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Effects of Compact Radial-Vaned
Air Separators on Stalling
Characteristics of an Axial-Flow
Fan

The stall-prevention effect of air separators incorporating radial vanes in place of the
existing axial vanes was investigated on a low-speed, single-stage, lightly loaded axial-
flow fan for effective and compact air separators of a simplified structure. From the
survey, paying attention to several geometrical dimensions of the device, the following
conclusions are obtained: (1) Simplified radial vanes made of flat plates could show
strong stall-prevention effect comparable to those of the curved-vane type one. The most
favorable ones showed no stall up to the fan shut-off conditions. (2) Radial heights of the
recirculation passage within the air separator showed significant influences on the stall
improvement. It should be larger than some critical size experimentally given in the study.
(3) The axial length of the device should be larger than some critical size given experi-
mentally in the study. Too much reduced axial length could give rise to an abrupt loss in
the effect. (4) The optimum axial locations of the rotor-tip blade leading edge within the
device inlet opening were found to lie near the center of the width of the inlet opening
from both aspects of stall improvement and fan efficiency. [DOI: 10.1115/1.3104613]
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1 Introduction

Improved performance efficiency of turbomachines, such as gas
turbines, jet engines, compressors, and fans, is desired in the fields
of electric power generation, prime movers, and industrial plants
from the point of view of not only the economy of operation but
also the problems of global climate changes and energy security.
The authors, aiming to raise both working efficiencies and opera-
tional safety of axial-flow compressors and fans, have strived for
the improvement of stall and surge characteristics of the ma-
chines.

To improve stall characteristics of axial-flow fans and compres-
sor stages, a variety of devices have hitherto been attempted, such
as casing treatment, suction bypass, blade separator, and air sepa-
rator, by many researchers and institutes (for example, see Refs.
[1,2]). Among them, the present authors have paid attention to the
air separator, especially the radial-vaned air separator, which was
proposed by one of the authors [3,4]. The preceding study [5] has
made clear that the radial-vaned air separator, Type A, has a sig-
nificantly favorable and stable effect on stall prevention. In addi-
tion to that, experimental data on effects of several parameters on
the stall-prevention effects and on the optimum relative dimen-
sions and locations of the air separators of Type A were obtained.

In this report, as a continuation of the preceding study [5], the
results of the experimental study toward simplification and com-
pact sizing of the radial-vaned air separators will be described.
The results, together with the preceding ones [5], will form a body
of useful information and guidelines for practical application of
the devices.
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2 Axial Fan for Test

The experimental fan is a single stage one of axial inlet type
consisted of a rotor and exit guide vanes. The fan casing near the
rotor tip was modified for mounting an air separator device. Table
1 gives main numerical figures about the fan. Table 2 gives blade
geometrical data as measured for the rotor blades at the tip and the
root. Each rotor blade is made of a twisted metal plate formed in
circular-arc sectional shapes of 2 mm thickness. The rotor-tip
clearance is 2 mm in radius.

With respect to the fan performances, fan flow rates Q were
evaluated from the pressure difference of a Venturi tube located
downstream of the fan for test. Fan rotor static-pressure rise Apg
was evaluated from a difference in static pressures at an upstream
suction duct wall and at the casing wall immediately downstream
of the rotor blades. Fan power input P from the electric power
input to the fan motor (after the inverter). Fan efficiency includes
motor efficiency. The fan speed was set at 2600 rpm. The fan
working conditions were regulated by throttling the exit valve of
the fan test ducting. The details of the test facility are given in
Yamaguchi et al. [5]. Fan stalling was judged to occur at the
zero-slope point of the fan rotor total-pressure coefficient.

For flow coefficient ¢; below 0.20 in the stalled zone of the
solid wall condition, reversal of strong swirling flow up to the
suction duct inlet was observed [5]. Since the swirling flow rever-
sal affected the accuracy in measurement of the fan pressure rise,
the solid wall condition characteristics for flow coefficient above
0.2 is employed here for a basis for comparison. The fan Reynolds
number based on the blade chord length and the blade tip speed
was around 4 X 10°. The uncertainty in pressure measurements is
evaluated to be 1.5% [5].

