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NUMERICAL RESEARCH ON IMPACT OF AIR SYSTEM
BLEEDING ON COMPRESSOR PERFORMANCE
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Abstract: Bled air from the high pressure compressor takes up 3% —5% in the air system. However, there are
not many studies on the compressor performance after bleeding. By analyzing the low-speed single-stage compres-
sors., six bleeding structures are presented according to their influence mechanism on the compressor perfor-
mance, and five kinds of bleeding rate are applied to one of the structures. A numerical simulation is performed to
study the influence of bleeding rates and structures on the compressor performance. The results show that for the
stators with the large flow separation in the corner, bleeding a small amount of air from the end-wall region can
improve the total pressure increase and the stability margin. Moreover there is an optimum value of the bleeding
rate in the stator casing.
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that the boundary layer bleeding could greatly en-

INTRODUCTION

hance the pressure ratio and efficiency. Ref. [11]

Air system is essential to the safe and reli- showed that boundary layer bleeding was an ef-

able operation of aircraft engines. Air with proper . . .
b g brop fective solution for separation and stall of the cas-

ressure and temperature is used for cabin air . .
P p cade with large turning angles. It can be conclud-
conditioning, engine inlet anti-ice and cooling of ) . L. )
. g che g ed from the previous studies that it is very likely
high temperature components’. Ref. [2] showed ) .

_ ) to improve compressor performance by studying
that the bleed air from the high pressure compres-

' air system bleeding.
sor took up 3% —5% of the main flow. Although

. ) . . Current studies in this field mainly focus on
the percentage is relatively small, the air coming . o
. . how high temperature components make efficient
from such an important part of the engine gener-

. use of mass flow in the air system for cooling,
ates the great impact on the compressor perfor-

[3-6] and analytical calculation on the loss along air
mance* ",

. . system network. Very few of them touched on
During recent years, the aspirated technolo-

gy is widely applied to the turbo-machinery for the influence of air bleeding on compressor per-

flow control, and offers a new approach to study formance. However, the air is bled from such an

the impact of air system bleeding on compressor
Refs. [7-9] improved the blade
loaded by controlling the blade surface and the

performance.

end-wall separation through the boundary layer
suction. Ref.[10] performed a numerical simula-

tion on a transonic fan rotor ATS-2 and proved

essential part of the engine and there must be
continuous and enough air supply for the engine
to run normally. Therefore, this paper tries to
explore the impact of different bleeding rates and
structures on the compressor total pressure

increase and stability margin.
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1 ANALYSIS OF BLEEDING
MECHANISMS

Air bleeding improves the compressor perfor-
mance through removing the low-energy fluid
from critical regions of blades and altering the in-
cidence angle of blades. The former one has been
widely used in the external and internal flow con-
trol since Prandtl’ s boundary suction experiment
in 1904. This section mainly analyzes how bleed-
ing influences the blade incidence angle.

Fabri’ s experiment summarized the features
of bleed flow, as shown in Fig. 1. The main up-
stream f{low in the bleeding slot flows faster under
the suction of bleeding; The main downstream
flow slows down after the main flow decreases in
air bleeding. In Fig. 2., the air {lows into the rotor
in the axial direction with a velocity of V,. In the
case that bleeding slot is located upstream of
blade leading edge, the inlet axial velocity of
blade increases to V,, the rotation speed U re-
mains the same after bleeding, and the inlet flow
angle 8 is smaller. There is a smaller blade inci-
dence angle when the stagger angle is constant.
On the other hand, if the blade leading edge is lo-
cated downstream of the bleeding slot, the inlet
axial velocity of blade decreases to V', after bleed-
ing and the blade incidence angle increases. The
case is also applies to stators. Therefore, the in-
fluence mechanism of bleeding on the main flow
can be concluded as: the blade incidence angle can
be changed by altering the relative position of
bleeding slot to the blade leading edge.

