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Steady tip injection has been demonstrated to be an effective means of extending the stable operating range of a tip-critical com-
pressor. This study presents a state-of-the-art design for the tip injection through the casing with flush-mounted inclined holes and
the effectiveness of steady micro-air injection to enhance stability in a subsonic axial-flow compressor rotor using an external-air
supply. For the tested rotor, experimental results demonstrate that at 53% design speed, the stalling mass flow can be reduced by
7.69% using an injected mass flow equivalent to 0.064% of the annulus flow. Time-dependent CFD simulations were conducted
to identify the physical mechanic that accounts for the beneficial effects of the steady micro-air injection on the performance and
stability of the compressor. Detailed analyses of the flow visualization at the tip have exposed the different tip flow topologies
between the cases without tip injection and with tip injection. It was found that the primary stall margin enhancement afforded
by the steady micro-air injection is a result of the tip-clearance flow manipulation. The repositioning of the tip-clearance vortex
further towards the trailing edge of the blade passage and delaying the movement of incoming/tip-clearance flow interface to the
leading edge plane are the physical mechanisms responsible for extending the compressor stall margin.

Copyright © 2006 Xingen Lu et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

1. INTRODUCTION

Adequate stability is an important feature of any compres-
sor design. The desire to reduce compressor size, weight, and
complexity by reducing the number of stages and eliminating
variable vanes leads to higher loading per stage, which tends
to reduce the stable operating range of compressors. The safe
operating range of a gas turbine compressor is limited by the
onset of dynamic instabilities of the fluid at low mass flow
rates. The two classes of instabilities, rotating stall and surge,
can cause unsteady stresses in the compressor blades and re-
duce the compressor performance. Sustained operation with
rotating stall can also lead to excessively high turbine tem-
peratures due to the decreased mass flow through the en-
gine. Typically, the peak pressure rise and peak efficiency of
a compressor are located close to the stability boundary. To
provide adequate stall margin, the compressor may operate
away from the optimum efficiency point. For these reasons,
there has been a fairly constant activity over the last decade
devoted to the early detection of compressor instability and
to the development of active and passive techniques aimed at
broadening the compressor operating range.

Perhaps one of the most successful techniques alleviating
the stall/surge phenomena is the different configuration of
casing treatment means such as slots or grooves over a rotor
blade tip [1–4]. Unfortunately, most of the suggested and in-
vestigated casing treatment configurations cause a significant
drop in efficiency. Fujita and Takata [3] showed that there is
almost a linear relation between the stall margin improve-
ment and the rotor maximum efficiency for various types of
casing treatments tested. In other words, the general trend is
that the more effective a casing treatment configuration is in
stall margin improvement, the larger the penalty in compres-
sor efficiency is.

Mass injection upstream of the tip of axial compressor
rotor is a stability-enhancement approach known to be ef-
fective in suppressing stall in tip-critical rotors [5–9], the de-
sign principle of the injection could be either active or pas-
sive and the injection can be done in a number of ways. All of
them have been demonstrated to be effective in extending the
stable operating range of compressors. Compared to steady
tip injection, active injection has been demonstrated to pro-
vide additional stall margin. Nevertheless, results showed
that the total stability improvement is mostly due to steady
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Figure 1: Schematic diagram of test compressor facility.

tip injection [5]. In the present effort, the injected flow is
supplied from an external source, but this flow should be
bled from the rear of the compressor in actual application.
Since bleed extraction incurs a cycle penalty due to work
done on the injected air [8], there is a strong incentive to
minimize the amount of injected mass flow. Based on the
above-mentioned argument, a new approach, steady micro-
air injection, was proposed to improve the stability of a low-
speed axial-flow compressor in [10].

