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ABSTRACT
This paper investigates the recirculating casing treatment

(RCT) of a low total pressure ratio micro-compressor to achieve
stall margin enhancement while minimizing the design point ef-
ficiency penalty. Three RCT injection and extraction configura-
tions are studied, including combined slot-duct, ducts only, and
slot only. The numerical approach is validated with a tested
micro-compressor using RCT. A very good agreement is achieved
between the predicted speedlines and the measured results. To
minimize the design point efficiency loss, it is observed that the
optimal location of extraction and injection is where the recir-
culated flow rate can be minimized at the design point. To max-
imize stall margin, extraction location should favor minimizing
the tip blockage such as at the location where the tip flow sepa-
ration of the baseline blade is fully developed. In addition, the
slot configuration that generates pre-swirl to the upstream flow
is beneficial to improve stall margin due to reduced incidence.
The highest stall margin enhancement achieved is 9.49% with
the slot geometry that has the extraction at the 62%C chordwise
location, but has a design point efficiency loss of 1.9%. Overall,
a small efficiency penalty of 0.6% at the design point is achieved
for the final design with the stall margin increased by 6.2%.
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NOMENCLATURE
AFC Active Flow Control
C Blade Tip Chord
CFJ Co-flow Jet
MC Micro-compressor
ṁ mass Flow rate (kg/s)

mcor Corrected Mass Flow Rate, ṁ
√

T0

p0
(-)

TE Trailing edge
LE Leading edge
RCT Recirculating casing treatment
n RPM, round per minute
Ptr Total pressure ratio
SM Stall Margin
SMI Stall Margin Improvement
ZNMF Zero-net mass-flux
0 Total
1 Impeller Inlet
2 Impeller Outlet

INTRODUCTION
Co-flow Jet is a zero-net mass-flux (ZNMF) active flow con-

trol (AFC) method recently developed by Zha et al. [1–8] that
has micro-compressors embedded inside the airfoil as actuators
(Fig. 1). A CFJ airfoil withdraws flow from trailing edge, pres-
surizes it by the micro-compressor, and re-injects flow at leading
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edge. It is demonstrated numerically and experimentally that CFJ
achieves radical lift augmentation, drag reduction and stall angle
of attack increase. The mixed type compressor is preferred to be
used as the CFJ actuator due to its compact size and high flow
capacity [8–12].

FIGURE 1: Schematics of the CFJ airfoil with embedded micro-
compressor

In order to be operated in a wide flight envelope, the micro-
compressor is required to have large operating range. Recirculat-
ing casing treatment (RCT) is demonstrated to be advantageous
to extend the micro-compressor stall margin [12]. The RCT ex-
tracts separated flow from aft part of blade and injects near the
leading edge. It can achieve significant stall margin improve-
ment (SMI) with a small efficiency loss at the design point, and
is therefore being studied widely.

D’andrea et al. [13] apply the pulsed air injection to control
the rotating stall in a low speed axial flow compressor. It is ob-
served experimentally that the technique is able to eliminate the
hysteresis loop associated with rotating stall and improves the
compressor operability range. Strazisar et al. [14] experimen-
tally achieve 4% ∼ 6% stall margin improvement by re-injecting
0.7% ∼ 1.3% of main flow in a high loading transonic compres-
sor stage. They study both steady and unsteady blowing and
conclude that the unsteady injection can accomplish the same
stall margin with the steady injection but with lower injection
mass flow rate. A self-regulating casing treatment is proposed
by Weichert et al. [15], which maximizes the recirculated flow
rate at the stall point and minimizes the efficiency loss at the
design point. The results show that 2.2% to 6.0% stall margin
improvement are achieved for re-circulating 0.25% of the total
compressor mass flow at near stall. The RCT mass flow rate is
reduced by half at the design point. Similarly, a lossless cas-
ing treatment is designed by Djeghri et al. [16] for a mixed-flow
compressor rotor to achieve noticeable stall margin improvement
with no loss in peak efficiency. The design parameters with large
effect include: open area ratio, slot skew angle, slot axial length
and position. The slot recirculating casing treatment [17–21] is

also widely studied on high pressure ratio centrifugal compres-
sors, which utilizes pre-swirl for stall margin improvement.