3 Air Separator Devices

The terms “air separator” and “solid wall” are abbreviated AS
and SW, respectively, hereafter in this report. Figure 1 shows sym-
bols of variables that are inevitable in the process of optimizing
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Table 1 Numerical data about the experimental fan

Casing diameter D, 394 mm
Tip diameter 390 mm
Hub diameter D, 194 mm
Tip clearance 2 mm
Fan speed 2600 rpm
Nominal motor power 1.5 kW
Nominal fan pressure rise 0.20 kPa
Nominal fan flow rate 100 m?/min

the AS geometry. S and C are the respective widths of the inlet
opening and the exit opening of the AS device, b is the width of
the inner ring, W is the height of the internal passage, g and / are
distances, respectively, from the upstream edge and the down-
stream edge of the AS inlet opening to the leading edge of the
rotor-tip blade section, H is the fan annulus height, and Za is the
axial chord of the rotor blade at its tip. Prototypical values of the
present experimental machine are as follows:

H=100 mm and Za=35 mm

W=33 mm, C=43 mm, S=375 mm, b=25 mm
In the course of the investigation, various dimensions were
changed and adjusted.

The AS devices studied here are Types A, B, C, and D and
Types 10 and 5. Type A is the one studied in the preceding study
[5]. Types B, C, and D and Types 10 and 5 are discussed in Secs.
5 and 6, respectively.

4 Nondimensional Parameters

Performance results are normalized with respect to the blade tip
speed u,,

Flow coefficient ¢,=V,/u, (1)

Table 2 Conditions of the rotor blades as measured

Tip Root
Number of rotor blades 6
Chord length / (mm) 115 130
Blade spacing ¢ (mm) 190 117.5
Pitch-chord ratio /1 1.65 0.90
Stagger angle & 71 deg 43 deg
Camber angle 6 31.7 deg 43.5 deg

c S

Fig. 1 Dimensions of the studied air separator and the fan
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Fig. 2 Configuration of radial vanes for air separator Type A
(W=33 mm)

Rotor total-pressure coefficient 1//,=ApT/%pu,2 (2)

Fan efficiency 7= QAp/P (3)

Here, Q is the fan flow rate (m?/s), P is the motor power input
(W), u, is the fan rotor-tip speed (m/s), V, is the annulus-average
axial velocity (m/s), p is the air density (kg/m?), Apg is the fan
rotor static-pressure rise (Pa) between the suction duct wall pres-
sure and the fan casing-wall pressure downstream of the rotor tip,
and Apy is the fan rotor total-pressure rise (Pa),

V= Q/Hw? - Di)] @

Apr=Aps+3pVal1—(1-17)7] (5)

Here, D, and D;,, diameters of the fan casing and hub, respectively
(m), and v is the hub-to-tip radius ratio,

V=D11/DI (6)

5 Trials of Simplified Radial-Vaned Air Separator

The preceding investigation [5] studied about the effects of AS
Type A, about which the results are summarized as follows. Type
A has radial vanes having a circular-arc sectional form, shown in
Fig. 2, and numerical dimensions of W, C, S, and b listed in Sec.
3. The relative location of the leading edges of the rotor-tip blade
section to the AS inlet opening that showed favorable results in
the stall-prevention effect and the fan efficiency was for g/§ of
around 0.2-0.7. The characteristics of g/§ of 0.4 is shown in Fig.
6 as AS-Ay, and AS-Anr. The effects of the relative location of
the leading edges of the tip blade section on the stall flow coeffi-
cient ¢,g and the fan peak efficiency 7yp are shown in Fig. 9 as
AS-Ad)ZS and AS-A’)?TP.

In the continuation of the study [5], the authors have wished to
make the AS devices simpler and more compact for easier practi-
cal applications. So, as the next stage, the following three types of
simplified radial-vaned AS devices were tried. The sectional
shapes of the radial vanes are changed to straight-plate ones in
place of the circular-arc shape of Type A.

e Type B (Fig. 3): Radial vanes are simplified to inclined
straight plates. The setting angle is 15 deg. W=33 mm.

e Type C (Fig. 4): Radial vanes are simplified to inclined
straight plates. The setting angle is 45 deg. W=33 mm.

e Type D (Fig. 5): Radial vanes are simplified to inclined
straight plates. The setting angle is 45 deg. W=11 mm, a
third of those of Types A, B, and C.