Despite much efforts and achievements on mass injec-
tion upstream of the tip of axial compressor, several topics
should still be very interesting. (1) For a low-speed com-
pressor, experimental results showed that the injected flow
of only 0.05% of the compressor main flow is able to lower
the mass flow rate at stall for up to 5.8% [10]. However,
the effectiveness of steady micro-air injection and its effects
on the performance of a high-speed compressor need de-
tailed examination. (2) Lack of in-depth understanding of
the fluid dynamic processes responsible for the influence
brought about by steady micro-air injection [11, 12], the
coupled flow through the compressor rotor and injector have
been numerically studied. Most previous numerical works
have not been anchored with experimental data to show that
the simulations are valid, nor have the simulations been ad-
vanced enough to describe the details of the flows in the cas-
ing area and rotor tips.

This paper presents a state-of-the-art design for the tip
injection through the casing with flush-mounted inclined
holes. The effect of steady micro-tip injection on compres-
sor’s performance and its physical mechanisms which ac-
count for beneficial effects of the steady micro-tip injection
on the performance and stability were investigated with the
help of a high-speed design subsonic compressor test rig
tested at part speed subsonic conditions and NUMECA soft-
ware.

2. EXPERIMENTAL FACILITY AND INSTRUMENTATION

The compressor used in this investigation is the first rotor
in a single-stage compressor that has been used extensively
in previous research programs [4, 9, 13]. The aerodynamic
and aeromechanical characteristics of this compressor are
well documented with an extensive database of experimen-
tal measurements. Figure 1 shows a cross-sectional diagram
of the compressor research rig. It consists of a DC motor

Table 1: Design specifications of compressor rotor.

Corrected mass flow (kg/s) 5.6

Total-to-total pressure ratio 1.249

Inlet relative Mach number at tip 0.78

Shaft speed (rpm) 12500

Corrected tip speed (m/s) 237

Number of blades 30

Rotor tip diameter (mm) 298

Hub-tip ratio 0.61

Nominal tip clearance (mm) 0.3

Mean aspect ratio 0.94

Solidity (mid/tip) 1.165/0.96

(250 KW), an accelerator or gearbox, a torque meter, a test
section, an orifice plate flow meter, a discharge duct, and a
throttle cone.

The test compressor rotor was isolated from the stator
to avoid interaction effects generated by the presence of a
downstream stator blade row. The main design specifications
of the compressor rotor are presented in Table 1. Previous
work indicates that the tested compressor is prone to tip stall
behavior, for this reason, upstream injection is particularly
suitable.

Rotor performance was usually measured in terms of its
total pressure ratio, isentropic efficiency, and mass flow. The
performance characteristics of the rotor were acquired using
conventional static pressure and total pressure/temperature
aerodynamic probes, which were traversed radially approxi-
mately 50% axial-chord upstream of the rotor and 40% axial-
chord downstream of the rotor. The probe measurements are
corrected for Mach number and streamline slope based on a
calibration of each probe used and on the design streamline
slope. Radial distributions of total temperature are mass av-
eraged across the annulus. Radial distributions of total pres-
sure are energy averaged by converting them to their en-
thalpy equivalents and then mass averaging across the annu-
lus. Shaft speed and torque are measured by a torque me-
ter device and the temperature rise was derived from the
torque measurement, the compressor rotor mass flow was
measured using a calibrated orifice plate installed in the dis-
charge plenum. Mass flow rate through the rotor can be var-
ied by linear movement of a cone at the end of the constant
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Figure 2: Circumferential transducer locations.

area duct as shown in Figure 1. The measurement uncertain-
ties are mass flow, ±0.1 kg/s; total pressure, ±100 N/m2. Er-
rors in calculated efficiency are estimated at ±0.2% maxi-
mum, as far as relative comparison between the results for
each case is concerned. The stability limit was readily de-
tected audibly as well as on pressure measuring instrumen-
tation which indicated considerable unsteadiness. The limit-
ing flow rates indicated are the “last” stable point that could
be obtained before this instability. These conditions repeated
within 1% of flow rate.