In the previous studies [8–12], the RCT is implemented on
the compressors with designed total pressure ratio of no less than
1.2, which creates a large pressure difference to drive the re-
circulation flow at near stall. Patel and Zha [12] observe that the
micro-compressor they studied has little efficiency loss at the de-
sign point because there is almost no flow going through the RCT
channels. The micro-compressor in the present paper is designed
with a low total pressure ratio of 1.095 due to the CFJ flow con-
trol requirement. Such low pressure ratio makes the RCT design
more challenging.

The purpose of this paper is to investigate the RCT geomet-
ric effects on a low pressure ratio mixed-flow micro-compressor
to achieve significant stall margin improvement with a low effi-
ciency loss at the design point. The studied geometrical parame-
ters include the injection and extraction locations, RCT configu-
rations of ducts, slot, and combined slot-duct.

NUMERICAL METHODS
As shown in Fig. 2, the computational domain has a sin-

gle blade passage (blue), which consists of a converging intake,
an impeller passage and a recirculating casing treatment. Fig. 2
(left) shows the structured mesh of the intake and impeller pas-
sage with a size of 0.47 million nodes. The impeller blade is
meshed using O-grid topology in Turbogrid, which has 39 points
in the blade span, 11 points at tip gap and 175 points around
the blade. The wall spacing is set to make y+ close to 1. Fig.
2 (right) shows the grid topology for the casing treatment. The
slot geometry is meshed using structured H-grid with 0.1 mil-
lion nodes for a single passage. For the duct geometry, the hy-
brid meshing, anisotropic tetrahedral extrusion (T-Rex) is used
to generate a wall-refined unstructured mesh with 0.26 million
cells. For the mesh refinement study, the meshes are refined by
increasing the point number perpendicular to RCT wall and blade
wall. The refined mesh size are 1.11, 0.91 and 1.21 million for
the MC with three types of RCT (combined slot-duct, ducts, and
slot), respectively. The mesh refinement study indicates that the
solutions are converged based on the present mesh size.

The 3D Reynolds Averaged Navier-Stokes (RANS) equa-
tions are solved using ANSYS CFX code. The k-ω shear stress
transport (SST) turbulent model is adopted. The advection terms
are solved with 2nd order scheme. Total pressure, total tempera-
ture and flow direction are specified as inlet boundary conditions.
Target exit mass flow rate is used as the outlet boundary condition
to obtain the stable solutions near stall. Non-slip wall boundary
condition is imposed on all solid walls. The frozen rotor bound-
ary condition is applied on the interface between casing treat-
ment and compressor casing. The interface between intake and
impeller is treated with stage mixing boundary condition. The
convergence criterion is that the residual reduced by 4 orders of

2 Copyright c© 2020 by ASME



FIGURE 2: Computational meshes of the micro-compressor and casing treatment geometries

magnitude. In the near stall condition, such criterion is hard to
reach due to the vortical flow in the casing treatment. Therefore,
the computation is considered as converged when the mass flow
becomes dynamically stable with time.

VALIDATION OF NUMERICAL METHODS

A rig tested micro-compressor with RCT [9, 10] is used
to validate the numerical approach. The validated micro-
compressor shown in Fig. 3 is a mixed-flow compressor using
RCT to improve stall margin. Fig. 4 shows the streamlines in the
RCT slot and ducts of the validated micro-compressor at near
stall. Massive vortical flow is observed in the RCT chamber be-
cause of the cross-sectional area discontinuity between ducts and
slot. The validated compressor has the similar size and Reynolds
number with the micro-compressor studied in this paper. How-
ever, it has substantially lower mass flow rate and a higher total
pressure ratio (Ptr). Its design point has total pressure ratio of
1.21 and isentropic efficiency of 80.2%. The computed speed-
lines with the pressure ratio and efficiency are in good agree-
ment with the measurements [10] as shown in Fig. 5, which has
the mass flow rate normalized by the design point mass flow rate.

FIGURE 3: The configuration of the validated micro-compressor

The maximum discrepancy between the computed and mea-
sured pressure ratio and isentropic efficiency near stall are 2.32%
and 2.1% respectively. The discrepancy is mostly due to the flow
separation and complex vortical flow at near stall condition, for
which the RANS turbulence model is inadequate to resolve.
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FIGURE 4: Streamlines and static pressure contour of the vali-
dated micro-compressor at near stall

THE BASELINE MICRO-COMPRESSOR
The baseline mixed-type single rotor micro-compressor with

no casing treatment is designed following the methods described
in [11]. The non-linear chordwise work distribution is adopted
for the impeller blade to decrease the blade loading. Free vortex
work distribution is applied for the rotor span to reduce spanwise
mixing loss. The rotor designed efficiency achieves 87.1% with
a low total pressure ratio of 1.095 and a high mass flow rate. The
main geometrical parameters of the present micro-compressor is
presented in the Table 1.

