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Experiments of effects of inlet-air
distortion on aerodynamic performance in
transonic compressor
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Abstract: The inlet-air distortion which was caused by high angle-of-attack flight was simulated by plug-
board. Experiments were conducted on a transonic axial-flow compressor’s rotor at 98% rotating speed. The
flow-field characteristics and mechanism of performance degradation were analyzed in detail. The compressor
inlet was divided into four sectors at circumference under inlet-air distortion. They were undistorted sector,
transition sector A where the rotor was rotating into the distortion sector,distorted sector and transition’ sector
B where the rotor was rotating out of the distortion sector. The experimental results show'that\compared with
undistorted sector, there is a subsonic flow in transition sectof A,so the pressure ratio is decreased by a large
margin in this sector. However, the shock wave is enhanced in distortion sector and transition sector B, and
thus the pressure ratio increases in these seetors, Because of the different works at circumference, the phase an-
gle of total pressure changes 90° when the-inlet total pressure distortion passes through compressor rotor. In
addition, the frequency and amplitude of disturbances-in front of the-rotor-strengthenes under inlet distortion,so
the unstable flow would ‘take place in advance, In addition, the pesition-ef stall inception is in one of the transi-
tion sectorss
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Nomenclature
" total pressure ratio AM; increment of stall margin (%)
7 relative efficiency D inner diameter of casing (mm)
s pesk relative peak efficiency m, relative flowrate
AN peak increment of relative peak efficiency \% measured voltage in neal time/V
M, stall magin( %) Vin mean voltage/V
performance requirements to the plane, the ad-
Introduction . .
vanced combat aircraft must have the ability of
Early design and analysis of turbomachine high maneuverability and high angle-of-attack to
are carried out under the assumption of uniform fly, which makes the inlet parameters become
inlet. With the continuous improvement of the nonuniform, and the limitation of uniform inlet
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assumption is revealed gradually. In the early
1950’s, Harry et al. " and Malker et al. ™ used
distortion screen to simulate inlet-air distortion
of engine, and the effect of aerodynamic per-
formance and stability was investigated on an en-
gine by experiment. The experimental results
showed that the aerodynamic performances of
engine were worsened seriously. Through analy-
zing the effect of inlet-air distortion on tip leak-
age vortex and blade aerodynamic load, the flow
factors that the inlet-air distortion influences
compressor aerodynamic performance and stabil-
ity were explored by domestic and foreign ex-

S The effect of flow structure on tran-

perts
sonic compressor’ s rotor” was analyzed deeply
by Hah et al. The experimental results showed
that the strong pulse was produced at the tip
passage, and the range reached 20% blade
chord;

boundary layer of blade strongly when the rotor

unsteady shock waves interacted on

blades swept distorted low pressure <area under
transonic condition, which led"to flow._blockage
area increasing observably. In order to prediet
the stability of-compressor\under inlet-air distor-
tion, the researchers developed a\variety of-theo-
retical prediction models including\ parallel-com-

1te-7 181, actuator disk

pressor mode , linear)mode
and semi-actuator disk”modél and H&G mod-
el®. With the continuous improvement of com-
puter technology., 3-D numerical simulation is
widely applied in the inlet-air distortion re-
search. Annulus numerical simulation that dis-
torted parameters transfer along compressor was
carried out on a single stage and a 3-stage com-
pressor, respectively’ . But there is still
much work which needs to be done in order to
further understand the mechanism of inlet-air
distortion. For example, when the combat air-
craft flies in high angle-of-attack, how will the
shock wave structure of transonic compressor be
changed? And when the total pressure distortion
passes the transonic compressor, how will its
phase change? And where is the position of the
stall inception under inlet-air distortion? And

what is the mechanism that the transonic com-

pressor performance decreases? To solve these
problems, the flow-field of inlet-air distortion
which is caused by high angle-of-attack flight
was simulated by setting up a plugboard at the
inlet of transonic compressor, and the mecha-
nism that the inlet-air distortion influences the
flow-field and performance on transonic com-
investigated by experiment in

pressor was

detail.

1 Transonic axial-flow compressor
test rig and test scheme
Schematic of the present test rig is shown in

Fig. 1. The design parameters of the tested com-

pressor is shown in Table 1.
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Wow pipe \Plenum chamber Plughoard [Rotor blades

0-0 flow rate static-pressure holes;1-1 inlet total pressure

combss2-2-Kulite dynamic pressure probes of exit;3-3 exit

total pressure combs; A-A Kulite dynamic static pressure
sensors CHI1 to CH4.