In addition to the above-mentioned conventional instru-
mentation, seven pressure transducers (Kulite XCS -190)
were distributed around the casing wall in front of the rotor
to detect pressure fluctuations during instability onset and
to identify different types of instabilities. The circumferen-
tial locations of pressure transducers 1 through 7 are illus-
trated in Figure 2. These sensors are spaced 45 degree apart
between each sensor pair and 90 degrees apart between sen-
sors 1 and 7.

3. NUMERICAL METHOD

Computation was done for three-dimensional flow using the
Navier-Stokes solver EURANUS [14]. The Favre-Reynolds-
averaged Navier-Stokes equations are discretized using a cell-
centered explicit finite volume scheme according to Jame-
son in a relative coordinate system rotating with the ref-
erence frame. The steady-state flow solution is achieved at
the convergence of a 4-stage explicit Runge-Kutta integra-
tion scheme. The time-marching algorithm is stabilized us-
ing scalar eigenvalue-based second- and fourth-order differ-
ence smoothing operators. In order to speed up convergence
to steady state, local time stepping, residual smoothing and
multigrid techniques were applied. The algebraic Baldwin-
Lomax turbulence model was used to introduce turbulence.
Time-dependent calculations were implemented in the im-
plicit dual time-stepping scheme, allowing for the solution
of a steady-state problem at each physical time step. This
methodology retains the main advantages of the explicit

Injector

Figure 3: Computation grid on the sliding plane between injector
and rotor.

time integration scheme already implemented for resolving
steady-state problems, as well as retaining local time stepping
and implicit residual smoothing. For the time-dependent
simulation, 40 physical time steps per blade passage and 20
pseudotime iterations with a CFL number of 2-3 within each
physical time step were performed.

There are 4 injectors uniformly spaced around the com-
pressor annulus upstream of the rotor tip in the experiment.
However, this work solves only two injectors and fifty blade
passages based on the periodicity of the flow field. In this
case, the space and time flow periodicities of the flow field are
uncoupled and the unsteady flow field may be resolved with-
out having to consider any time periodicity in the bound-
ary treatment. For the prediction of coupled flow through
the injector and compressor rotor, block-structured grids are
generated independently for the rotor blade passage, the tip-
clearance region, and the injector. Figure 3 presents a blade-
to-blade view of the grids at the zonal interface where the
injector is visible. A block-structured topology consisting of
I-blocks for the inlet and outlet and a main O-block (sur-
rounding the rotor blade) was used to model the rotor blade
passage. The tip gap is gridded with an H-grid embedded
into an O-grid. The nonrotating grids of the injectors are
“mounted” on a very thin circumferentially closed base (10
percent of the tip-clearance) and linked to the moving rotor
passage by an unsteady rotor-stator interface using a sliding
plane directly at the casing. Flow data was transferred from
the blade passage to injectors using a time-space interpola-
tion procedure, which was equivalent to an interblade row
interface in a rotor/stator aerodynamic interaction analysis
for multistage turbomachinery, the whole grid system had
3 663 520 cells.

To evaluate properly the viscous fluxes at the walls using
the chosen boundary conditions (no-slip, adiabatic wall con-
dition without a wall function method), the distance away
from the wall of the first node had to be judiciously deter-
mined. This became an important grid parameter. In this
work, the grids were designed such that the maximum dis-
tance between the wall and the first node was set such that y+
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was equal or smaller than 2. The meshing used proved to pro-
duce grid-independent results in steady-state simulations. So
far, no detailed-grid refinement studies have been carried out
for the unsteady case due to massive computing time require-
ments. However, the authors believe that this meshing is suit-
able for unsteady simulations as well.

No-slip and no-heat transfer conditions were imposed
at solid boundaries. At the inflow boundary of the rotor,
flow angle, total pressure and total temperature were pre-
scribed according to the experimental data. At the injector
inlet boundary, the speed of injected flow was given the same
as in the test case and uniform velocity across the injector
exit is assumed. At the subsonic outlet, static pressure was
prescribed at the hub and its radial variation was calculated
based on the radial equilibrium equation.

