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Abstract: The tip gap region of an axial compressor rotor is a source of complex flows, inducing
losses and stability issues. Recent works have proven the ability of blowing high-speed jets in
the tip region to improve the surge margin of an axial compressor stage with a narrow tip gap
configuration. However, the tip gap size can evolve during the compressor lifetime, possibly affecting
its performance and operability. The objective is to evaluate the performance of an active flow control
system on a compressor with different tip gap sizes. The present work is based on the single-stage
compressor CME2 located at the Laboratory of Fluid Mechanics of Lille and equipped with actuators
blowing at the rotor tip leading edge. Configurations with two different values of the tip gap to chord
ratio (0.6% and 2.4%) are experimentally tested. RANS simulations are also performed. The effect of
tip gap sizes and tip blowing on the flow topology and compressor performance is evaluated (surge
margin improvement of the order of 200% for the larger tip gap size).

Keywords: axial compressor; active flow control; surge margin

1. Introduction

The Air Transport Action Group has set a target of achieving net-zero carbon emissions
by 2050 [1]. Among other solutions, this means improving the performance of aero-engines.
Improving the pressure ratio of axial compressor stages is a significant challenge due
to operating range limitations caused by flow instabilities like rotating stall and surge.
Rotating stall typically occurs in the clearance region between the blades and casing when
the tip leakage flow interacts with the main flow. To overcome these limitations, control
systems that manipulate the flow near the casing have proven to be effective in increasing
the safety margin against stall and, thus, in expanding the compressor’s operational range.
These control systems can be passive (modifying the geometry without external energy) or
active (requiring an external energy source). Recent research has demonstrated that active
control, specifically injecting air upstream of the leading edge of the rotor tip, can delay
the onset of stall. Indeed, active control provides a more versatile option in comparison to
passive control, as it can be adapted to the machine operating point and can accommodate
engine cycling and wear issues. Previous works have experimentally investigated the
influence of the main geometric and fluidic parameters that have an influence on the
injection performance [2,3]. CFD calculations have also been used to evaluate the ability of
such systems to reduce losses and increase the compressor surge margin. Marty et al. [4]
analyzed the benefit of blowing and the effect of blade tip suction. Neuhaus et al. [5] focused
on continuous blowing to reduce the tip clearance noise with various configurations.
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Nevertheless, all the above-cited works focused on a fixed compressor geometry,
whereas the tip clearance of a compressor evolves with the machine age and depends on
the rotor location and speed variations, and whereas it is well established that a modification
of the tip gap size has a strong impact on compressor performance [6,7].

As an example, isentropic efficiency is significantly reduced as the ratio, R (= τ
c ),

defined by the tip gap size, τ, over the axial chord, c, is increased from 0.9% to 3.4% [6].
The operating zone is also minimized due to a reduction of almost 10% in the stall safety
margin [6]. According to the work of [7], the tip gap size is inversely proportional to the
peak pressure rise of a blade: for every percent of increase in the tip gap size, 4% additional
pressure losses are observed.

The main goal of the present paper is to evaluate the performance of an active flow
control system on a compressor with different tip gap sizes and to investigate the fluid
behavior at the blade tip with continuous air injection. The CME2, a single-stage com-
pressor located at the Lille Fluid Mechanics Laboratory (LMFL), is used for this study.
Previous works have experimentally and numerically investigated the tip gap size ratio,
R, at R = 0.6% [8,9] for the CME2. This paper presents the effect of control on a larger tip
clearance defined as R = 2.4%. The paper is organized as follows: first, the test bench and
the CFD methodology are described. Then, a reference case is presented. Finally, the impact
of the active flow control parameters is discussed. This manuscript corresponds to our
paper published in the Proceedings of the 15th European Turbomachinery Conference [10].