Their axial dimensions C, S, and b are the same as those of

Type A listed in Sec. 3. The relative radial heights of the AS
passages are as follows:
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Fig. 3 Configuration of radial vanes for air separator Type B
(W=33 mm)

W/H =0.33(Types A,B,C),0.11(Type D)

W/Za =0.94(Types A,B,C),0.31(Type D)

Figures 6 compares the performances effected by AS devices
Types A, B, C, and D and the SW condition. Respective condi-
tions are expressed as AS-A, AS-B, AS-C, AS-D, and SW in the
figure. The relative locations of the leading edges of the rotor-tip
blade sections to the AS inlet opening were kept the same as the
optimum one for Type A, i.e., g/S=0.4 [5].

Both Types A and C eliminate the stall region over the entire
flow coefficient. Type C shows a higher pressure coefficient at the
shut-oft condition. Types B and D prevent stalling over a very
wide flow range but show a peak pressure coefficient around ¢, of
0.05 immediately before the shut-off condition, yielding a narrow
positive-slope region.

With respect to the fan efficiency, all four AS devices show no
steep drops in efficiency in the SW stalling zone. Type A keeps
favorable efficiency comparable with the SW one in the SW
sound condition and shows better level in the SW stalled zone.
Types B and C show similar efficiency behaviors, in which the
efficiency is lower by 1-2% than the SW one and is close to that
of Type A in the SW stalled region. Type D shows an efficiency
curve lower by 2-3% than those of SW and AS Type A over the
whole flow range.

Fig. 4 Configuration of radial vanes for air separator Type C
(W=33 mm)

Fig. 5 Configuration of radial vanes for air separator Type D
(W=11 mm)
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Fig. 6 Comparison of the effects of air separators of Types
A-D together with the solid wall conditions on the fan
characteristics

The following are summarized from the above observation.

(1) AS Type A is the best of the four from both viewpoints of
stall prevention and fan efficiency level.

(2) The simplified configurations of the radial vanes are able to
provide a large stall-prevention effect. However, some
drops in the fan efficiency appear accompanied. The fan
efficiency levels of Types B and C are comparable. Type C,
which has a setting angle of 45 deg relative to the circum-
ference, appears advantageous in suppressing stalling down
to the shut-off condition.

(3) From the results on Type D, a reduction in the radial height
of the AS passage is possible but tends to accompany some
drops in the fan efficiency.

Related to the above item (2), the higher effectiveness in stall
prevention up to the shut-off condition achieved by Type C com-
pared with Type B could be explained very tentatively as follows.
According to Tanaka and Murata [6] on a fan applied with a blade
separator device, the meridional flow in the stall-improved region
contains a large-scale recirculation flow forming an annular vortex
ring, encasing the rotor blade tips, and extending toward the up-
stream of the separator and the rotor blade row. The recirculation
flow is stabilized by flowing through the separator passage; thus
the fan flow condition might be stabilized as a whole. The AS
situation here could be similar to the above blade-separator one.
So, it is supposed, though tentatively, that the flow rate through
the AS passage might be relatively large near the shut-off condi-
tion, where the fan flow rate itself appears very small; thus, the
higher setting angle of the radial vanes of Type C would be ad-
vantageous to treat with the large recirculation flow rate.

6 Effect of Height Reduction of the Radial-Vaned Air
Separator

In order to put the AS devices to practical use, it is necessary to
reduce the size for easier embeddability into casing walls of fans
and compressors. From the aspect, the following two AS devices
were made on the basis of the above results and some experiences
of the authors for survey on the stall-prevention effects.

(1) AS Type 10: The radial height of the internal passage W is
10 mm. The vane configuration is shown in Fig. 7. Each
vane is made of two pieces of straight plates: a main
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Fig. 7 Configuration of radial vanes for Type 10 air separator
(W=10 mm)

straight plate of a length of 20 mm inclined at an angle of
24 deg to the casing circumference and a short front piece
of a length of 4.7 mm attached circumferentially to the
front edge of the main plate. Widths of the inlet opening
and the exit one are S=30 mm and C=45.5 mm.

(2) AS Type 5: The radial height of the internal passage W is 5
mm. The vane configuration is shown in Fig. 8. Each vane
is made of two pieces of straight plates: a main plate of a
length of 12.4 mm inclined at an angle of 27.5 deg to the
casing circumference and a front piece of a length of 4.8
mm attached circumferentially to the front edge of the main
plate. Widths of the inlet opening and the exit one are S
=28 mm and C=43.5 mm.