4. THE DESIGN OF INJECTOR AND AIR
INJECTION SYSTEM

Different methods of injection through nozzles inserted into
the main flow have been studied previously, however insert-
ing an intrusive element in the main flow field will cause
disturbances and is restrictive for application in multistage
compressors. Injection through flush-mounted nozzles on
the casing before the rotor blades is of more practical util-
ity because of the noninterference of the nozzles with the
main flow and adjacent blade. Therefore the first phase of
the present effort focused on the design of compact injec-
tors. Based on previous work [15], a new approach, steady
micro-air injection form the casing as a variation of casing
treatment, is proposed. Schematic diagram of this new in-
jector was shown in Figure 4 (in a radial plane), casing has
4 injectors symmetrically distributed around the compressor
annulus 2 mm (about 11% of rotor tip axial chord) before
the rotor’s leading edge. In order to minimize mixing loss
between the annulus flow and the injected flow, the injected
flow should be aligned with the inlet annulus flow in the
downstream axial direction. However, injection holes were
inclined 15 degrees to the casing inner surface for injection
in a radial plane because of manufacturing limitations. In
the stationary frame, air injection is parallel to the axis of
rotation. In another word, injection is pointed towards the
blade passage direction rather than to the rotation axis, when
viewed in the rotating frame.

Air injection was done through a common pipe from the
compressor at two different symmetric locations to ensure
symmetric flow and all holes were connected through plas-
tic tubes fixed on brass. The injection air is supplied from
an external injection system shown in Figure 5, which in-
cludes air compressor, air tank, manometer, control valve,
flow meter, and the injectors. The flow meter specially cho-
sen for the micro-flow rate is of thin-plate orifice type. Only
steady micro-air injection was used in these experiments, the
injection flow rate was about 0.064% of the design mass flow
of the compressor rotor, which was controlled by opening a
valve in the present work. In a multistage compressor, the
injected air should be bled from the rear of the compressor
in actual application. Assuming no losses in the recirculation

Casing thickness

Figure 4: Schematic of injection characteristics.
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Figure 5: Schematic of injection system.

system, this injected flow rate requires that the bleed static
pressure be roughly 1.1 times the static pressure at the injec-
tion location.

5. EXPERIMENTAL RESULTS AND DISCUSSION

The effect of the steady micro-tip injection was investigated
by applying it to a single-stage axial-flow compressor, but as
a starting point was actually tested on the isolated rotor, with
the rear stator removed. The experiments were completed at
33% and 53% of the design rotating speed. So far, the com-
pressor was not operated at higher speed because of mechan-
ical concerns. Figure 6 shows the impact of steady micro-tip
injection on the stability limit of the axial-flow compressor
rotor. Total pressure ratio and isentropic efficiency are plot-
ted as functions of mass flow. So far, the rotor efficiency has
not accounted for the introduction of injected mass flow.
However, a proper control volume analysis of the computed
results has been conducted and it was found that the rotor
efficiency almost keeps unchanged with proper considera-
tion injected mass flow crossing the control volume, this may
be because the injected mass flow rate is much smaller than
the compressor flow rate. The test results confirmed that the
steady micro-tip injection had an encouraging impact on the
compressor performance and stability. It is clear from the fig-
ures that steady micro-tip injection can improve stall margin
and isentropic efficiency through the mass flow range and
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Figure 6: Comparison of measured rotor performance at two different speeds with and without steady micro-air injection.

without degrading the total pressure ratio. However, in the
present effort, the injected flow is supplied from an exter-
nal source, but this flow should be bled from the rear of the
compressor in actual application, so the efficiency penalty in-
curred by extracting bleed air for injection and reinjection at
the upstream of the rotor may offset any efficiency benefit to
the compressor. The measured extension of operating range
for the isolated rotor was about 7.69 percent at 53 percent of
the design rotating speed. The extension of operating range
at 33 percent of the design rotating speed was less than what
was achieved at 53 percent of the design speed, but was still
noticeable.