2. Materials and Methods
2.1. Experimental Facility and Active Flow Control System

The experimental set-up under consideration is the CME2, a single-stage axial com-
pressor operated at the Lille Fluid Mechanics Laboratory [11]. All the tests presented were
performed at the rotational velocity Ω = 3200 rpm. The CME2 is 2π/10 periodic with
30 blades for the rotor and 40 blades for the stator. The stagnation pressure ratio is 1.03 at
Ω, and the nominal mass flow rate is equal to 5.3 kg/s. The rotor tip velocity is 94 m/s.
The design axial velocity at the leading edge is 43 m/s.

More details about the geometrical configuration are given in [11]. As shown in
Figure 1, the CME2 blowing system includes 20 pairs of actuators, located around the
CME2 circumference. The center of the injector is upstream of the leading edge of the rotor,
at −10 mm. The injectors were designed to benefit from the Coandă effect, and the jet is
attached to the wall casing to interact efficiently with the rotor blade tip flow. The active
control characteristics are summarized in Figure 1.

The injectors are fed with an external compression system that allows for adjusting
the mass flow injected by the control system. The absolute injection angle is also adjustable
and is defined as follows: the angle is positive when the jet tangential velocity component
is in the same direction as the speed of rotation (Figure 2).

Figure 1. CME2 air injection system.
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Figure 2. Definition of the absolute angle of injection and CAD view of adjustable yaw blowing angle
of the injectors.

2.2. Numerical Set-Up
2.2.1. Presentation of the 2π/10 Configurations

A preliminary computational domain was designed to obtain a 2π/10 configuration
using the natural periodicity of the machine (Figure 3). This consists of a single-blade
channel composed of one rotor blade and one stator blade with one pair of fluidic actuators.
The all mesh is composed of 7 × 106 nodes. The y+ values at the blade wall are lower
than 1 in the entire domain. When the tip gap size is changed, the number of points is
adjusted to maintain the cells aspect ratio. It is presented in [12] that for the smaller tip
gap (R = 0.6%), the single-blade channel (SBC) and 2π/10 configurations give very similar
results from nominal to stall conditions, which are very close to the experimental data.
However, for the larger tip gap (R = 2.4%), the SBC simulations fail to predict the critical
mass flow rate at stall conditions. Hence, in the present paper, the results from the RANS
2π/10 configuration are presented.

Concerning the injectors, the elements of prisms, pyramids, and tetrahedra comprise
the mesh for the interface between the injector and the channel (upstream, rotor and stator
parts). The channel is meshed with structured blocks using an ‘O-nH’ topology. Finally, the
software Pointwise® allowed the conversion of the hexahedra mesh of the injectors into
unstructured blocks.

Figure 3. Preliminary and 2π/10 configurations.

2.2.2. General Parameters

The RANS 2π/10 calculations are performed with the elsA solver, developed at ON-
ERA and co-owned by ONERA and SAFRAN [13]. This code relies on a cell-centered
finite-volume discretization on structured and unstructured multi block meshes. A conver-
gence study based on two types of mesh for a single-blade channel configuration without
injectors, one at 106 and the other at 3 × 106 nodes was performed in [14]. The last mesh
was selected as it presented a good compromise between numerical cost and reliability.
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Laws of ideal gas, of Sutherland (for fluid viscosity), and of Fourier (for heat fluxes)
are used together with Reynolds-averaged Navier–Stokes (RANS) equations to simulate
the compressible flow within the CME2 compressor. RANS equations are solved by using
the second-order upwind scheme of Roe for convective fluxes, for both the transport
equations of turbulence models and the Navier–Stokes equations, and a classical second-
order-centered scheme for the diffusive fluxes. The Spalart–Allmaras model [15] is applied
for turbulence modeling. A backward Euler scheme is used for time integration with local
time stepping in order to improve the convergence rate in the steady flow state. For the
implicit phase, this is associated with a lower–upper symmetric successive over-relaxation
scheme (LU-SSOR).

