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ABSTRACT -

Subscripts

This paper reports a study of the combined effects of swirl and
circumferential inlet flow distortion on the flow field of an axial
flow fan stage. The study, involves steady state measurements of the
flow field at the rotor inlet, exit and the stator exit of the single
stage axial flow fan subjected to circumferential inlet flow distortion
and swirl. Flow field survey was done at two flow coefficients,
namely, 0 = 0.45 and 4 = 0.285. The flow at the inlet to the rotor
was measured using a three hole pressure probe and five hole
pressure probes were used at the rotor and stator exits. The study
indicated that at the design flow coefficient swirl had caused
deterioration of the performance in addition to that caused by
distortion. In addition, the attenuation of distortion was high in the
presence of swirl.

NOMENCLATURE
C.I.
clean inlet
meridional velocity
C.,
D.M. distortion mesh
D,
tip diameter of the rotor
Ng
input power to the fan
Neff
effective fluid power N eer= V(Po
Pccer power coefficient R.,/ = 2Nd(rutDiU1 3)
Po
total pressure
R
non-dimensionalised radius ratio
S.M. support mesh
rotor tip speed
•
flow rate
✓
0
flow coefficient 4) =
kit
stagger angle of the IGV blades
•
efficiency of the stage q
p
density of air
w
energy coefficient Air = 2(110-Poi)/pth2

2
3

inlet to rotor
exit of rotor
exit of stator •

INTRODUCTION
Inlet flow distortion is a term used to denote the variation of
flow properties as a fimction of the spatial co-ordinates and time.
The non-uniformity occurs in common flow properties such as total
pressure, static pressure, velocity, temperature, flow angle and gas
constituency. Swirl is the term used to describe the rotation of flow
in relation to the rotation of the rotor. Swirl may be generated as a
consequence of secondary flows induced due to flow curvatures or
due to the presence of IGV. Distortion and Swirl (induced due to
curvature of flow paccages) cause a decrease in pressure ratio,
corrected mass flow and efficiency. They also tend to cause
premature compressor stall and, due to fluctuating blade forces,
there is a possibility of blade vibration and blade failure. Flow
distortions are classified as circumferential or radial depending on
the orientation of the defect. Circumferential distortions are caused
by non-axisymmetric defects such as the existence of separated flow
regions, wakes from the upstream blade rows, etc. In many cases
and under certain operating conditions, the inlet flow will exhibit
either, or both, circumferential and radial non-uniformities.
Swirl is categorised into bulk swirl and twin swirl (Aulehla,
1982). Swirl can be regarded as co-rotating and counter-rotating
swirls when related to the rotation of the rotor. A counter-rotating
swirl can trigger surging of the engine. The aerodynamic
performance of a compressor depends on the relative magnitude of
one swirl with respect to the other. Total pressure distortion and
swirl distortion have been identified as the two major intake engine
compatibility parameters. Of these, swirl has been identified to play
an important role, as conceived during the flight testing of the
Tornado aircraft (Aulehla,1982). The problem of angular swirl at the
engine face, induced due to flow curvatures, has come to the fore in
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EFFECT OF CIRCUMFERENTIAL INLET FLOW DISTORTION AND SWIRL
ON THE FLOW FIELD OF AN AXIAL FLOW FAN STAGE

flow field at the inlet and exit of the rotor and downstream of the
stator. The fan was run by a 10 KW DC dynamo motor. The
cambered IGV blade section is derived from NACA 65-(12)10.
These blades were not twisted and 6 blades were employed.
Distortion was generated using a perforated screen of 120 °
extent (with a porosity of 0.84) fixed to a support mesh and placed
at a distance of 470 mm upstream of the rotor leading edge (about
1.9 times Dt). From the literature available, the location of the
screen with iesixitt to the rotor leading edge was found to be in the
range of 1.5 to 2.5 times Dt. This had to be taken into account in
order to isolate the screen from the rotor, since it is well known that
a rotor will strongly alter the upstream flow when the flow is nonuniform. Swirl was varied by adjusting the stagger of the by
blades. Typical configurations are shown in Fig. 2.