TABLE 1: Rotor Geometrical Parameters

Rotor inlet hub diameter 12.9mm

Rotor inlet casing diameter 42.4mm

Number of impeller blades 7

Fig. 6 and Fig. 7 present the computed speedlines at three
normalized RPM (n/

√
T01), 6279, 6849 and 7420. The designed

speedline is at 6849, which provides the required mass flow rate
and pressure ratio for co-flow jet airfoil flow control. The de-
signed speedline of the baseline micro-compressor has 25.7% of
stall margin defined by Eq. (1) and the RCT geometry studies
are conducted for the designed RPM.

The stall margin is defined as:

(a) Pressure ratio

(b) Isentropic efficiency

FIGURE 5: Computed speedlines of a micro-compressor com-
pared with the measured results [10]

SM = 1−
[
(p02/p01)design

(p02/p01)stall
× mcor−stall

mcor−design

]
(1)

where mcor is the corrected mass flow rate defined by ṁ
√

T0

p0
.

4 Copyright c© 2020 by ASME



FIGURE 6: Computed speedlines of the baseline micro-
compressor, pressure ratio [10]

FIGURE 7: Computed speedlines of the baseline micro-
compressor, isentropic efficiency [10]

ANALYSIS OF CASING WALL STATIC PRESSURE
The simple extraction/re-injection model [15] is adopted to

locate the optimal RCT hole positions. The model calculates the
pressure difference between RCT extraction and re-injection lo-
cations based on the shroud pressure distribution of the baseline
compressor. It is desirable that the RCT hole locations make a
minimal pressure difference between extraction and re-injection
to preserve the design point efficiency. This is also consistent

with the findings in [12]. Fig. 8 presents the tangentially-
averaged static pressure on the baseline micro-compressor casing
wall in the designed condition. As it shows, the static pressure
is reduced rapidly as the inlet geometry converges. Partially at-
tributed to the low loading of the impeller, it is difficult to find an
upstream re-injection location near the blade leading edge that
will generate a small pressure difference to minimize the design
point efficiency loss. Therefore, the present study investigates
various injection and extraction locations.

FIGURE 8: Static pressure distribution at the baseline micro-
compressor casing

RECIRCULATING CASING TREATMENT RESULTS
Combined slot-duct configuration

Since the configuration of combined slot-duct RCT (see Fig.
2) is proved to be effective on the validated micro-compressor
[9, 10, 12], such configuration is first studied. Fig. 9 shows the
locations of extraction holes and injection slot for the three cases
with different axial positions (red, blue and green), which all
have the extraction angle of 60◦ about the axial direction. Ex-
traction locations are labeled as “E” and injection locations are
labeled as “I”. Case 1 has the same injection location with Case
2 at 83%C upstream of the tip leading edge (LE), but has a more
upstream extraction location at 62%C after tip blade LE. Case
2 has the same extraction location with Case 3 at 80%C down-
stream of the LE, but has the injection closer to tip LE.
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FIGURE 9: Schematics of the injection and extraction locations
for the combined slot-duct RCT configuration

Fig.10 shows the speedlines of the micro-compressor with
the three RCT geometries. It is shown that a noticeable stall
margin improvement is achieved for all the three RCT designs.
The highest stall margin improvement (SMI) of 6.4% is accom-
plished by Case 1, whereas Case 2 and 3 only improve the stall
margin of 3.3% and 3.1% respectively. In terms of design point
efficiency loss, Case 3 has the least penalty of 2.1% and Case 1
has the highest efficiency loss of 4.1%. This is because Case 3
extracts the flow near the blade trailing edge that has a high pres-
sure, and injects at a low radius position that has a lower pressure
than in Case 1 and 2. The pressure difference between injection
and extraction for Case 3 is the lowest and hence also has the
smallest recirculating flow at the design point.