For the transonic and subsonic compressor
rotors, most of the blade passage losses result

from the blockage caused by the interaction of tip

Fig. 1 Flow visualization of bleeding experiment

Fig. 2

Influence on inlet air angle by axial velocity

changes

leakage flow and end-wall boundary layer, and
stall usually starts from the blade tips. When air
is extracted from the rotor casing, the main flow
rate upstream increases, and the incidence angle
and blockage from tip clearance leakage can be re-
duced™ ", The stator performance is mainly re-
strained by the blockage on the end-wall near suc-

tion surfacel" %,

Bleeding in the stator end-wall
area can increase the stator inlet flow rate, de-
crease the incidence angle, and remove the low-
energy fluid from the end-wall area. Blockage can
be reduced by end-wall bleeding for stators. The
analysis above indicates that the compressor per-
formance is very likely to be improved by bleed-
ing. For stators with large separation in the cor-
ner, how do end-wall bleeding location and rate
influence the compressor performance? Is there an
optimum value for bleeding location and rate?
This paper takes the low-speed single-stage com-
pressor in Beijing University of Aeronautics and
Astronautics (BUAA) as the research object, and
builds a stator flow field with large separation in
the corner. Six air bleeding structures are pre-
sented, one of which is numerically studied under

five bleeding rates.

2 NUMERICAL ANALYSIS PLAN

2.1 Low-speed single-stage compressor

The low-speed single-stage compressor in
BUAA is used in this experiment. Its structure is
shown in Fig. 3. The design mass flow rate is
2.80 m?/s at a rotational speed of 3 000 r/min,
thus providing a total pressure increase of 1 500

Pa. Details of the compressor geometry, the op-
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erating conditions, and the experimental data can
be found in Ref. [16]. Information on the com-

pressor stage is listed in Table 1.

AN TITEAY

MU/

1—Flow gathering ware; 2—Flow rate static pressure holes;
3—Inlet total pressure comb; 4—Inlet guide vane;

5—Rotor blade; 6—Kaulite dynamic pressure probe; 7—Stator
blade; 8—Exit total pressure comb; 9—EXit total pressure
rake; 10— AC motor; 11—Rear casing; 12—Throttle plug

Fig. 3 Schematic layout of test rig

Table 1  Design performance of low speed axial
compressor

Parameter Value

Rotor RPM at 100% speed 3 000

Tip speed/(m + s ") 70. 7

Hub-tip radius ratio 0.75
Number of rotor blades 19
Number of stator blades 13

2.2 Numerical model and reliability analysis

The experimental measurement sections at
the inlet and outlet of compressor are selected for
the calculation field boundary. The space dis-
cretization of the compressor mesh is generated by
the pre-processing module AutoGrid5. The calcu-
lation is performed on a single rotor and stator
passage. The total mesh point number is about
600 000. Simulations of the steady 3-D viscous
flow field are carried out on the compressor by us-
ing the 3-D CFD package Numeca Fine Turbo. A
cell-centered second-order finite volume discreti-
sation is employed. The turbulence model is Spal-
lart-Almaras. Perfect air is selected as working
substance. In order to ensure the simulation accu-
racy, the simulation is amended by low Mach
number flow. The atmospheric pressure and the
temperature of eXperimental environments are
102 510 Pa and 285.15 K, respectively, held as
inlet boundary condition. Concerning the radial e-
quilibrium equation, the static pressure at the
mean radius is held as outlet boundary condition.

During the simulation, the main operating point

of the compressor characteristic curves is obtained
by changing the static pressure at the outlet.

The definition of numerical stall point in this
paper is basically the same as that in Refs. [17-
18]. When the back pressure increases in the
compressor outlet to obtain near stall characteris-
tics, even by 0.01% of the inlet total pressure,
the mass flow rate, the pressure ratio and the ef-
ficiency of compressor keep on decreasing with
the number of iterations increasing, and numeri-
cal calculation cannot converge. Therefore, it can
be concluded that the calculation is divergent. So
the last convergence solution before divergence
corresponds to the near-stall condition. The

Surge Margin calculation formula is as follows

AP}
M.,
- s 0
Swu AP, 1[X 100%
M,

where Sy is short for Surge Margin, M. and
AP," are the flow rate and the total pressure in-
crease at the near-stall point, M, and AP,” the
flow rate and the total pressure increase at design
point.