The short front plate attached to the main plate has two aims.
The first is to approximate the vane configuration to a circular-arc
one, as is seen for Type A. It could enhance the scooping action
and will tend to reduce possible backflow reflected out of the AS
passage into the fan main flow, which were often experienced in
other types of AS devices. It has also an effect of increasing the
row solidity. The second aim is, from a manufacturing point of
view, to cut the whole row of the vanes out of only one long band
of sheet metal or other materials. It could save the cost required
for manufacturing or assembling the device out of many pieces.

6.1 Effects of Locations of the AS Devices Relative to the
Rotor-Tip Blades. Effects of locations of the AS devices relative
to the rotor-tip blade section on the stall prevention were surveyed
by varying the dimensions g and /4 in Fig. 1, with the other di-
mensions kept the same as before. Figure 9 summarizes the be-
haviors of stall flow coefficients and peak efficiencies affected by
the relative location g/S, including the results on AS Type A ob-
tained in the preceding study [5]. In Fig. 9, symbol notes AS_A,
AS_10, AS_5, and SW mean conditions of AS Type A, Type 10,
Type 5, and SW, respectively. ¢,g and 7pp are the stalling flow
coefficient and peak total efficiency, respectively. The behavior of
the stall flow coefficients ¢,g in Fig. 9 shows that there exist
favorable zones of relative location g/S for the maximum stall-
prevention effect. For the smaller AS passage height W, the favor-
able zones are the narrower and the stall-prevention effects are the
less. Type 5 shows a drastic reduction in both the zone width and
its effectiveness in stall prevention in contrast to the very wide
range of Type A that has achieved the complete unstalling down to
the shut-off condition ¢,;5=0. Nevertheless, Type 5 has a stalling
flow coefficient of ¢,3=0.20 in contrast to ¢,4=0.32 for the SW
condition.

As seen in Fig. 9, the stall-prevention effect disappears drasti-
cally at the upper limiting end of the optimum zone of g/ for all
the AS types tested, which could be ascribed to a situation similar

Fig. 8 Configuration of radial vanes for Type 5 air separator
(W=5 mm)
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Fig. 9 Effects of relative locations of air separators Type A,
Type 10, and Type 5 on the stalling flow coefficients and the
peak efficiencies

to the deteriorated stall-prevention effect caused by retracted lead-
ing edges mentioned in the preceding study [5]. In the AS devices
having a shorter passage height, the phenomenon appears even for
the condition of the blade leading edges intruding into the axial
width of the AS inlet opening. On the other hand, reduction in the
effectiveness in the stall prevention toward the smaller g/S is seen
rather gradually in Fig. 9, which could be related partly to the
situation of the deteriorated stall-prevention effect caused by pro-
truded leading edges described in the preceding study [5].

For the shorter-height AS devices, the peak-efficiency levels,
whose accuracy is rather low and tentative, tend to be lower, and
the favorable range becomes narrower compared with those of
Type A condition.

6.2 Effects of the Widths of the Openings S and C of the
AS Inlet and Exit. The effects of widths of the AS inlet and exit
openings, S and C, were surveyed on the stall prevention, with the
relative location g/S kept at respective optimum values selected
from the above results. The employed values of g/S were 0.4 for
Type A, 0.70 for Type 10, and 0.68 for Type 5. The inlet opening
widths S were set by extending the width b of the AS inner ring by
sticking adhesive tapes of a constant width on the radial-vane
leading edges, and the exit openings C were set by inserting an-
nular spacer rings with different thicknesses.

Figure 10 shows some typical behaviors of performance char-
acteristics when the width C of the AS exit opening was changed
with the width § of the inlet opening kept constant at 20 mm. In
the symbol notes (SxxCyy) in Fig. 10, xx and yy mean the values
of S and C in millimeters, respectively. It is seen that large stall-
prevention effects are obtained for C larger than 10 mm. For the
closed exit, i.e.,, C=0 mm, a certain degree of effect is seen to
remain.

Figure 11 shows some typical behaviors of performance char-
acteristics when the width S of the AS inlet opening was changed,
with the width C of the exit opening kept constant at 20 mm. The
symbol notes are expressed in quite the same manner as in Fig.
10. Stall-prevention effects by the AS devices are seen to be large
but slightly changeable depending on the values of S and C.