Table 1 presents all the boundary conditions for the simulations. A mixing plane is
used in order to solve the rotor–stator interface and connect these blade rows in RANS
calculations. Additionally, a subsonic outlet condition is used downstream of the do-
main: a static pressure is imposed with a radial equilibrium law defined by a valve law
(Ps = Pre f + αrelax(ṁ/ṁre f )2) based on a valve coefficient, αrelax, allowing us to set new
operating conditions with a specific mass flow rate ( Pre f = 101,325 Pa, ṁre f = 10.0 kg/s).

Different meshes are undertaken in order to evaluate the influence of the absolute
injection angle of the jets (0◦; −30◦) on performance at the defined rotation speed of
3200 rpm. The considered hybrid meshes are characterized in Figure 4, illustrating the
injector mesh for each injection angle, αinj: 0◦, −30◦.

Table 1. Boundary Conditions.

Upstream - Subsonic inlet condition with prescribed total pressure
- Axial flow direction, Pt = 101,325 Pa, Tt = 288.15 K

Blades, casing, hub - Adiabatic wall condition
- Fixed wall condition for casing and a part of the hub
- Mobile wall condition for hub and blades

Downstream - Subsonic outlet condition with radial equilibrium using a
valve law on static pressure

Inlet of the injector - Subsonic inlet condition with prescribed mass flow rate, Qinj
- Flow direction normal to boundary, Tt = 288 K

Injector walls - Adiabatic wall conditions

Figure 4. Different mesh configurations at αinj = 0◦, −30◦.

3. Results and Discussion
3.1. Reference without Control: Baseline Performance Assessment

First, to assess agreement between the experimental data and numerical results, simu-
lations were performed without control with 2π/10 configurations for a narrow tip gap



Int. J. Turbomach. Propuls. Power 2023, 8, 30 5 of 12

size at R = 0.6% and a larger one at R = 2.4%. The test campaign was conducted on both tip
gap sizes without control on the CME2. A valve was throttled progressively from nominal
to stall conditions. For R = 0.6%, the experimental data are provided by [9]. As a reference
case, the simulations were compared at the same configuration of the experimental data,
with the injectors oriented at αinj = 0◦ without blowing (Figure 5).

Figure 5. CME2 performance map at two tip gap sizes (R = 2.4% and R = 0.6%) for configuration
with injectors at αinj = 0◦ without blowing for experimental tests and numerical results.

3.1.1. Specific Operating Conditions for Ratio R = 0.6% and R = 2.4%

The design compressor flow coefficient is 0.53. The critical flow rate for which the
compressor encounters stall is 0.41 and 0.44 at R = 0.6% and R = 2.4%, respectively (Figure 5).
A range of mass flow coefficients from 0.25 to 0.53 is investigated. Among the conditions
considered, several operating points are identified as follows: (i) nominal conditions
(φ1 = 0.53); (ii) last stable conditions before stall: the last experimental point (S) before
a clear break in the slope of the performance curve (at φS2 and φS2′ ); and (iii) post-stall
conditions at a mass flow rate lower than φS.

3.1.2. Results from Nominal to Last Stable Conditions at Ratio R = 0.6% and R = 2.4%

The performance chart is provided with the RANS numerical results for the two tip
gap sizes (R = 0.6% and R = 2.4%) and with the experimental data (Figure 5). The 2π/10
simulations provide excellent results when they are compared with the experimental data
at R = 0.6%. In particular, it gives discrepancies less than 1% to the last stable conditions
for R = 0.6%, even if the numerical results slightly underestimate Ψ = ∆Ps

ρU2 from φ = 0.53 to
φ = 0.45. Similarly, for R = 2.4%, the numerical results give acceptable performance data at
this larger tip clearance. Indeed, from φ = 0.53 to φ = 0.45, RANS 2π/10 simulations produce
discrepancies less than 1%. The largest deviation from the experimental data is related to
the conditions close to stall. For R = 0.6%, the experimental critical mass flow rate is φS2
= 0.41, whereas the numerical simulations predict the slope discontinuity characteristics
at φS = 0.39. Moreover, the numerical results slightly underestimate Ψ compared to the
experimental data at the top of the curve, but it captures well the same trend of performance
just before stall. In the same way, for R = 2.4%, the RANS results seem to define a last stable
point at a lower mass flow rate but close to φS2′ = 0.44. The compressor pressure rise just
before stall is slightly over-evaluated.
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3.2. Performance of Flow Control at Different Tip Gap Sizes