Fig. 1 Schematic layout of test rig

Table 1 Design parameters of tested compressor

Parameters Value

Number of blades 17
Chord length/mm 80. 54
Hub tip ratio 0. 565
Aspect ratio 0. 956

Clearance at blade tip/mm 0.9
Designed rotating speed/(r/min) 22000
Tangential speed at blade tip/(m/s) 409. 85

The rotor rotates clockwise from forward-
looking-aft. Inlet-air distortion of plugboard
type with 50% blockage ratio was taken in the
present experiment as a typical example. The
plugboard was imporous, and it was positioned
upstream at a distance of 2D from the rotor’s

leading edge. Six 5-hole total pressure combs
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and eight 6-hole total pressure combs were even-
ly distributed in front of and behind the rotor,
respectively. As shown in Fig. 2, four Kulite
dynamic wall static pressure sensors were set up
on the casing 15mm in front of the rotor’s lead-
ing edge at circumference evenly. The four Ku-
lite dynamic wall static pressure sensors CH1 to
CH4 were used to measure the stall inception
and stall disturbances. Three Kulite dynamic to-
tal pressure probes were set up on the down-
stream position 40 mm away from the rotor’s
trailing edge in circumference evenly, and these
probes were placed at 10%, 50% and 90% blade
height respectively.

Undistorted sector

| (CHI

Rotating direction

ition sector B
=

Transition sector A

CH3

Distorted sector

Plughoari

Fig. 2 Schematic of circumferential sectors

in compressor

As shown in Fig. 24/ for ¢omparing the flow-
fields at different ‘circumferential locations, the
compressor was divided into four sectors: undis-
torted sector, transition sector A where the flow
was rotating into the distortion sector, distorted
sector and transition sector B where the flow was
rotating out of the distortion sector. As shown in

Fig. 3, five Kulite dynamic static pressure sensors

CH4 f
e ‘Illll‘t flow '__.

Fig. 3 Schematic of pressure sensors

in axial direction

CH4 to CH8 were set up in casing. By rotating
the casing, the shock waves were measured in
the four sectors. The effects of the perform-
ances and flow-field on transonic compressor’s
rotor were measured at 98% designed rotating

speed under both distorted inlet and uniform inlet.
2 Results of experiment

2.1 Performance comparison

Characteristics were measured under uni-
form inlet and distorted inlet conditions. The
measurements were repeated two times, and
mean values were plotted in Fig. 4. The near
stall point was acquired by suddenly-lowering of
flowrate and total pressure ratio, which can be
seen in Fig. 5(a). The data of Fig. 5(a) was ob-
tained by successive‘acquisition.”/Fig,/5(b) is the
signdl fromoutlet dynamic total'\pfessure sensors
which(are used-to-monitor the stall of the com-
pressor. According to Fig. 5(a) and Fig. 5(b),
the neat stall point can be confirmed. A compar-
ison of-meastired performances for uniform inlet

and “disterted inlet was given in Table 2. In
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Fig.4 Performance of compressor by experiment
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6ok & the phase does not change when the total pres-

. 158 : sure distortion passes through the compressor.
S 1s6f . .l But, the circumferential total pressure distortion
134T T often accompanies rotating distortion in fact
::i_ when combat aircraft {lies at high angle-of-attack
1.48 and high maneuverability. Therefore, the phase
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Fig. 5 Judgement of near stall point

Fig. 4, the relative efficiency denotes the ratio of
the measured éfficiencies to\the peak efficiency of
uniform inlet condition, and the relative flow=
rates denote the ratio of the measured flowrate
to the flowrate of solid jcasing at its peak effi-
ciency. It can be seen from the experimental re-
sults that the performance of compressor decrea-
ses markedly under inlet-air distortion. The rel-
ative efficiency decreases 2.57%, and the stall
margin decreases 6. 05%.

Table 2 Comparison of performances under uniform

inlet and distorted inlet

L. W/ A/ Mo/ AM/
Casing type
% % % %
Uniform inlet 100 0 23. 86 0

Distorted inlet 97. 43 —2.57 17.81 —6.05

2.2 Phase change of total pressure distortion

along compressor

Annulus numerical simulation that distorted
parameters transfer along compressor was car-

ried out on single stage and 3-stage compressor

angle of the total pressure can change differently
when the inlet total pressure distortion passes
through the compressor’s rotor.