CLEM INLC7

'5

UPPOPT CSN
OLL OtmE4104 0mon

120' DISTORTILN

Fig. 2 Typical Configurations

Inlet flow to rotor was measured with a three hole pressure
probe in non nulling mode. At the rotor and stator exits, the
measurements were done using two miniaturised five hole pressure
probes. The experiments were carried out for 4 different
configurations. Configuration 1: The case of distortion without IGV;
Configuration 2: The case of distortion with IGV at 0 ° stagger,
Configuration 3: The case of distortion with IGV at -10 ° stagger,
Configuration 4: The case of distortion with 1GV at 5 ° stagger.
For all the above configurations flow field investigations for
clean inlet and support mesh cases were also carried out: The data
thus described was obtained for two flow coefficients, namely, 4t =
0.45 and 4, = 0.285. These flow coefficients were determined from
the clean inlet 4 4 - w' characteristic of the fan, Fig. 3. 4, = 0.45
corresponds to the maximum specific work and 4, = 0.285
corresponds to an operating point which penetrated sufficiently into
the stall region. To make measurements circumferentially, the mesh
was rotated relative to the probes which were kept fixed. Data for
the distortion configurations was obtained at 17 circumferential
locations. For each location the probes were traversed radially from
hub to tip through 15 radial stations covering the annulus height of
75 mm. Care was taken to capture the data more closely near the
hub and tip walls and also in the region of distortion. The pressures
were recorded on a digital micro-manometer through a 20 channel
scanning box. Data reduction was done with the help of a computer
programme. The performance tests for all the clean inlet and support
mesh cases were determined by running the machine at a constant
speed of 4500 rpm and varying the flow rate.

EXPERIMENTAL FACILITY AND TECHNIQUE
A schematic layout of the axial flow fan test rig used for the
present investigations is shown in Fig. I. The axial flow fan stage
comprised of a six bladed forced vortex rotor followed by an eight
bladed stator. The design data of the impeller is furnished below

I. Inlet norrk 2. inlet duct

abs

000

1. Radial supports 4. Invent housing 5. Rotor 6. Stator

7. Dischage nozzle 8. Throttle cone 9. Coupling 10. D.C. Drive motor 11. Duane
easing 12. 1GV T. Measuring planes D.M_ Distortion mesh

Fig. 1 Schematic Lay-out of Axial Flow Fan

Tip diameter, DI = 250 mm; Hub diameter, Di, = 100 mm; No.
of blades, Z = 6; Hub-tip ratio, Dh /D, = 0.4; Inlet blade angle at
hub, 131h = 51.3°, Outlet blade angle at hub, Su = 72.3 °; Inlet blade
angle at tip, I3, = 26.6°; Outlet blade angle at tip, 132 / = 47.6°,
Solidity at hub ah = 0.96; Solidity at tip cr, = 0.53, Speed = 4500
rpm; Vortex condition = Forced vortex flow C,, (" 5 = constant.
The outlet of the axial flow fan was connected to an auxiliary
radial blower to augment the decrease in mass flow rate when the
flow was distorted. Provision was made for the measurement of the

RESULTS AND DISCUSSION

Typical variations of total pressures are presented here in the
fonn of circumferentially averaged plots and contour plots. In the
circumferentially averaged plots the total pressures for the distortion
configurations are circumferentially mass averaged and plotted
against 'It'. Unless and otherwise mentioned the contour plots
presented here are for the configurations without IGV and with IGV

2
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the recent years. Extensive work has already been done on the study
of circumferential distortions. The present investigations consider
the combined effects of swirl and circumferential distortion.
Most of the literature available till date on inlet flow distortion
deals extensively on circumferential distortion alone (Colpin, 1979;
Ehrich, 1957; Yocum and Henderson, 1980) and only recently few
investigators have considered the combined effects of swirl and
circumferential distortion. Flitcroft et al. (1987) investigated the
effect of inlet swirl on the propagation of total pressure distortion
through a 3-stage fan without IGV. They found that the presence of a
swirl counter to the rotation of the fan generally reduced the level of
steady state distortion transmitted to the core compressor. Pazur and
Fottner (1991) studied the influence of swirl distortions on the low
pressure compressor of a two spool turbofan Larzac 04 engine. The
measured performance map was compared with the computed
performance map with distorted inflow having co-swirl and counter
swirl. The comparison showed shifting of constant speed lines to
lower pressure ratios as well as to lower mass flow rates. The surge line was shifted resulting in a lower surge margin than that for
undistorted flow. The isentropic efficiency was also found to be
smaller for distorted flow.
The. aim .of the present investigations is to study the effect of
swirl and circumferential distortions on the performance degradation
of an axial flow fan stage and the attenuation and amplification
characteristics of the defect. A combination and swirl and distortion
would occur when a separated inlet flow has to pass through curved
inlet ducting. The study includes (i) steady state measurements at
inlet and exit of the rotor and at downstream of the stator (ii) the
effects of varying the flow coefficients on the flow field. •

the annulus except near hub and tip walls. The support mesh and
clean inlet configurations differ sli ghtly in the pressure distributions
at the rotor inlet which is because of the resistance offered b y the
support mesh. In general clean inlet and support mesh
configurations show hi gher pressures than that for the cases of
distortion indicating the effect of distortion.