Fig. 4 shows a comparison between the nu-
merical simulation and the experimentally mea-
sured value over the 100% speedline of the low-
speed axial compressor characteristics without
bleeding. In this paper, compressor characteris-
tics of numerical calculations and experiment are
conducted non-dimensionalized by a reference val-
ue: the abscissa ¢ is the inlet flow coefficient V,/
U,, and the ordinate ¢ is the total pressure in-
crease coefficient AP"/pU,?. On the design
point, the simulation matches well with the ex-
perimental data of ¢ with a relativeerror of 1. 2%.
At the near-stall point, flow range in the simula-
tion is smaller than the experimentally measured
value because of the single passage steady simula-
tion. Fig. 5 shows the comparison of the radial
distributions of total pressure increase at the out-
let of the compressor between the simulation and
the experimentally measured value on the design

point (¢=0.538). It is clear that the simulation
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Fig. 5 Radial distributions of total pressure increase

on design point at outlet of compressor

values agree well with the measured average val-
ues obtained from the four total pressure combs
with circumferential averaged-distribution in the
experiment. The above analysis shows that simu-
lation calculation results are very close to the ex-
perimentlly measured results. In other words,
the numerical calculation can approximatively re-
produce the experimental results, and the numeri-
cal simulation is a reliable way to study the influ-
ence of bleeding on the compressor overall perfor-

mance.

2.3 Building and analysis of stators with large

corner separation

The stall is induced by the leakage of the ro-
tor blade tip of the compressor above. In order to
study the influence of bleeding structure, location
and rate on the stator corner separation, another
compressor is needed where there is large separa-

tion in the near-stall stator corner. Therefore,

based on the reliability of the numerical method,
a new compressor is built with large separation in
the stator corner on the near-stall point. The ra-
tio of rotors to stators is modified into 18 : 12,
and the stator inlet setting angle is cut by 2°. The
new compressor is used as the baseline, upon
which all numerical studies below are conducted.

Fig. 6 shows the skin friction line on the
blade suction surface of the baseline at near-stall
point. There are serious separations on stator
corners. On stator suction surface, two obvious
separating lines roll up from boundary layer of the
suction surface and grow into the shedding vor-
tex, thus taking along a large number of low-en-
ergy fluid to the downstream. It aggravates the
stator losses. The separation on the upper half of
the stator starts from 15% of the chord, and the
outlet separation covers up 40% to 100% of the
stator radial range. It is a typical closed form of
separation. In the lower half of the stator, there
is obvious separation and the radial flow. Fig.7
shows that there is the contours of the total pres-
sure increase coefficient at stator outlet, where
SS means the suction surface and PS the pressure
surface. The location and the trend of corner sep-
aration at stator suction surface match well with
those shown in Fig. 6. The separation in the up-
per half of the stator outlet covers about 35% of
the pitch range in circumferential.

The complicated stator corner separations
cause a huge increase in the loss. It is the most

likely cause of the decrease in the compressor per-

Separation line

Stator
Fig. 6 Skin friction line on stator suction surface of

baseline approaching stall point
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Fig. 7 Stator exit total pressure increase coefficient

contours of baseline approaching stall point

formance under the low flow rate condition. In
this case, can these bleeding structures and rates
effectively control the stator flow? And what in-
fluence does each plan have on the compressor
performance? Answers are given in the compara-
tive analysis on numerical calculation results of

each bleeding plan below.