By the method of interpolation to the data
of inlet and outlet combs, the inlet and outlet to-
tal pressure contours were obtained respective-
ly. The inlet and outlet total pressure contours
which were obtained-by experiment at the rela-
tive peak efficiency points‘are given in/Fig. 6 and

Fig. 77 Fig. 6-were obtained at uniform inlet,
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pressure contours

and Fig. 7 were obtained at distorted inlet. From
Fig. 7, it can be seen that the inlet-air distortion
leads to the emergence of high pressure and low
pressure regions at inlet. In addition, plugboard
can generate a big vortex behind it. The exist-
ence of pressure difference and vortex leads to a
pre-rotation of inlet flow. In order to demon-
strate it, an unsteady numerical simulation was
carried out. The equation solver was Numeca-
Fine. The 3-D Reynolds averaged Navier-Stokes
equations were solved by using the time propul-
sion method, and the physical time-step was
1.7X107° s.
art-Allmaras, and the grid nodes were 4444529,

The turbulence model used Spal-

The total temperature and total pressure of inlet
were given. The back pressure of outlet was giv-

en at 50% blade height, and the back pressure

of other blade height were solved by radial bal-
ance equations. The adiabatic and no-slip condi-
tion was used at solid boundary. From Fig. 8, it
can be observed that inlet-air distortion leads to
pre-rotation at the compressor’s inlet, and fur-
thermore, the inlet flow is positive pre-rotation
and negative pre-rotation in transition sector A
and transition sector B respectively, which is

consistent with the conclusions of Refs. [12-137.

Relative Mach number

0 02 04 06 08 1

ig. 8 Streamlines of absolute velocity at 90 %

blade height by numerical simulation

From Fig. 7, we can see the phase angle of
the total pressure changes 90° when the inlet to-
tal pressure distortion passes through the com-
pressor rotor. The reasons are that the pure cir-
cumferential total pressure distortion is simula-
ted in Refs. [10-117, and the pre-rotating distor-
tion caused by it is very weak. And when the
plugboard is placed at the compressor’s inlet,
not only the circumferential inlet total pressure
distortion is produced, but also, more impor-
tantly, as mentioned above, the stronger inlet
rotating flow distortion would be produced. Be-
cause of pre-rotation of inlet flow, the relative
velocity and angle-of-attack decreases and increa-
ses in transition sector A and transition sector
B, respectively. So the shock wave is weaken
and the work decreases in transition sector A,
but the transition sector B is opposite. The
strength of rotating flow in undistorted sector

and distorted sector is weaker than that in the
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transition sector, so there is still work from

In conclusion, be-

shock

it causes non-uniform distribution of

shock wave in these sectors.
cause of non-uniform distribution of
waves,
work at circumference. Therefore, compared
with inlet total pressure, the phase angle of the
outlet total pressure changes 90° under inlet-air

distortion.

2.3 Shock wave distribution along circumference

at peak efficient point

In order to analyze the shock wave distribu-
tion at circumference under inlet-air distortion,
the dynamic wall static pressure was measured
by experiment at four sectors. The blade passing
frequency (BPF) was 6. 3kHz, and the frequen-
cy response of the dynamic pressure sensors was
set up to 250 kHz, which can meet the test re-
quirements fully. Fig. 9 and Fig. 10 are the maps
of casing wall static pressure with relative flow-
rate m, = 0. 931 (corresponding to peak-efficient
The data of
Fig. 9 and Fig. 10 were obtained from the data on

point under inlet-air distortion)-

one time range of -dynamic pressure sensors CH4
to CH8. As shown'\in Fig. 9, \the pressure of
transition sector A is‘lower\than that of other
three sectors, and the shock wave\ is not obvi-
ously, so the work of transition sector A is not
generated by shock wave, and that of other three
sectors are generated by shock wave. From the
shock wave maps, it can be seen that the analy-
sis about the transfer of total pressure distortion
along compressor is correct. As shown in Fig. 9
and Fig. 10, the shock wave of uniform inlet is
stronger than that of any distorted inlet in the
same flowrate condition. The reason is that the
incidence angle increases at transition sector B
and decreases at transition sector A. So it causes
separation in suction side at transition sector B,
and separation in pressure side at transition sec-

tor A.

hanced obviously, and the flow becomes more

In addition, the disturbances are en-
chaos, so the mixing loss increases under inlet-
air distortion. And the work addition ability de-

creases correspondingly.