The impact of the active flow control is investigated in continuous blowing at 3200 RPM
with 40 injectors activated at R = 0.6% and 2.4%, with the injection angle set to αinj = −30◦.
The absolute injection angle was chosen as a reference for R = 0.6%, as this corresponds
to the optimal performance of the compressor in terms of stall margin improvement
according to [9].

The experimental and numerical compressor performance maps are presented in
Figure 6. The blowing flow rate is set in the simulation to Qinj = 2.0% to correspond with
the experimental results. The injected mass flow rate, Qinj, is defined as the percentage of
the compressor mass flow rate at the last operating point without control for the nominal
geometry, R = 0.6%. If the last operating point without control for R = 2.4% is chosen, a
slight discrepancy of 0.025% is observed, which is why, to compare each case, R = 0.6% is
taken as the reference. Moreover, according to [16], the injected mass flow rate in each pair
of injector valves was observed as constant with a slight variation of 1%, regardless of the
pair considered.

As already experimentally observed in [9,16], for R = 0.6%, the control system proves
its capacity to push the stability limit to lower flow rates (φS is decreased from 0.41 to 0.32)
and improves the static pressure rise in the compressor. At the largest gap size, R = 2.4%,
the effect of blowing is even more efficient as the stall limit, with control being φS = 0.335,
which is very close to the one observed for the narrow gap size. Moreover, compared
with the baseline characteristic curves, the controlled cases present an increase in the static
pressure ratio, with the slope of the curves becoming positive, especially for R = 2.4%.

Concerning the CFD predictions, the static pressure drop is also delayed due to the
lower mass flow rates compared to cases with no control for both tip clearances. The 2π/10
simulations provide a similar controlled performance trend, but they underestimate the
pressure coefficient, Ψ, when the experimental data curves flatten toward the top from
φ = 0.4 to φS = 0.335 for R = 2.4% and from φ = 0.41 to φS = 0.32 for R = 0.6%. This means
that the 2π/10 simulations are sufficient to predict the change in slope when stall occurs
with blowing control but lack accuracy for the sudden static pressure drop captured in the
experiments. The unsteady simulations of the compressor with a 360◦ configuration should
capture the effect of blowing with further accuracy when the mass flow rate is close to stall.

Figure 6. CME2 performance map at (a) R = 2.4%, (b) R = 0.6%, with αinj = −30◦ (Qinj = 2.0%).

To illustrate the effect of blowing on the flow near the casing, the slices of static pressure
at 96% of the rotor blade height for the specific operating conditions are plotted (Figure 7).
Some variation in the intensity of static pressure between the two configurations with and
without control can be observed. For the configuration without control, a characteristic
low relative pressure region at the leading edge can be observed (Figure 7a). This specific
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static pressure drop region is associated with tip leakage vortical flow. At the last stable
point without control, Figure 7b highlights the modification of incidence of the tip leakage
vortex with the nominal case as it moves toward the leading edge. At stall conditions
(Figure 7c), there is a drop in static pressure variation shown in the performance map, and
the tip leakage vortex is no longer visible longer as the flow is detached. When blowing is
activated, at each operating condition (Figure 7a–c), this lower static pressure region seems
to be confined along the suction side of the rotor, preventing compressor stall at φ = 0.44.
This suggests that CFD is able to capture the main effect of blowing on leakage flow and its
effect on stall delay.

Figure 7. Static pressure field for R = 2.4% at nominal, last stable, and stall conditions for configura-
tions: without and with control (αinj = −30◦ and Qinj = 2.0%).

