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This study concerns a multi-objective optimization of circumferential single grooved casing
treatment for a low-reaction transonic rotor with ultra-high loading. The axial location, width
and depth of the groove are investigated as design variables. The optimization problem
seeks to fully extend the operation range of the rotor while minimizing efficiency
degradation. Artificial neural network of radial basis function is applied to construct the
surrogate model. The optimal groove configuration was determined using non-dominated
sorting genetic algorithm II (NSGA II) in conjunction with technique for order preference by
similarity to ideal solution (TOPSIS). Detailed analysis of flow field reveals that two flow
features involving stability enhancement for the low-reaction rotor are the inhibition of
shock/vortex interaction in the rotor tip region and the reduction or elimination of double-
leakage tip gap flow. The blocking region located right downstream of the interface
between the tip leakage flow and the main flow is decreased due to the tip unloading effect
and recirculation flow induced by the groove. Additionally, the efficiency improvement can
be observed as the intensity of tip leakage vortex decreases. Based on the single groove
optimization, the prospect of a particular multiple groove casing configuration consisting of
component grooves with varied geometrical dimensions is also discussed in the paper.
The simulation results indicate that the new-type multiple groove configuration is more
advantageous to the rotor’s performance.
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Abbreviations: Ca , Axial tip chord length; η, Adiabatic efficiency; πp , Total pressure ratio; m, Mass flow rate; �X, Vector of
design variables; �W, Vector of relative velocity; �ζ , Vector of absolute vorticity; Cp, Static pressure coefficient; ρ, Density; ρref ,
Reference density; Vrad , Radial velocity; Utip , Tip speed; minjection , Injection flow rate from casing treatment; minlet , Rotor inlet
mass flow rate; ξ, Loss coefficient; CT, Casing treatment; CTB, Bottom surface of casing treatment; L, Lower bound; NS, Near
stall condition; Pt , Total pressure; S, Surface; SC, Smooth casing; T, Total temperature; U, Upper bound; Vn , Normal velocity;
ζn , Absolute vorticity coefficient; ω, Rotor angular velocity; k, Adiabatic index; 1, Rotor inlet; 2, Rotor outlet.
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INTRODUCTION

Increasing the overall pressure ratio is an efficient way to increase
the cycle efficiency and energy utilization of a gas turbine. In the
case of limited blade speed, increasing the pressure rise per stage
will require a higher stage loading. Kerrebrock et al. (1997)
pioneered the application of boundary layer aspiration to
compressor design. A fully aspirated transonic compressor
stage, with aspiration on both the rotor and stator, was
designed to experiment. The compressor stage achieved a total
pressure ratio of 3.4 at a tip speed of 457 m/s. In comparison to
conventional stages, the work capacity can be doubled while
maintaining acceptable through-flow efficiency. Unfortunately,
as a high-speed rotating component, the aspiration slots on the
rotor have the potential for an unfavorable influence on blade
mechanical strength, severely limiting the engineering
application of the aspiration technique. To address this issue,
Hu et al. (2014) proposed an unconventional design strategy: a
low-reaction aspirated transonic compressor. By increasing the
meridional velocity downstream of the passage shock, the rotor
could achieve a higher loading coefficient and avoid large-scale
flow separation without using aspiration. As a result, the
boundary layer aspiration was limited to the stator. It is worth
noting, however, that the difficulty of aerodynamic design for the
low-reaction compressor rotor is significantly increased due to
the lack of active flow control techniques.