Fig. 11 compares the Mach number contours and stream-
lines of the baseline, Case 1 and Case 2 micro-compressor at
near stall condition. As it shows, a large flow separation occurs
at the suction surface of the baseline micro-compressor, which
creates a large blockage and induces stall. For the RCT cases,
the tip blockage of Case 1 is significantly reduced as shown in
Fig. 11 (b). Case 2 (Fig. 11 (c)) does not remove the block-
age effectively and results in a lower stall margin compared with
Case 1. It is also interesting to note that at near stall, Case 2 has
a higher extraction pressure than Case 1 , which means Case 2
re-circulates higher amount of air flow. This suggests that case
2 should have a larger stall margin than case 1. However, the
results in Fig.10 and Fig. 11 contradict to such statement.

The behavior of Case 1 and 2 is due to the difference of the
extraction locations, which can be seen in Fig. 12 showing the
tip region contours of the baseline MC with the RCT locations
imposed. Fig. 12 (a) is the tip axial velocity contour, where the
negative sign indicates the reversed flow and separation. It shows
that the baseline micro-compressor has a tip separation core start-
ing from 17%C to mid-chord. The extraction holes of Case 1
is located at 62%C, which is close to the severe flow separa-
tion. Extracting at such location is more effective than Case 2 at
80%C, which is far from the severe separation, even though it has

FIGURE 10: Speedlines of combined slot-duct RCT configura-
tion

a higher extraction pressure as shown in Fig. 12 (b). This sug-
gests that extraction location should be not only selected based
on pressure difference, but also the relative location to tip sepa-
ration.

The combined slot-duct RCT has a drawback that the flow
channel area has a sudden expansion discontinuity, which cre-
ates a large loss for the recirculating flow. As shown in Fig.
13, the vortical flow occupies the slot chamber and reduces the
flow capacity and the RCT effectiveness. Such flow structures
also exists in the validated micro-compressor shown in Fig. 4.
However, it works very well for that compressor with a high stall
margin extension and a small design point efficiency penalty. It
appears to be mostly due to its small pressure difference at the
design point [12]. Therefore, the configuration of the next study
removes the slot and only uses the ducts to connect the injection
and extraction holes to avoid the area discontinuity.

Duct Configuration
Fig. 14 and Fig. 2 presents the geometries of the RCT with

ducts only, labeled as Case 4 and Case 5. The two cases have the
same injection and extraction locations, but the radius of the ex-
traction hole in Case 4 is half of the radius in Case 5. The differ-
ent extraction area creates a different flow capacity of circulating
flow, which affects the effectiveness of RCT. Both Case 4 and
5 adopt the optimum extraction location of 62%C learned from
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(a) Baseline (b) Case 1 (c) Case 2

FIGURE 11: Mach contours and streamlines of the micro-compressors

(a) Axial velocity contour

(b) Gage static pressure contour

FIGURE 12: Rotor tip contours of the baseline micro-compressor
at near stall and RCT extraction location of Case 1 and Case 2

the previous combined slot-ducts studies. The injection holes are
located at 40%C upstream of the tip blade leading edge. The
extraction and injection holes are angled 60 deg about the axial
direction.

The speedlines of the ducts only RCT configurations are
presented in Fig. 15. Both cases can accomplish a significant
stall margin improvement about 6.2%. A very minor efficiency
penalty of 0.6% is obtained for Case 4 due to the smaller amount
of recirculated mass flow rate of 0.24% of the compressor mass
flow. Case 5 has a larger efficiency loss of 0.84% due to the

FIGURE 13: RCT streamlines of Case 1 at near stall condition

FIGURE 14: Schematics of the injection and extraction locations
for the RCT with duct configuration
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higher re-circulated mass flow rate caused by the larger extrac-
tion area. Compared with the combined slot-duct RCT config-
uration, the ducts only configuration has a similar stall margin
improvement, but substantially less penalty of design point effi-
ciency loss.

FIGURE 15: Speedlines of RCT duct configuration

The swirl angle used in this paper is the arctangent of the rel-
ative circumferential velocity divided by the meridional velocity
of the flow. Fig.16 presents the spanwise swirl angle distribution
upstream of the impeller blade for the baseline, Case 4 and Case
5 at the near stall condition. The swirl angle is slightly decreased
about 2◦ near the tip. In general, it is desirable that the RCT
injects a swirled flow to the upstream and generates some pre-
swirl to decrease the tip incidence and improve the compressor
stall margin. However, in ducts only RCT, the circumferential
momentum of the extracted flow is reduced by the duct wall and
little swirl effect is passed to the upstream. To further increase
the stall margin, the slot RCT configuration is implemented in
the next study.