3 INFLUENCES OF BLEEDING
STRUCTURES

3.1 Bleeding structure plans

Six air bleeding structure plans are presented
in this paper according to the bleeding mecha-
nisms above. In each plan, bleeding slots are lo-
cated downstream of the leading edge of stator
blades. Information on the plans is given in Table
2, and Fig. 8 shows the structure of bleeding
slots. In plans a and b, the bleeding slot is about
5% chord of stator and located at 10% and 20%
chord from leading edge in the casing. The bleed-
ing location in plan ¢ is at the trailing edge in the
casing, about 5% chord of stator. In plan d, the
bleeding slot is rectangle-shaped, and located
near the suction surface in the casing. The length
is about 59% of the stator chord, and the width is
about 15% of the stator chord. The bleeding lo-
cation of plan e is at the stator suction surface
near the hub. The air is bled out from the casing
through the internal cavity of the stator. The
plan f is basically a combination of plans d and e.
It controls the flow in both the casing corner and

the hub corner at the same time. From plan a to

plan e, 2.5% of the main flow is bled out. In
plan f, 1% of the main flow is bled from the cas-

ing and the blade suction surface.

Table 2 Bleeding location plans

Plan Bleedings location Structure
10% stator chord in Circumferential 5%
a . .
casing chord width
b 209% stator chord in Circumferential 5%
casing chord width
5% chord outside in Circumferential 5%
c . .
casing chord width
Near suction surface in Rectangle 59%  chord
d C'l:il’l ) ’ length, 15%  chord
astng width
. Rectangle 33% chord
Suction surface near .
¢ Lub length, 6% chord

width

f Plan d+plan e Plan d+plan e

a_b, q

I

Stator Flow in

1

Rotor Stator

Fig. 8 Structure of bleeding location plans

3.2 Influence on total pressure increase and
surge margin

Figs. 9,10 show the overall characteristics of
total pressure increase in each bleeding plan. And
Table 3 lists out different surge margins in each
plan. The surge margin in the calculation of the
baseline is 30. 3%. It can be seen from Figs. 9, 10
and Table 3, only plan f manages to enhance both
the total pressure increase and the surge margin,
and improves the flow condition at the near-stall
point. In this plan, the total pressure increase
grows by 5. 88% than the baseline, the mass flow
range expands by 4.25%, and surge margin
reaches 44.12%, which is a 45.47% increase on
the baseline. In plans a and b, there is only the
total pressure with a tiny increase. Two Sy in
both plans enhance very little, only by 2.52%
and 4.06% , respectively. In plans ¢ and d, the
mass {low range is expanded at the cost of a re-
duction in the total pressure increase, but the
surge margin decreases by 2. 68% and 1. 73% re-

spectively. In plan e, the total pressure increase
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Table 3 Relative increment of stability margin in each
bleeding location plan %
Plan Bleeding rate Swu ASwu
0 30. 30 0
a 2.50 31.09 2.52
b 2. 50 31.56 4. 06
c 2. 50 29.52 —2.68
d 2. 50 29. 81 —1.73
e 2.50 29.93 —1.31
f 1.0+1.0 44.12 45. 47

rises a little at near stall point, but the mass
flow range decreases, so the relative surge margin

reduces by 1.31%.
3.3 Influence on stator flow field

Fig. 11 shows the total pressure increase co-
efficient contours near stall (¢=0.425) at stator

outlet in each bleeding plan, where LE means the

leading edge and TE the traling edge. In plan f,
bleeding on the casing effectively removes a large
number of low-energy fluid accumulation in the
casing corner. Meanwhile, bleeding at the stator
suction surface near hub eliminates the separation
from the local small region, and effectively weak-
enes the radial flow caused by casing bleeding in
the main flow. The stator flow obtains an overall
improvement. The plans a and b both extract air
at the entrance of stator leading edge. They re-
duce the incidence angle in the tip region, push
back the starting location of the boundary layer
separation near the casing, and reduce the large
separation region on the stator casing in the radial
and circumferential scale, but the large local sep-
aration of the casing still cannot be completely e-
liminated. In plans ¢ and d, the large separation
in the casing suction surface corner is completely
removed, and the tip blockage is alleviated. How-
ever, the reduction of tip blockage and the suction
effect cause the strong radial {flow in the hub re-
gion. Under these influences, a large separation
comes about in the suction surface corner near
hub region. It indicates that there is an optimal
value of bleeding rate to control the stator casing
corner separation. The influence of bleeding rate
on the main flow field is explored afterwards.
The plan e only controls the flow in suction sur-
face near hub region, and the large separation in
the shroud corner still exists.