To characterize the effect of the control system on the compressor performance, two pa-
rameters are introduced: the power balance (Equation (1)) [9] and SMI (Equation (4)) pre-
sented by [17]. The mass averaged power balance is defined as the additional total power
provided to the flow by the compressor due to the control. The total pressure at the inlet
includes the jet’s dynamic pressure. This can be simply defined by the net benefit (energy
gain in terms of pressure rise in the compressor stage - energy cost due to the blowing system)
of the control system.

PB =

(
(QS,B + Qinj)

∆ptt,C,int
ρC

)
−

(
(QS,B)

∆ptt,B
ρB

)
P

× 100 (1)

where P, Q, and ∆ptt are the compressor nominal power (P = 23,000 W), the mass flow
rate, and the total-to-total pressure rise, respectively. Within Equation (1), the subscripts
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refer to B for the baseline case without control, C for the controlled case, S for the last
stable operating point with the lowest flow rate before stall, inj is the injection for the global
injected mass flow rate, and int is the interpolation for the controlled total-to-total pressure.

With similar nomenclature, SMI is determined by the ratio of the surge margin with
control, SMC, and without control, SMB (Figure 8a):

SMB = ((
∆ptt,B

QS,B
)(

Qnom

pnom
)− 1)× 100 (2)

SMC = ((
∆ptt,C

QS,C
)(

Qnom

pnom
)− 1)× 100 (3)

SMI =
SMC − SMB

SMB
× 100 (4)

Contrary to [9], the inlet total pressure, in the controlled case, contains the energy
added by the jets. Figure 8b shows an SMI vs. power balance comparison between the
two tip clearances at αinj = −30◦ for configurations with the control at 20 injectors and
40 injectors. Different Qinj are tested with a range from Qinj = 0.5% to Qinj = 2.5%. The
interesting configurations are the ones that achieve significant SMI and positive power
balance. Therefore, the points at the top and/or the right of the map are targeted. It appears
that the configurations with 40 injectors offer the best results for each tip clearance size
compared to 20 injectors. Consequently, it allows an acceptable angular coverage around
the circumference of the compressor. The cases at Qinj = 1% and 1.5% offer interesting
applicative configurations, as they can obtain a satisfied SMI and a positive power balance,
reaching 5.8% of the compressor nominal power. The cases at Qinj = 2.5% correspond to
the maximum energetic cost, as this represents the maximum number of injectors with
the maximum flow rate per injector. Additionally, at R = 2.4%, the SMI provides excellent
results compared with R = 0.6%: the SMI and power balance are up to nearly 200% and 6%,
respectively. Nevertheless, it has to be kept in mind that the SMI is calculated by taking the
last stable point from the baseline case without control, as shown in Figure 6: the baseline
at R = 2.4% is lower than the one at R = 0.6%, which is due to the higher losses that happen
between the carter and the rotor blade with a lower height.

Figure 8. (a) SMI calculations. (b) SMI (%) and power balance (%) of the control system with
experimental data at R = 0.6% and 2.4% for αinj = −30◦ with 20 and 40 injectors.
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Finally, it is shown that the active control with αinj= −30◦ seems to be efficient as it
postpones the stall limit with a stall mass flow rate decrease and a pressure ratio increase.
This improves the SMI, offering a possible strategy to stabilize the tip gap region.

3.3. Impact of the Injection Control Parameters

Further configurations are explored experimentally with different control parameters.
In this section, the active flow control for continuous blowing at 3200 RPM is tested with 40
and 20 injectors activated and various absolute flow angles: the performance curves are
presented with αinj = 0◦,−30◦,−45◦,−60◦ at Qinj = 1.5% (Figure 9). For the configurations
with 40 injectors, the best results are obtained at αinj = −45◦, and with 20 injectors, the best
results are obtained at αinj = −30◦. Indeed, the effect of blowing control generates higher
static pressure rise at these angles. In addition, the stall onset is delayed, especially for the
40-injector configuration.