6. NUMERICAL RESULTS AND DISCUSSION

In order to provide insight into how steady micro-tip injec-
tion increases the rotor stability, the flow in the compressor
rotor with and without injection was studied numerically.
Figure 7 shows the predicted rotor performance at the 53-
percent design rotating speed with and without the tip in-
jection compared to experimentally obtained data. Overall
performance measurements are reported in terms of total-
to-static pressure ratio, which is defined as the area-averaged
rotor exit static pressure divided by mass-averaged rotor inlet
stagnation pressure. Due to their physical nature, these aver-
ages were thus used to reduce the three-dimensional pres-
sure ratio of the passage into a one-dimensional pressure ra-
tio characteristic required to infer stall inception type. In or-
der to accurately capture the near-stall point, the increase of
the compressor’s back pressure is reduced to the lowest level.
The predicted “near-stall point” was judged to be the last sta-
ble condition prior to incurring a numerical stall. Here, the
same criteria (a divergent solution behavior or a continual

dropping in mass flow rate with increasing iteration count)
were applied to determine numerical stall in the computation
with injection or without injection. To understand changes
in the flow structure during the stall process, an unsteady cal-
culation was performed for the case without tip injection by
incrementally increasing the reference’s back pressure. Nu-
merical stall in the unsteady simulation was characterized
by a consistently dropping mass flow rate. An instantaneous
solution from this calculation marked as “in stall” is also
shown in Figure 7 as an in-stall condition. It can be seen from
Figure 7 that the calculated compressor rotor characteristic
and flow range agree fairly well with the experimental data
and the simulations are able to predict the position of the
stall limit within an accuracy of less than 1 percent. There-
fore, it can be concluded that the numerical model used is
able to reveal the important flow mechanisms which are es-
sential for understanding the influence of steady micro-tip
injection. In addition, the negative slope of the pressure ratio
characteristic at the equilibrium solution limit (Figure 7(a))
thus associated this case with spike stall inception.

To understand the mechanisms of the steady micro-air
injection with regard to the stall margin extension, it is useful
at first to understand the mechanism of stall for the compres-
sor rotor without tip injection. Figure 8 is a typical stalling
pattern of the compressor captured by a circumferential ar-
ray of seven pressure transducers 100% axial chord ahead of
the rotor’s leading edge. The signal was lowpass filtered to
minimize phase errors, and an offset has been added to the
ordinate for all traces except the bottom one to allow them
to be viewed together. Clearly the compressor has a spike-
type stall inception. Rotating stall develops over 1 to 2 rotor
resolutions and the rotating stall cell rotates at about 67% of
the rotor speed.
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Figure 7: Tested and computed compressor map for 71% design speed.
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Figure 8: Stalling pattern of research compressor.

To examine changes in flow structure during stall, an in-
stantaneous flow field was calculated after stall and was com-
pared with the near-stall solution. Figures 9–11 show relative
Mach number contours (99% blade span), particle traces,
and velocity vectors at the trailing edge plane (99% blade
span) at these two operating conditions. The flow features
of interest are marked with blue circles. As the rotor is throt-
tled towards stall, a significant shift of the tip-leakage vor-
tex in the upstream direction is observed and the trajectory
of the clearance vortex across the blade passage becomes

more tangential. At the near-stall condition, the trajectory of
the incoming/tip-clearance flow interface (high Mach num-
ber gradient) lines up with the rotor’s leading edge plane at
the rotor blade tip, and no forward spillage of tip-clearance
flow is observed near the leading edge of rotor blade. At in-
stall condition, however, the incoming/tip-clearance flow in-
terface is completely detached (Figure 9(b)) and the parti-
cle traces show forward spillage of tip-clearance flow just
below the tip section (Figure 10(b)). Also, velocity vectors
show reversed tip-clearance flow at the trailing edge plane
(Figure 11(b)). Thus, the two criteria for spike-type rotating
stall inception proposed by Vo et al. [16] applied to the cur-
rent subsonic compressor rotor. The main mechanisms be-
hind these stall criteria are the formation and forward move-
ment of the low-momentum fluid, which is connected with
tip-leakage vortex. It is generally believed that tip-leakage
flow and its resulting vortex are major ingredients in spike-
type rotating stall inceptions. Therefore, particular attention
was given to examining the different tip-leakage flow topol-
ogy with and without tip injection.