at 5° stagger. Pressures are non-dimensionalised with the d ynamic
head based on 1J1. This is followed b y a discussion on • the
performance estimates ( n, w, P.,,$) and distortion indices. The bias
and precision errors associated with the measurements were
considered and the total uncertainties in the quantities presented
here are as follows: +0.73% in the non-dimensionalised P,, and q),
+0.42% in n and +0.76% in P.a.

0.1

TotalPressure Coefticient(2Po1/pUtg)

Fig. 3 Clean Inlet Operating Characteristics of the Fan
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Fig. $ Circumferentially averaged total pressure at
'
rotor inlet (see Fig 4 for legend)
As seen in the contour plots for total pressure at rotor inlet,
Figs. 6 to 7, the total pressure shows a v‘uke t ype of defect in the
distortion zone and registers an increase as one moves awa y from
the distortion zone into the five zone. The total pressure decreases
towards the mulls suggesting the effect of wall boundary layers. The
decrease in total pressure is hi gh for the cases of distortion at the tip
region as seen from both the contour plots as well as
circumferentiall y averaged plots. The total pressures for the cases of
distortion for et) = 0.45, Fig. 5, are lower than those for the cases of
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Fig. 4 Circumferentially averaged total pressure at rotor
Inlet

Rotor Inlet Total Pressure

As seen from the circumferentiall y averaged plots, Figs. 4 to 5,
at the rotor inlet, the total pressure for clean inlet is uniform across
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Fig. 6 Total pressure contours at rotor inlet
(without IGV, 4 = 0.45)
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Fig. 8 Circumferentially averaged total pressure at rotor
exit (see Fig 4 for legend)

b
• "4

Effect of distortion can be seen by comparing the distortion and
clean inlet cases presented in the circumferentially averaged form. It
can be seen that the circumferentially averaged pressures for the
distortion cases are lower than those corresponding to the clean inlet
cases, Figs. 8 and 9. For S = 0.45, Fig. 9, the total pressure
distributions for different cases seem to differ very much than that
for S = 0.285, Fig. 8. This indicates that for 4 = 0.285 attenuation of
almost the same extent is reached in all cases with distortion. Also
attenuation as seen from the contour plots is more in the case of =
0.285, Figs. 10 to 11, where the defect persists only in the hub
region. In these cases distortion attenuation is more evident in the
midspan where there is almost equalisation of the pressure. For the
cases of 4 = 0.45 the defect seems to be present in the entire
distortion zone with the distortion zone still showing pressures much
lower than those in free zone, Fig 12. A comparison of rotor exit
total pressure, Fig. 12, with the rotor inlet total pressure, Fig. 6,
shows that the pressure rise imparted to the flow across the rotor is
higher in distortion zone than that in the free zone. The less
pronounced variations in the cases of S = 0.285 are due to lower
losses and better redistribution. As seen front circumferentially
averaged plots for $ = 0.285, Fig. 8, the rise in pressure from hub to
mid span is not much when compared to the rise in pressure at the
tip. But for = 0.45 cases, Fig. 9, the circumferentially averaged
plots show a fall in pressures at tip and hub sections. This is due to

'en°

Fig. 7 Total pressure contours at rotor inlet

= 5°, = 0.45)
Rotor Exit Total Pressure
At the rotor exit:for = 0.285, the circumferentially averaged
total pressure profiles in Fig. 8 show variation among the cases of
clean inlet and all configurations show a peak at the tip. This peak is
due to the flow reversal taking place at the hub wall boundary layer
at • = 0.285. The blockage at the hub causes an increase in the flow
velocities at the tip. In general, total pressure at rotor exit rises from
hub to tip in conformity with the forced vortex design.