Fig. 12 shows the radial distribution of the
near-stall stator total loss coefficient in each
plan. In the equation of the total loss coefficients

of the stators, P;, and P, are the inlet total pres-

Shroud gg  pg g

SR

Hub o o R S
(a) LE, shroud, (b) LE, shroud, (c) TE, shroud, %2797
Shroud slotl slot2 slot 0.2363
SS o PS S8 PSS PS 1020
Hub W ] 01496
(d) Shroud, (e) Blade, suction, (f) Shroud, slot&
slot slot Blade, suction
Fig. 11  Stator exit total pressure increase coefficient

contours near stall in each bleeding location

plan
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Fig. 12 Radial distributions of stator total loss coeffi-

cient near stall in each bleeding location plan

sure and the static pressure of the stators, P, is
the outlet total pressure. In plan f, it is apparent
that there is a great reduction in the flow loss in
the areas above 40% of the blade span, and the
losses in the area below 20% of the blade span are
under better control. The removal of the separa-
tion and the decrease in the loss greatly improves
the stator flow.

It can be concluded that both flow mecha-
nisms can effectively reduce the corner separa-
tion, and enhance the compressor performance.
During the research, reducing the incidence angle
alone cannot completely remove the large separa-
tion area near the casing. It only pushes back the
starting location of the boundary layer separation
on the tips near the casing and reduces the scale
of separation. The compressor surge margin
hardly has any improvement. However, if the
low-energy fluid in the critical area can be elimi-
nated at the same time when the incidence angle is
reduced, there is a better stator flow as the low-
energy fluid is removed and the separation is in-
hibited. The compressor has a comprehensive im-
provement in total pressure increase and surge
margin. The research also indicates that too large
bleeding rates bring about intensive radial flow,
destruct the main flow, and increase the risk of
large separation in hub region. In other words.,
there is an optimum value in the bleeding rate

controlling the stator casing corner separation.

4 INFLUENCES OF BLEEDING
RATES

There are different stator flow fields in plans

d and f due to different bleeding rates in the anal-
ysis above. What are the similarities and dissimi-
larities in the stator flow field under different
bleeding rates? What is the optimum bleeding
rate? In order to explore the influence of different
bleeding rates on the stator flow field and the per-
formance, 5 bleeding plans are presented with the
same bleeding structure and location of plan d.
These plans are referred to as d1—d5, and corre-
sponding bleeding rates are 0.3%, 0.6%, 1%,
2% and 3%, respectively.

4.1 Influence on total pressure increase

Table 4 lists out the total pressure increase
coefficient in each bleeding rate plan at the design
point. In plan d1, the total pressure increase co-
efficient rises by 0.75% under a bleeding rate of
0.3%. The coefficient rises by 0. 65% in plan d2
where the bleeding rate increases to 0.6%. In
plan d3, the coefficient grows only by 0.15%
while the bleeding rate reaches 1. 0%4. In plans d4
and d5, the coefficients decrease by 0.59% and
1. 5% respectively when the bleeding rates keep
increasing. In conclusion, there is increase in the
coefficient when the bleeding rate is under 1. 0%.
The coefficient starts to decrease when the bleed-
ing rate exceeds 1%. Therefore, there is an opti-
mum value in the bleeding rates, and it is not the
more the better.