Figure 9. Experimental CME2 performance map for R = 2.4% at 0◦, −30◦, −45◦, −60◦: with (a) 20 in-
jectors, (b) 40 injectors.

The global performance of the other fluidic parameters is then analyzed, focusing on
the configurations with 40 injectors, as this configuration produces the best results in terms
of performance. In Figure 10a, the power balance vs. SMI is investigated for continuous
blowing at specific angles of injection. As expected, blowing control configurations allow
for providing the best SMI with a high positive power balance with αinj = −45◦, especially
for the injected mass flow rates at Qinj = 1% and 1.5%. Consequently, it seems that for a
larger tip gap size, the best configuration for active control is obtained with 40 injectors at
αinj = −45◦. In Figure 10b, the SMI is reported as a function of the relative blowing angle, β.
The results are extracted for different values of V∗jet defined by the jet velocity scaled by the
rotor tip blade velocity (U). The SMI clearly presents maxima for a relative blowing angle
around 60◦ (Figure 10b). In a previous study [9], at R = 0.6%, this value for the relative
blowing angle allowed for obtaining the best SMI. Moreover, this value approximately
matched with the inlet blade angle at the tip for the CME2 compressor.
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Figure 10. (a) SMI and power balance. (b) SMI (%) and β (◦) at R = 2.4% for αinj = 0◦, −30◦, −45◦,
−60◦ with 40 injectors.

4. Conclusions

The present study reported the effect of active flow control on narrow and large tip
gap sizes. The experimental campaign was conducted on a single-stage axial compressor
test bench equipped with fluidic actuators around the circumference. The measurements
were performed from design conditions to operating points close to stall for configurations
with and without control.

Compared with previous studies carried out for a narrow tip gap size on the CME2 test
bench (R = 0.6%), the present work highlighted the benefit of active flow control on a large
tip gap size (R = 2.4%). The impact of blowing allowed a longer delay in stall onset (SMI of
the order of 200% and power balance up to nearly 6%), as well as a pressure increase that
allowed a net positive power balance of the system. This study also demonstrated that the
optimal configurations for blowing were based on the specific injection angle (αinj = 45◦)
and full injector activation (40 injectors) around the compressor circumference. For the
larger tip gap size (R = 2.4%), it seems that the air injection limits better the losses induced
by the tip gap flow, generating a higher SMI than for narrow tip clearance (R = 0.6%).
Further experimental tests should enhance the analysis of the development of stall with
active control, thanks to the unsteady measurements, and attest the efficiency of tip blowing
leading to the stabilization of the tip gap flow.

In parallel, RANS 2π/10 simulations were achieved for the same configurations.
The RANS 2π/10 simulations rather accurately predicted the performance map without
control (discrepancies less than 1% from nominal to last stable conditions) and were able
to qualitatively catch the performance improvement induced by the control system. The
analysis of the static pressure maps close to the casing showed that blowing confined the
tip leakage vortex near the blade wall. Hence, this contributes to stall delay.
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Abbreviations
The following abbreviations are used in this manuscript:

A Annulus area at the rotor inlet (A = 0.1029 m2)
αinj Injection angle (◦)
β Relative blowing angle (◦)
ρ Density (ρ = 1.225 kg/m3)
∆Ps Static pressure variation (Pa)
φ Flow coefficient: ṁ/ρA

U (-)
ṁ Mass flow rate (kg/s)
Ω Rotational velocity (rpm)
Ψ Pressure coefficient: ∆Ps

ρU2 (-)

P Nominal compressor power (W)
Ps,t Static, total pressure (Pa)
PB Power balance (%)
Qinj Global injected mass flow rate (kg/s)
RANS Reynolds-averaged Navier–Stokes
R Ratio (tip gap size over the axial chord) (%)
SBC Single-blade channel
SMI Stall margin improvement (%)
SM Stall margin (%)
Tt Total temperature (K)
U Rotor tip velocity (m/s)
V∗jet Jet velocity scaled (-)
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