6.3 Stall-Prevention Effect Affected by the Widths of the
Openings of the AS Inlet and Exit. Since the stall-prevention
effects are seen to vary depending on the combinations of the
values of S and C, the variations in the effectiveness in functions
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Fig. 10 Fan characteristics affected by the application of air
separators Type 10 for S=20 mm and variable sizes of C

of § and C are summarized below. As a measure of stall-
prevention effect, the following index B, is employed:

Bs=[1-(Q5/Qs)] X 100(%) @)

Here, fan flow rates at the stall point are expressed as Qs for the
SW condition and Qs* for the AS condition. For the case of no
stall down to the shut-off condition, Bs=100, and in the case of no
effect, Bs=0.

Figures 12 and 13 show contour maps for index Bg for AS
devices Type 10 and Type 5, respectively, against of S and C. The
is0-Bg lines are interpolated from data measured at “X” points on
the maps.

The largest values of achieved By are 72.7 for Type 10, 39.4 for
Type 5, and 100 for Type A [5], which are attained at the top-right

——AS_107t(S10C20) —o— AS_109£(S20C20)

Fig. 12 Effects of opening widths of the inlet and the exit of air
separator Type 10 on the stall improvement index Bs

points of the respective figures.

Figures 12 and 13 show tendencies similar to those for Type A
given in the preceding study [5]. There exist Zones A and B,
where the is0-Bg lines are determined mostly by the inlet opening
width S in the former and by the exit opening width C in the latter,
respectively. Zone B for Type 5 in Fig. 13 is seen to be influenced
by both S and C.

AS dimensions determined in such a manner as to minimize the
additive value (S+C) on each iso-Bs contour could minimize the
axial size of the device for the Bs value. Such a condition is drawn
as an optimum line, though very roughly, in Figs. 12 and 13. Line
C=S, meaning the condition of equal widths of the inlet opening
and the exit opening, is inserted for reference in the figures.

7 Summary and Considerations

7.1 Influence of Reduced Passage Height W. As seen in the
decreasing order of the maximum Bs of AS devices Types A, 10,
and 5, the reduction in the AS passage height W causes a signifi-
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Fig. 11 Fan characteristics affected by the application of air
separators Type 10 for C=20 mm and variable sizes of S
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Fig. 13 Effects of opening widths of the inlet and the exit of air
separator Type 5 on the stall improvement index Bs
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cant drop in the effectiveness of stall prevention. Figure 14 shows
the tendency in the maximum Bs values affected by the passage
height W of the respective AS devices, though including possibly
some influences owing to the differences in the vane configura-
tions. As seen in Fig. 14, devices smaller than Type 10 (W
=10 mm) could have a steeply reduced Bs max value. As a mea-
sure, W larger than 10 mm for this particular fan is recommended.
Or, in a relative form defined with the axial chord of the rotor-tip
blade section Za as the reference length, W/Za larger than around
0.3 could be recommended.

The reduced effectiveness could be ascribed to the lowered ca-
pacity of the AS passage because of the insufficient passage
height, i.e., reduction in the scooped flow rate in the inlet opening
and incomplete discharge from the exit opening of the scooped
flow.

7.2 Influence of the Axial Length of the AS Devices. Maxi-
mum values of stall improvement index Bs achievable by a given
axial length of AS devices (C+S) are plotted in Fig. 15, whose
data are read from Figs. 12 and 13 in the present report and from
Fig. 12 in the preceding report [5]. The right edge points of the
curves are the respective maximum Bs max values shown in Fig.
14. It is seen that the highest magnitude of achievable Bs is de-
termined mainly by the AS passage height W and that, with a
decrease in the axial length (C+S), the achievable Bs lowers. For
further decrease in (C+S), Bs tends toward 0. In order to obtain a
level near Bs max, (C+S) larger than roughly 45 mm for this
particular fan or (C+S)/Za larger than 1.3 in a relative form
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021009-6 / Vol. 132, APRIL 2010

HEC
N

04

—&— Deterioration \

due to
Retracted L.E. \
ok —>— Deterioration
due to \
Protruded L.E.
|

02 [

Relative Leading Edge Location (g/S)

0 10 20 30 40
A. S. Passage Height W (mm)

Fig. 16 Favorable range of g/ S for stall improvement affected
by the air separator passage height W for respective maximum
widths of inlet and exit openings

would be necessary.

With respect to the respective lengths S and C, the optimum
lines given in Figs. 12 and 13 in the present report and in Fig. 12
in the preceding report [5] could be referred to.

