Under these conditions, the cell structures caused by flow
instabilities propagate in an anti-clockwise direction, as shown
in Figures 11 (n=36) and 12 (n=18). However, no
circumferential velocity distribution is recognized in Figure 13
(n=6), although a3 is the same at 20°. This indicates that when
the number of vanes is small, the flow instability is suppressed,
even with the same exit flow angle. For the case in which the
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(a) Velocity vectors (b) Pressure distribution

Figure 13. Distribution of velocity vectors and
pressure fluctuation by CFD
(s=1.14, r;/r,=0.4, n=6,
B,=3 deg, 0;=20.4 deg)
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Figure 14. RMS for the device outlet with a constant
exit flow angle
(s=1.14, C=20 mm, o320 deg,r;/r,=0.4)

number of vanes is small, it is inferred that the generation of a
cell structure is slowed down by the effect of the velocity
distribution at the space between the vanes.

The influence of the number of vanes n, on the RMS

([v.2/v,and._[vy2/vy,) for ralr,; =0.4 and a3=20° is shown in

Figure 14. The flow becomes almost steady flow for n=6 and 8,
because the RMS becomes small with a decrease in the number
of vanes. These results indicate the possibility of controlling
flow instabilities by adjustment of the number of vanes.

CONCLUSION

An attempt was made to experimentally and numerically
clarify the flow instabilities downstream of the IGV. The
characteristics of flow instabilities and the conditions for the
onset of flow instability were presented. Especially, the
influence of the vane number on the flow instabilities was
discussed. The findings obtained in this report are useful to
replace the variable IGV to the annular circulation control
wings. The circulation control wing that can adjust the flow
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direction without change of geometry shape is adequate to
produce swirling flow with flammable gas. Consequently, the
following conclusions were arrived at:

)
)
©)
(4)
()

(6)

The amplitude of pressure fluctuation is dependent on the
number of cells.

The unsteady characteristics of flow instability were
evaluated according to the RMS of velocity fluctuation.
The onset condition can be identified in terms of the
radius ratio and vane angle.

The exit flow angle is not only dependent on the vane
angle, but also on the number of vanes.

The flow pattern of instability is dependent on the
circumferential velocity distribution concerning to number
of vanes.

When the number of vanes is small, the flow instability is
suppressed by the collapse of the circumferential dynamic
balance, even with the same flow angle.
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