Table 4 Relative value of total pressure increase coeffi-

cient in each bleeding rate plan at design point

Nonbleed 0.274 7
dl 0. 30 0.276 8 0.75
d2 0. 60 0.276 5 0. 65
d3 1. 00 0.275 2 0.15
d4 2. 00 0.273 1 —0.59
d5 3. 00 0.270 6 —1.50

4.2 Influence on stator flow field

Fig. 13 presents the skin friction on the sta-
tor suction surface at the design point in each
plan. Fig. 14 shows the stator exit total pressure
increase coefficient contours at the design point in
each plan. With the bleeding rate increasing, the

casing separation area starts to shrink along the
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radial and circumferential direction. The casing
corner separation is under better control in plan
d3. Tts radial range is cut to 90% to 100% of the
blade span, and the circumferential range also
shrinks. However, the radial flow in the hub re-
gion starts to intensify and the separation area al-
so expands when the bleeding rate grows. In plan
d3, the radial range of the separation area in-
creases to 60% of the blade span, compared to
20% of the blade span in the baseline. The cir-
cumferential influence covers up 20% of the pitch
range. When the bleeding rates reach and exceed
1%, the casing corner separation gradually disap-
pears, and the separation and the radial flow in
the hub intensify. In plan d5, the casing separa-
tion completely disappears under the 3% of the
bleeding rate, but larger hub separation appears
and grows to 75% of the blade span.

Viscous stress
LE TE LE TE LE TE

Shroud k@@
—|

Skin friction on stator suction surface at de-

sign point in each plan

v o
L1 I— S DS 0368 5

Shroud 03249

Hub R ) d 0.2812
Nonbleed Pland2 023764
SS____PS ss____PS SS____ PS 0.1940
Shroud ] > N < 0.1504
Hub 3 == = 0.1068
Plan d3 Plan d4 Pland5  0.063 2
Fig. 14 Stator exit total pressure increase coefficient

contours at design point in each bleeding rate

plan

Fig. 15 shows the radial distributions of the
stator total loss coefficient at the design point in
each plan. The stator total loss coefficient in the
upper half of the blade span apparently decreases
with an increase in the casing bleeding rate. At

the 90% of the blade span, the loss coefficient in

plan d1 decreases to 0.1 from 0.3 in baseline.
However, there is no significant decrease in the
loss coefficient when the bleeding rate continues
to grow. The loss coefficient in the lower half of
the blade span increase together with the bleeding
rates. The bleeding rate influences the stator to-
tal loss coefficient in the same way that stator
flow field changes as shown in Figs. 13,14. They
both reflect how bleeding rate influences the sta-
tor flow field, and explain why the total pressure

increase changes on the design points of each

plan.
1.0
0.9
0.8
0.7 —&— Nonbleed
0.6 —+ Plan d1 —0—Plan d2
|= 0.50 —4— Plan d3 —0— Plan d4

—#— Plan d5

Fig. 15 Radial distributions of stator total loss coeffi-

cient at design point in each bleeding rate plan

In conclusion, too much bleeding brings
about intensive radial flow when removing the lo-
cal separation. Furthermore, when there is large
incidence angle in stators or separation in hub cor-
ner, large bleeding rates in the casing corner de-
stroy the main flow and cause an even larger hub
separation. Therefore, there is an optimum value
in the bleeding rate controlling the stator casing
corner separation. The value depends on the flow

of the stator flow field.

5 CONCLUSIONS

(1) In both mechanisms about how bleeding
improves the compressor performance, the elimi-
nation of low-energy fluid by bleeding plays a
dominant role. The influence of bleeding on the
blades incidence angle can determine the location
of bleeding device. The compressor has a much
better performance if both mechanisms are taken

into consideration during design.
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(2) A joint bleeding structure plan bleeds
1% of the air from both the stator casing near
suction side and the stator suction surface near
the hub region. This plan succeeds in rising both
the total pressure increase and the surge margin
of compressor at the same time. Compared with
the baseline condition, the total pressure increase
rises by 5.88%., the flow range expands by
4.25% and the overall surge margin increases by
45.47%.

(3) There is an optimum value in the bleed-
ing rate controlling the stator casing corner sepa-
ration. Too much bleeding brings about intensive
radial flow when removing the local separation.
Furthermore, when there is the large incidence
angle in stators or the separation in hub corner,
large bleeding rates in the casing corner destroy
the main flow and cause an even larger hub sepa-

ration.
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