Slot Configuration
The RCT slot configuration (Case 6) is studied in this sec-

tion. As shown in Fig. 17 and Fig. 2, the extraction and injection
are connected by a circumferential slot. The optimum location of

FIGURE 16: Swirl angle distributions upstream of the impeller
blade at near stall

62%C is adopted for the extraction slot to better remove tip sep-
aration. The injection slot is located at 40%C upstream of the tip
LE. The injection and extraction angles are 60◦ about the axial
direction, the same as the duct only cases.

FIGURE 17: Schematics of the injection and extraction locations
for the RCT with slot configuration

Fig. 18 presents the speedlines of the Case 6 micro-
compressor. A stall margin improvement of 9.49% is achieved,
which is the highest among the six cases. It is not only because
of the optimum extraction location but also because of the pre-
swirl generated by the slot geometry. As shown in Fig.19, the
spanwise swirl angle distribution indicates that the swirl angle
is reduced about 10◦ near the tip region for Case 6. The slot
geometry is able to preserve and transfer the circumferential mo-

8 Copyright c© 2020 by ASME



mentum to the upstream. During the mixing with the upstream
flow, the circulated flow decreases the circumferential velocity
of the main flow and mitigates the swirl angle. Fig. 20 shows
a clear reduction of circumferential velocity in Case 6 compared
with the baseline micro-compressor. Fig. 18 also indicates that
the design point efficiency of Case 6 suffers a penalty of 1.9%,
which is due to re-circulating flow at the design point.

FIGURE 18: Speedlines of RCT slot configuration

The performance of the six RCT cases are presented in table
2, including stall margin improvement, efficiency penalty and re-
circulated mass flow rate at design condition. The minimum effi-
ciency penalty is achieved in Case 4 with duct configuration. The
slot configuration, Case 6 has the highest SMI of 9.49% due to
the pre-swirl effects. Note that the negative sign of RCT flow rate
means the flow is not extracted from the extraction duct (holes,
slot) but enters it due to the high pressure at the injection duct
(holes, slot) location at the design point. This reversed RCT flow
mixes with tip flow and significantly reduces rotor efficiency in
Case 1 to 3.

In terms of the desirable design for CFJ, the one with the
least efficiency penalty is preferred, that is Case 4. One of
the major goals for CFJ is to achieve low energy consumption.
Therefore, preserving efficiency is more important than improv-
ing stall margin for the CFJ micro-compressor. The other reason
is that CFJ does not necessarily require a very large stall mar-

FIGURE 19: Swirl angle distributions upstream of the impeller
blade at near stall

TABLE 2: Summary of RCT performance

Cases SMI ∆η RCT flow rate (design point)

1 6.4% -4.1% -2.2%

2 3.3% -2.3% -2.3%

3 3.1% -2.1% -1.2%

4 6.2% -0.6% 0.24%

5 6.2% -0.84% 0.4%

6 9.49% -1.9% 0.5%

gin. As shown in Fig. 21, the CFJ injection duct connects the
micro-compressor with airfoil leading edge (LE), which trans-
fers the low static pressure at airfoil suction surface to the micro-
compressor outlet and serves as the compressor back pressure.
Therefore, the micro-compressor tends to be pushed to operate
at a high mass flow condition, which is away from the near stall
condition.

CONCLUSIONS
This paper investigates the recirculating casing treatment

(RCT) of a low total pressure ratio micro-compressor to achieve
stall margin enhancement while minimizing the design point ef-
ficiency penalty. Various RCT injection and extraction config-
urations are studied, including combined slot-duct, ducts only,
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(a) Baseline

(b) Case 6

FIGURE 20: Relative circumferential velocity contours upstream
of the rotor blade

FIGURE 21: Illustration of the positions of injection duct and
micro-compressor

and slot only. To minimize the design point efficiency loss, it is
observed that the optimal location of extraction and injection is
where the recirculated flow rate can be minimized at the design
point. To maximize stall margin, extraction location should favor
minimizing the tip blockage such as at the location where the tip
separation is fully developed. In addition, the slot configuration
that generates pre-swirl to the upstream flow is beneficial to im-
prove stall margin. Overall, a small efficiency penalty of 0.6%
at the design point is achieved for the duct only geometry with
the stall margin increased by 6.2%. The highest stall margin en-
hancement achieved is 9.49% with the slot geometry but has a
large design point efficiency penalty of 1.9%.
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