7.3 Favorable Relative Locations of the AS Devices. As
shown in Fig. 9, with reducing AS passage height W, the favor-
able ranges of g/S become narrower, and at the same time the
optimum location moves. The tendency is shown in Fig. 16 for the
condition of the maximum widths of the AS openings. While the
deterioration due to retracted leading edges is seen to occur
roughly above g/S of around 0.8 common for the three types, the
deterioration due to protruded leading edges and exposed blade
tips are seen to occur earlier, with decreasing height of the de-
vices. Accordingly, the optimum location moves from g/S of
around 0.4 for Type A to around 0.7 for Types 10 and 5. For the
smaller W, the deterioration due to protruded leading edges ap-
pears, with the leading edges located halfway in the axial width of
the AS inlet opening, which suggests a more complicated situation
than that supposed for Type A. As a possible situation in the
relatively wide AS inlet openings, in addition to the above dete-
rioration, a considerable part of the flow pushed into the inlet
opening might have reflected back into free space in front of the
blade tips in vain, only giving more disturbances to the main flow,
thus reducing the probable stall-prevention effect.

7.4 Influence of Closed Exit Opening. Condition C=0 mm
in Figs. 12 and 13 means a completely closed exit opening of the
AS devices. For the condition, the rate of throughflow within the
AS passage is zero. Even at this condition, a certain extent of the
stall-prevention effect is seen to remain.

The authors suppose that, in the condition, the effect is helped
by a mechanism similar to the casing treatment effect. The term
“casing treatment” is abbreviated as CT hereafter. The stall-
prevention effect by the CT (for example, see Ref. [7]) is consid-
ered as follows; while rotor-tip blade sections sweep the treated
surface, the pressure-side high pressure of a blade pushes the air
into the internal volume of the CT, and the pushed-in and com-
pressed air blows back into the lower pressure region of the blade
suction-side, blowing away the low-energy flow and making the
tip environment cleaner.

As to AS Type 5 with the closed exit opening (C=0 mm), it is
considered that the above phenomenon could have occurred and
improved somewhat the stalling environment. In addition to that,
as seen in Fig. 13, an increase in the width of the AS exit opening
above C of around 10 mm does not cause further stall-prevention
effects. It is conjectured that even when C is sufficiently large,
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Fig. 17 Comparison of overall performances optimally im-
proved by the applied air separators

Type 5 could not discharge all the scooped flow out of the exit
opening, and a significant portion of the scooped flow might be
reflected back at the inlet opening in a similar manner to the CT
action.

In contrast to the above, the essential feature of the AS is to
rectify all the scooped flow and discharge them out of the exit
opening, which could be more effective if the conditions are well
prepared. The situation of Type 10 seems to be halfway between
those of Types A and 5.

7.5 Comparison of the Stall-Prevention Effects With
Those of Casing Treatments. The order of magnitude of the
stall-prevention index By in the CT application has been reported
by Fujita and Takata [8] to be 20 in maximum and by Yamaguchi
et al. [9] to be as large as 38 in maximum. The maximum Bs
values of order of 40 obtained by Type 5 in this study are consid-
ered to be comparable to the highest possible level of those by
CTs.

In consideration of the structural complexity of the AS devices
compared with the simplicity of the CT structure, by far the more
effective AS devices are desired for the practical application. For
the purpose, an AS device with passage height W larger than 10
mm, which is equivalent to Type 10, is recommended for the
particular fan condition. Or, in a relative form, W/Za greater than
around 0.3 could be recommended as a measure.

7.6 Influence of the Thinner AS Devices on the Overall
Performances. Figure 17 compares the best overall performances
for the AS devices Types A, 10, and 5 and for the SW condition.
It will be useful to predict the performance achieved by interme-
diate AS height conditions.

The stall points on the curves are seen lying on a dotted line
nearly parallel to the pressure curve of Type A. It demonstrates the
reduction in the stall-prevention effects with the reduction in the
AS passage height. It suggests that the maximum recirculation
flow rate allowable in the respective AS passages might have in-
fluences on the effectiveness.

According to Lee [10] on stall-improving effects by suction or
injection through treated casing walls near the blade tips, the
amount of the stall improvement depends greatly on the flow rate
of the suction or injection. In the AS conditions, the recirculation
flow rate will be determined in a self-balanced way, depending on
several quantities, such as centrifuging forces of the flow, pressure
losses within the AS passage, and wall pressure difference in the
main flow between at the ASAS passage inlet and exit, many of

Journal of Turbomachinery

which are intimately tied with the geometrical layout of the device
and the relative arrangement of the blade tip and the AS device. In
the smaller AS device, a sophisticated structure will be the key for
success since the recirculation flow rate would naturally be
smaller and the stall-prevention effects would be lower.