The coupled flow through the blade passage and the in-
jector was solved using the unsteady-state simulation and
then its time-mean calculated results were used to expose
the interaction mechanism between the injector and the ro-
tor’s blade passage. In order to understand the physics that
underpin the performance variations shown in Figure 7, the
results should be compared under the same reference state.
This is achieved by comparing the final predicted flow-field
at the smoothwall stalling mass flow rate. Figure 12 shows
contours of total pressure loss and entropy generation in
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Figure 13: Computed tip-clearance vortex particle traces at smoothwall stall mass flow rate.

meridional plane for the cases without injection and with in-
jection. The total pressure loss was normalized by inlet to-
tal pressure and the high-loss region corresponds to the vor-
tex core. For the case without injection, the tip-leakage vor-
tex moves farther and farther upstream as the compressor
was throttled towards stall. As the near-stall state was ap-
proached, the incoming/tip-clearance flow lined up with the
rotor leading edge plane near the blade tip radius (Figure 6).
Whereas for the case with injection (Figure 6), most of the
high-loss fluid (blocking effect) near the tip of the rotor
blade’s leading edge was diminished. The tip injection is
also found to be able to retard the upstream movement of

the incoming/tip-clearance flow interface and forward move-
ment of tip-clearance vortex, therefore contributes to stall
margin enhancement. In addition, with injection, the overall
entropy generation is lower compared to the case without tip
injection. This explains the not negligible increase in com-
pressor rotor efficiency. It is evident that the effects of tip in-
jection are only significant in the near-blade-tip region, and
as such the contour plots remain unchanged for mid-span
region.

Particle traces of the tip-clearance vortex, both with and
without injection, are compared in Figure 13. The tip vortex
traces are formed by releasing particles from the region about
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Figure 14: Total pressure loss coefficient distributions on cross-flow planes for smoothwall stall mass flow rate.

1% chord downstream of the leading edge and 50% normal-
ized tip clearance above the blade tip. From these figures,
it is apparent that there are drastic differences for the cases
without injection and with injection and the resultant effect
on tip-clearance flow trajectories. Without injection, the tip-
leakage vortex emanates from the vicinity of the blade’s lead-
ing edge and extends towards downstream pressure side of
the adjacent rotor blade. However, with injection, the tip-
leakage vortex does not emanate from the vicinity of the
blade’s leading edge, instead, the tip-leakage vortex is ob-
served to stem from farther aft than is the case without tip
injection. In other words, the location of the tip-leakage vor-
tex with injection is now shifted further downstream. The ef-
fect of steady micro-air injection appears to be that of sweep-
ing the tip-clearance flow farther aft than that which oc-
curs in the case without injection. This eliminates much of
the blockage associated with the clearance flow in the for-
ward part of the blade passage. Therefore, as stall inception
is accompanied by the tip-clearance vortex moving forward,
the effect of steady micro-air injection in delaying this phe-
nomenon could be anticipated. In addition, the spread of the
tip-leakage flow perpendicular to the blade chord is reduced.