Pressure/kPa 60 64 68 72 76 80 %4 88 92 96 100

¥/mm

L) e o 3 )
=250 =200  -150  -100 -50 0
X/mm

(a) Undistorted sector

50 Pressure/kPa 60 64 68 72 76 80 84 88 092 96 100

n 3 M
=250 =200 -150 =100 =50 0
X/mm

(b} Transition sector A

50 Pressure/kPa 60 64 68 72 76 80 84 B8 92 96 100

é
0 .
=250 =200 -150 -100 =50 0
Ximm
(¢) Distorted secfor
Pressure/kPa 6 64 68 72 76 30 84 BR 92 96 iﬂ(}
E ‘
E
= ; i R
1 oy W,
—25[} —3‘00 —ISU —IUO -50 0
X/mm

(d) Transition sector B

Fig. 9 Maps of casing wall static pressure of distorted

inlet at four sectors by experiment
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Fig. 10 Maps of casing wall static pressure of

uniform inlet by experiment

2.4 Effect of inlet-air distortion on performance

in four sectors at peak efficient point

The distribution of total pressure ratio
along spanwise was analyzed in four sectors.
The spanwise was the direction from hub to tip.
The inlet total pressure was the average value of
the six inlet combs. The outlet total pressure
used the values of outlet combs in four sectors
respectively. Each of outlet combs measured six
pressures along spanwise.

From Fig. 11, for the uniform inlet, we can
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see the total pressure ratio is even in circumfer-
ence, For inlet distortion, positive pre-rotation
in transition sector A would result in smaller rel-
ative velocity, leading to weaker shock wave and
smaller input work, while the negative pre-rota-
tion in transition sector B would result in larger
relative velocity, leading to stronger shock
wave. The two pre-rotating flows converge to
distorted sector, and the flows tend to axial di-
rection, so the pre-rotating flow decreases, and
the axial flow increases, which leads to larger
relative velocity and stronger shock wave in dis-
torted sector. This is different from pure cir-
cumferential total pressure distortion. Hence, as
shown in Fig. 12, the total pressure ratio in
transition sector B and distorted sector increases
while the total pressure ratio in transition sector

A decreases.

1.0p = —o—-0utlet comb |
—o—0ultlet comh 3
0.8r —&—0utlet comh's
—e=<Chtlet coimb.7
0.6F
2 04f
o
021
0OF W A

1.35 140 145 150 155 160 1.65
7

Fig. 11  Uniform-inlet by experiment

1.0r Transition sector B
Distortion sector
081 Transition sector A
i Undistorted sector
E o6}
£ 04} \
02} *E\
OF A
1.35 140 145 150 155 1.60 1.65

T

Fig. 12 Distorted inlet by experiment

2.5 Analysis of stall characteristics

The stall characteristics were captured by
three outlet dynamic total pressure sensors and

four inlet dynamic wall static pressure sensors.

The dynamic total pressure sensors were placed
at the position of 40 mm after the rotor’s trailing
edge in circumference evenly, and dynamic wall
static pressure sensors were placed at the casing
15mm in front of the rotor’s leading edge at circ-
umference evenly., The stall propagation in ra-
dial direction was measured by the outlet dynam-
ic total pressure sensors, and the stall disturb-
ances and stall inception were measured by inlet

dynamic wall static pressure sensors.

2.5.1 Stall propagation in radial direction

The compressor enteres stall state when
outlet dynamic total pressure signals emerge
suddenly obvious periodic fluctuation, and the
pressure values decrease.~The stall characteris-
tics measured at <the compressor qutlet are
shown in Fig. 13. The figures dre low-pass fil-
tered by 300 Hz.  As shown\in Fig. 13, whether
uniform inlet or-distorted inlet, the stall types of
the compressor are tip stall and abrupt stall.
Buti it is worth/ noting that the propagation of
stall need-only onmé revolution from tip to hub
undeér—uniform inlet, however it need three to
four revolutions under distorted inlet. The re-
sults show that distorted inlet slowes down the
abruption of stall disturbances. And JIANG et

[14-15]

al. also observed this similar phenomena on

a low speed compressor.
2.5.2 Stall propagation at circumference

The stall types of the compressor are tip
stall under uniform inlet and distorted inlet, so
the stall disturbances and stall inception can be
analyzed by measuring the dynamic wall static
pressure of casing in front of the rotor.