The efficiency curves show similar behaviors for the AS ap-
plied conditions. Peak efficiencies are the best for the conditions
of SW and AS Type A. Type 5 shows some drop in the peak
efficiency compared with the two. In the SW stalled region, all the
AS applied conditions show improved efficiencies compared with
the SW one.

8 Conclusion

The experimental study aimed to simplify the structure and re-
duce the sizes of radial-vaned air separators was conducted in the
continuation of the preceding study [5]. By use of the AS devices
equipped with simplified radial vanes made of inclined flat plates,
the effects of the passage height W and the widths of the inlet
opening and the exit opening, S and C, respectively, on the stall
prevention were surveyed.

The following conclusions have been obtained, which are con-
sidered to be applicable to fans having conditions similar to the
lightly loaded one tested here.

(1) AS devices equipped with radial vanes made of an inclined
straight plate, when having a sufficiently large AS passage
height (W), achieved favorable stall-prevention effects
comparable to those of radial vanes having a circular-arc
sectional shape (Type A [5]).

(2) AS passage height W exerted a significant influence on the
stall-prevention effect. The height satisfying the condition
W/Za>0.3 is recommended if Za could be selected as an
appropriate measure for the purpose. Below the level, dras-
tic drops in the stall-prevention effects and the efficiencies
could occur.

(3) Favorable relative locations g/S of the AS inlet opening
relative to the leading edges of the rotor-tip blade section
range roughly from 0.4 for large W to 0.7 for small W.

(4) A possible minimum axial length of the AS devices for a
given stall-prevention index Bs could be determined as a
condition for the minimum values of (S+C) for the Bs
value. As to the axial length, the value of (S+C)/Za>1.3
is recommended.

(5) The stall-prevention effect by the smallest AS device, Type
5, with the exit opening closed (C=0), is comparable to the
possible maximum effects achieved by casing treatments.

(6) Although AS devices are considered to have naturally a
greater potential for stall prevention than that by CTs, the
structures tend to be more complicated than those of CTs.
Therefore, for practical use of the AS devices taking full
advantages of the excellent potential, an AS size greater
than Type 10 for the particular fan conditions or a relative
passage height W/Za>0.3 is recommended.

The authors consider that the above results have provided im-
portant basic data both from the practical point of view of devel-
oping more effective stall-prevention devices and from the phe-
nomenological point of view of considering the mechanism of the
AS effects. For highly loaded fans and compressor stages, further
investigations are necessary, but the above results could be sug-
gestive also in the study process.
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Nomenclature
b = axial length of the inner ring of the air separa-
tor (m)
Bs = index of improvement of stalling flow (%)
C = axial width of the exit opening of the air sepa-
rator (m)
D;, = hub diameter of the fan (m)
D, = casing-wall diameter of the fan (m)
g = distance between the leading edge of the rotor
tip and the upstream edge of the inlet opening
of the air separator (m)
h = distance between the leading edge of the rotor
tip and the downstream edge of the inlet open-
ing of the air separator (m)

H = annulus height of the fan (m)
[ = chord length of the rotor bade (m)
P = power input to the driving motor (W)
Q = fan flow rate (m3/s)
Qg = stalling flow rate of the solid-wall fan flow rate
(m3/s)
Q; = stalling flow rate of the fan with the air separa-
tor (m3/s)
S = axial width of the inlet opening of the air sepa-
rator (m)

t = spacing of neighboring blades (m)
u, = peripheral speed of the rotor tip (m/s)

V, = axial velocity (m/s)

W = height of the internal passage of the air separa-

tor (m)

Za = axial width of the rotor blade tip (m)
Apg = fan rotor static-pressure rise (Pa)
Apy = fan rotor total-pressure rise (Pa)

ng = fan static efficiency

ny = fan total efficiency

p = air density (kg/m?)
0 = camber angle of the rotor blade (deg)
¢; = fan flow coefficient

021009-8 / Vol. 132, APRIL 2010

¢, = fan rotor total-pressure coefficient
& = stagger angle of the rotor blade (deg)

Indices
P = fan peak-efficiency point
t = normalized with reference to the rotor-tip
speed
T = total pressure
S = static pressure or Stalling point
* = stalling point in the presence of the air
separator
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