Evidences supporting the predicted performance im-
provements are further provided in Figure 14. Figure 14
shows the contours of relative total pressure loss in several se-
lected planes nearly normal to the rotor tip chord direction.
As shown in Figure 14(a), without tip injection, the high-loss
region accumulates around the leakage vortex core and grows
larger gradually in the streamline direction. When approach-
ing the exit of the passage, the vortex loss core occupies al-
most the full blade pitch. Since the radial growth of the vor-
tex loss core is not that strong, the loss region changes its

shape from circular to oval when passing through the pas-
sage. A significant radial immersion of the vortex loss region
of about 8% blade height can be observed at the exit of the ro-
tor. However, with tip injection the extent of low relative total
pressure flow accumulating near the casing endwall is signifi-
cantly reduced. Caused by the above-mentioned mechanism,
the vortex loss core was deflected towards the suction sur-
face and takes a more streamwise orientation. This is consis-
tent with the previous observation of the three-dimensional
structure of the tip-leakage vortex. At the exit of the rotor,
the loss region covers a smaller portion of the blade pitch and
gives less blockage due to reduced growth and interaction of
the tip vortex with the main flow than in the case of without
tip injection being employed.

Figure 15 shows the instantaneous distribution of rela-
tive Mach number at different time instants during one in-
jector passing period T in order to provide some qualita-
tive insight into aerodynamic interaction between injector
and tip-leakage flow from an unsteady point of view. De-
pending on the relative position between the injector and
blade passage, the trajectory of tip-clearance vortex is dif-
ferent. As the mass flow rate decreases, the incoming/tip-
clearance flow interface moves towards the leading edge and
this interface lines up with the rotor leading edge plane
near the blade tip radius as the near-stall state was ap-
proached. As the injector approaches the rotor blade pas-
sage, the high-speed injected flow can retard upstream move-
ment of incoming/tip-clearance flow interface and have a
beneficial effect on the flow range of compressor. However,
as the injector is far away from the rotor blade passage
at some moment, the incoming/tip-clearance flow interface
moves towards the leading edge but the high-energy injected
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Figure 15: Distribution of relative Mach number at 99% blade span for different instants during one injector passing period.

flow approaches the rotor blade passage again, and this pro-
cess is repeated (once the blade has progressed to the point
where the blade suction is exposed to the slot opening, a
strong, jet-like flow injection is initiated and the cycle is re-
newed with the advancement of the next rotor airfoil). Be-
cause 4 injectors are symmetrically distributed around the
compressor annulus, the frequency of interaction between
the incoming/tip-clearance flow interface and the injected
flow is 542 Hz.

7. CONCLUSIONS

A state-of-the-art design for the tip injection through the
casing with flush-mounted inclined holes for extending the
operating range of a modern subsonic axial-flow rotor has
been developed. The effect of steady micro-air injection on
the compressor’s performance and its mechanisms with re-
gard to the stall margin extension were investigated with the

help of a subsonic compressor test rig and NUMECA soft-
ware. The following conclusions can be drawn from this in-
vestigation.

(1) Steady micro-air injection has the potential to signif-
icantly extend the operating range of the compressor
with minimal or no loss in isentropic efficiency. Exper-
imental results demonstrate that at 53% design speed,
the stalling mass flow can be reduced by 7.69% using
an injected mass flow equivalent to 0.064% of the an-
nulus flow.

(2) The unsteady simulation of the coupled flow through
the rotor blade passage and injector offered a valu-
able insight into the fundamental physics of the steady
tip injection stall delaying action. The details of the
flow visualization at the tip have exposed the differ-
ent tip flow topologies between the cases with in-
jection and without injection. For the case without
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injection, the tip-leakage vortex moved farther and far-
ther upstream and the trajectory of the incoming/tip-
clearance flow interface lines up with the rotor’s lead-
ing edge plane at the blade tip as the near-stall state was
approached. The physical mechanisms responsible for
extending the compressor stall margin afforded by the
steady micro-tip injection are linked to retarding up-
stream movement of incoming/tip-clearance flow in-
terface and delaying the inception of stall.

(3) Encouraged by the results reported herein, the identifi-
cation of design criteria, which are particularly advan-
tageous to manipulate the tip-leakage flow and its re-
sulting vortex, will be the focus of future work. Inves-
tigations will concentrate on parametric investigation
of the impact of varying injection angles and injec-
tion mass flow rates on the stability and performance
of the compressor rotor in order to find the optimum
injection configuration that gives maximum operating
enhancements with the least amount of external air
supply.
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