4
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Total Pressure Coefficient(2P0a /pU1a)

= 0.285, Fig. 4, which is due to the fact that losses are proportional
to volume flow rate. Swirl did not effect any redistribution in the
total pressure at rotor inlet.

rotating with respect to the rotor rotation) the pressures were lower
than those for the we" without IGV and with IGV at 0 ° stagger.

the presence of low pressure, low velocity fluid at the inlet of this
region. Fig. 7. The cause of the high gradient in the distortion zone,
Figs. 10 to 13, can once again be attributed to the blockage at hub.

Fig. 10 Total pressure contours at rotor exit
(without IGV, 4 = 0.285)

—0.4
0.4 0.5 0.6 0.7 0.6 0.9 1.0
Radius Ratio(R)
Fig. 9 Circumferentially averaged total pressure at rotor
exit (see Fig 4 for legend)

The cases of clean inlet and support mesh for 4 = 0.45, Fig. 9,
showed that the pressures are the highest for the case with by at 10° stagger indicating that the rotor blades can receive the flow at
these incidences without stalling. The least pressures in the clean
inlet, support mesh cases occur for the case with IGV at 5 ° stagger
indicating the effect of swirl which is co-rotating in relation to the
rotor rotation, Fig. 9. For the cases of clean inlet and support mesh
without IGV and with IGV at 00 stagger, the distribution is
intermediate of those mentioned earlier. The same trend does not
continue for the cases with distortion Fig. 9. It is seen that for the
6
case of distortion with IGV at -10 stagger (i.e., swirl counter

Fig. 11 Total pressure contours at rotor exit
0
(y = 5 , 4 = 0.285)

Stator Exit Total Pressure
The total pressure contours at stator exit show that the nonuniformity still persists at this station, Figs. 14 to 15. The nonuniformity appears to have reduced in magnitude as well as extent
when compared to that at rotor inlet and exit. Also the total

pressures are almost uniform in the radial direction.

5
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TotalPressure Coe 1ticlent( 2Poe/eUta)

This indicates that for the case of distortion with IGV at -10 ° stagger
the low flow sector has penetrated well into the stall zone. As is
expected for the case of distortion with IGV at 5 ° (i.e., with corotating swirl) the pressure distribution is below those of the
remaining configurations.

Fig. 13 Total pressure contours at rotor exit
= 5°. 4 = 0 .45)

The flow in both the free zone and distortion zone of the
distortion configurations at S = 0.285 corresponded to the rising
portions on either side of the dip which occurred in the clean inlet
characteristics `cl) - w' (Fig. 3) and '4) - P cad (not shown here). The
result is that there is an increase in the ip and P ax-fr at = 0.285 in
the presence of distortion. Similarly the presence of swirl in addition
to distortion causes an additional shift and hence a difference among
the various configurations at S = 0.285. It can also be seen that the
variation in q with distortion at4 = 0.285 is not similar to that of
and Pa This can once again be attributed to the shape of the
operating characteristics as follows. The clean inlet 'S characteristic (Fig. 3) is a rising characteristic over range tested.
Both the clean inlet '4- ty' and - Peed characteristics contain a
dip close to 4, = 0 285.

Fig. 12 Total pressure contours at rotor exit
(without IGV, 40. 0.45)

Performance Characteristics of the Fan

The performance estimates for the cases of distortion, w and 1,
are based on the mass averaged total pressures obtained from the
detailed flow field survey (which takes care of the non-unifonnity in
the flow). As the detailed flow field survey for the cases of
distortion was done only at two flow coefficients, the overall
characteristics for distortion configurations could not be determined
for the entire clean inlet operating range. Hence the performance

6
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estimates, in Table 1(a), 1(b) and 1(c), for the cases of clean inlet,
support mesh and distortion mesh are tabulated only for the two
flow coefficients. Table 1(a) and Table 1(b) show the drop in the
values of n and w for the case of distortion without IGV at 4,= 0.45
when compared with the corresponding clean inlet case The
reduction in the operating range was observed from the decrease in
the throttle position. A reduction in w and q much higher than that
mentioned above can be seen for the cases of distortion with the
IGV at 9 and -10° stagger at 4 = 045. This indicates that the
presence of swirl in addition to distortion is much more detrimental
to the operation of the fan stage. The presence of a counterrotating
swirl in addition to distortion causes part of the blading subjected to
the low flow (due to distortion) to be pushed more into the stall zone
thus causing further reduction in w and q. Similarly the presence of
a co-rotating swirl in addition to distortion causes part of the blading
subjected to the high flow to be operating under more negative
incidences causing again a reduction in w and 11. The additional
degradation of the performance in the presence of counterrotating
swirl was also observed by Flitcroft etal. (1987).