The S transformation of pressure signals
within one second is shown in Fig. 14. The hor-
izontal ordinate is time, and the vertical coordi-
nate is frequency, as well as the color depth
denotes the size of amplitude. The rotor rotated
about 360 revolutions per second at 98 % rota-
ting speed. As shown in Fig. 14, compared
with uniform inlet, the frequency and amplitude
of disturbances in front of rotor are increased

under inlet-air distortion, and the disturbances



1054 o= 3 o oE M %28 &
Br
24 A
ok [ —  10% blade height
i
E | — 10% blade height z
& 8 36 £
£ 28 -
< 24 <
2.0
1.6
— 90% blade height
1-2 B 1 1 1 1 L L J I "’
8 12 16 20 24 28 32 36 0 4 8 12 16 20 24 28

Number of revolutions Number of revolutions

(a) Uniform inlet (h) Distorted inlet

Fig. 13 Propagation of stall in radial direction

=500
- £

T Ef

- =

&

[ n m
T 500

-

- =

é 0

= 500

Zex

- =

=

—

500

+ £ 0.04
T

S £=

(2=}

CHI1
frequency/
Hz

Timefs

(a) Uniform inlet by experiment

% '—:-i V=V VWV
.g 'E E::N ( - m)”’m
;;*g ¥ i“ 0.10
E<z
= = F o
Z< ,i."n.'. 0.08
E&z
= =
T:E 0.06
ESEy
iIieE
27 E
E . ‘5 0.04
TEix
EFE
- 0.02
= E =
S =z
S & 0

0 0.2 0.4 0.6 0.8 1.0

Time/s

{b) Distorted inlet by experiment

Fig. 14  Stall disturbances in front of rotor



LI Mao-yi,et al: Experiments of effects of inlet-air distortion on aerodynamic

5% 5

performance in transonic compressor 1055

of undistorted sector are weaker than ones of the
other three sectors. In addition, the disturb-
ances become strong suddenly within about 0. 4s
in transition sectors and distorted sector under
inlet-air distortion before the compressor stall.
But, it is restrained by undistorted sector, so
the compressor do not stall immediately. How-
ever the suddenly strong disturbances are the
stall omen which leads to compressor stall in
advance.

Fig. 15 shows the signals of dynamic wall
static pressure in front of rotor. The signals are
low-pass filtered by 300 Hz. The compressor en-
teres full stall state when the periodic and sharp
pulse signals emerges. The stall process is re-
corded by Fig.15. From the figure, it can be
seen that the low amplitude stall disturbances al-
ways exist in front of the rotor before compres-
sor stall, and the disturbances are the necessary
conditions of the compressor stall. When the
back pressure reaches a certain degree, the dis-
turbances would develop into-big stall-cell quick-
ly in about four revolutionss and:cause whole
compressor tostall.

The disturbances'\of distorted inlet are-grea-
ter than ones of uniform inlety which can lead to
compressor stall in advance under inlet-air dis-
tortion. Because of the ’symmetry of uniform in-
let, the compressor_stall inception do not fix in
certain position. The dash line arrows in Fig. 15
(b) and Fig. 15(c¢) indicate that the disturbances
which are generated by a certain sector do not
propagate in other sectors. The solid line arrows
indicate that the next disturbance of the sector is
enlarged gradually when it passes through the
other three sectors, and it causes compressor
stall quickly within two revolutions. As shown
in Fig. 15(b) and Fig. 15(c) , the position of stall
inception is in transition sector A and transition
sector B respectively. By repeating experiments
four times, the results show that the position of
stall inception is always in transition sector A or
transition sector B under inlet-air distortion.
Therefore, the conclusion that the position of

compressor stall inception is in transition sectors

under inlet-air distortion can be drawn. As al-
ready mentioned, the separation of transition
sectors is most severe, and the disturbances are
strengthened under inlet-air distortion. There-
fore, it causes stall firstly in one of transition

sectors under inlet-air distortion.
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Fig. 15 Propagation of disturbances in
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3 Conclusion

The mechanism of performance degradation
and the flow field characteristics were analyzed
in detail on a transonic compressor under inlet-
air distortion. From the experimental results and
analysis, the following conclusion can be drawn.

1) The pre-rotation which is caused by in-
let-air distortion leads to non-uniform distribu-
which

causes non-uniform distribution of work. There-

tion of shock waves at circumference,

fore, the phase angle of the total pressure chan-
ges 90° when the inlet total pressure distortion
passes through compressor rotor.

2) The flow loss of inlet-air distortion is
much larger than that of uniform inlet, which
makes the efficiency of compressor decrease
markedly in the whole range of flowrate under
inlet-air distortion.

3) The disturbances of compressor inlet are
enhanced markedly under inlet-air <distortiomns
which is the main reason to induce instability-of
compressor in advance:

4) The stall inception, position of transonic
compressor is uncertain under uniform'\inlet; but
the stall inception position is always in transition
sectors under distorted inlet.
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