A comparison of the stator exit total pressure with the rotor exit
total pressure at both the flow coefficients would give information
about the losses accompanying diffusion as the flow passes through
the stator. These losses (P02 - P03) are presented here for the case of
IGV at -10° stagger for both the flow coefficients, Figs. 16 to 17.
The rise in total pressure (negative values of the contours) in any
region can be attributed to mixing and losses can be seen as a drop
(positive values of the contours) in total pressure. It was observed
from such a comparison that for all the cases of 4 = 0.45 the extent
of regions registering drop in pressure was almost equal to the
extent of regions of total pressure rise. This suggests that
considerable amount of mixing has taken place for 4 = 0.45 with
lower losses. In contrast to this, at 4 = 0.285 the regions of positive
total pressure rise through the stator occurred around the hub region
of the distortion zone. The remaining portion of the annulus showed
total pressure drop and also the magnitudes of total pressure drop
were higher in these regions than the magnitudes of total pressure
rise which had occurred in the hub of distortion zone. The drop can
be seen to be more in the tip region in general and is maximum in
the tip region of the distortion zone. This can be attributed to the
low axial velocities and high positive incidences of the flow at the
inlet to the stator in those regions. The higher magnitudes of the
total pressure drop and the considerable extent of region registering
the drop suggests that the losses were very high for = 0.285. The
lower magnitudes of the total pressure rise and the lesser extent of
the appearance of these regions suggest that there is no efficient
mixing taking place through the stator at 4, = 0.285. Also the losses
calculated from the mass avenged values were higher for 4 = 0.285.

reduction in the distortion index at both the flow coefficients
indicating that the effect of the rotor is to attenuate the distortion. At
the rotor exit the index for the cases of 4 = 0.45 is higher than that
for e = 0.285. This was already evident from the total pressure
contours at the rotor exit for 4 = 0.45 which have shown that the
defect persists in the entire distortion zone. For 4 = 0.285 the
distortion index has dropped to a negative value which is attributed
to the shifting of the defect from the tip region into the free zone.
The lower value of the index for = 0.285 at the rotor exit could be
attributed to the better redistribution due to the steepness of the
performance characteristic at this operating point.

Fig. 16 Total pressure loss across stator
(y = -100, = 0.285)
•
,

Fig. 15 Total pressure contours at stator exit
(y e
4 = 0.45)

e,

Distortion

Index

To judge both the quality of the intake flow and the tolerance of
the fan a Distortion Index used in the present study is defined as
follows.
DC(0) = (Por - Paw
inhere Pa is the mean total pressure at the measurement plane,
qr is the corresponding mean dynamic head and Po is the mean total
pressure in the worst sector of the plane. In the present
investigations DC(120) is used to estimate the distortion index.
Distortion indices at the 3 locations for all the cases of
distortion at both the flow coefficients are presented in Table 2.
Distortion index is high at the rotor inlet. At the rotor exit there is a

Fig. 17 Total pressure loss across stator
(y e -100, 4 = 0.45)

At the stator exit the defect has amplified for all the cases of
= 0.285 which is because of the increased losses in the stator row.

7
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Fig. 14 Total pressure contours at stator exit
(without IGV, = 0.45)

The distortion indices for the cases of S = 0.45 at stator exit are
lower than those for = 0.285 indicating that the overall attenuation
for the entire fan stage was higher for4 = 0.45. For both the flow
coefficients the attenuation at the stator and rotor exit was higher in
the presence of swirl which can be attributed to the increased
fluctuation in incidences to which the rotor is subjected. The
increased attenuation of distortion in the presence of a
eounterrotating swirl was also observed by Flitcroft etal. (1987).

the stator. The overall stage attenuation was high for S = 0.45. The
presence of swirl in addition to distortion caused increased
attenuation at the rotor and stator exits for both flow coefficients.
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CONCLUSIONS

Circumferential distortion causes a reduction inn and yr of the
stage at S = 0.45 corresponding to the rising portion of the clean
performance characteristic. Circumferential distortion causes an
increase in w and P.drof the stage at 4 = 0.285. The presence of
swirl in addition to distortion causes an increased reduction of m and
at 4 = 0.45 and an increase in w at 4 = 0.285.
Distortion attenuation was high at the rotor exit for 4 = 0.285
due to better redistribution. The defect at the rotor exit is amplified
at the stator exit for $ = 0.285 due to higher losses in the stator
which result from the increased positive incidences at the inlet to
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