Also, higher compressor loading tends to sacrifice safe
operating range. There is a conflict between increasing
aerodynamic loading and maintaining adequate stall margin.
Numerous studies have established the critical role of rotor tip
leakage flow and its associated vortex in stall onset (Adamczyk
et al., 1993; Hewkin-Smith et al., 2019; Zhu et al., 2021). Owing to
the presence of passage shock, the tip leakage behavior in
transonic compressors is much more complicated.
Experimental and numerical results from Suder and Celestina
(1996) revealed that the interaction of the passage shock and the
tip leakage vortex (TLV) may primarily contribute to the stall of a
transonic rotor. Increased rotor loading can enhance shock/
vortex interaction. Casing treatment has been developed as a
viable method for mitigating the adverse impacts of tip leakage
flow. In general, casing treatment can be broadly divided into two
categories in accordance with its structure: circumferential

grooves (Shabbir and Adamczyk, 2005; Mustaffa and
Kanjirakkad, 2021) and axial slots (Djeghri et al., 2015; Ba
et al., 2020). Both configurations exhibit excellent stability
enhancement capability, but they permanently alter the shape
of the casing and have a continuous influence on the flow field
near the rotor tip throughout the operating range, frequently
resulting in efficiency penalties (Sun S et al., 2019). Grooved
casing treatment has received particular attention due to the
benefits of reduced impact on efficiency and ease of manufacture.

Several parametric studies on the grooved casing treatment for
transonic compressors have been conducted. The underlying flow
mechanisms are gradually uncovered in the process. Rabe and
Hah (2002) investigated the effect of groove depth on stability
using a combination of numerical simulations and experiments.
It was discovered that both shallow and deep grooves had a
positive effect on stall margin. The decrease in the incidence angle
is thought to be the main factor in stall margin improvement. On
the other hand, Muller et al. (2007) observed that shallow grooves
were less effective than deep grooves at extending the stall margin
but were more conducive to improving peak efficiency. The
calculated Mach number distributions near the casing showed
that the interaction between the leakage flow and the recirculation
flow of grooves reduced tip blockage, preventing the leakage flow
from forward spillage and postponing the stall onset.

More recently, Mustaffa and Kanjirakkad. (2021) numerically
investigated the impact of groove axial location on NASA rotor
37. To qualify the near casing blockage in transonic rotors, a novel
blockage parameter was proposed. The results indicated that the

TABLE 1 | Main parameters of the investigated compressor rotor at PE.

Parameter Value

Tip speed (m/s) 370
Aspect ratio 0.8
Hub to tip ratio 0.7
Tip camber angle (°) 54.4
Tip relative Mach number 1.22
Mean flow coefficient 0.53
Mean loading coefficient 1.01
Rotor total pressure ratio 2.65
Rotor adiabatic efficiency 0.9253
Axial tip chord (m) 0.0686
Tip clearance (mm) 0.6

FIGURE 1 | Parameterization of grooved casing treatment.

TABLE 2 | Ranges of groove parameters.

Parameter Min (% Ca) Max (% Ca)

Groove depth: D 1.25 20
Groove width: W 2 25
Groove location: Z 0 30
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maximum stall margin increment could be achieved when the
groove was located upstream of the peak tip blockage location. It
was explained that it is more beneficial to eliminate the front
portion of the peak blockage than to reduce the peak blockage
itself. Sakuma et al. (2014) also regarded NASA rotor 37 as the
research object and studied the influences of groove axial location
and depth. The results indicated that the best gain in stall margin
occurred at the 20% point of the axial tip chord length (Ca), and
that the stability-enhancing effect could be enhanced further by
deepening the groove. The groove was concluded to significantly
reduce the leakage flow momentum, resulting in the deflection of
the TLV and movement of the blocking region. Through
numerical studies, Mirzabozorg et al. (2017) examined the
effects of varying the width and the axial location of the
casing groove. They reported that as groove width varied, the
effects of groove location on stall margin and performance
followed different laws. Narrow grooves near the leading edge
and medium-width grooves increased flow stability by reducing
the size of the vortex breakdown region and delaying separation
on the blade suction side near the casing. Wide grooves harmed
stall margin and performance.

Despite these parametric studies on casing groove, the design
criterion for casing groove is still unclear. In practice, the selection
of groove geometrical parameters is heavily reliant on the
designer’s experience, which undoubtedly complicates the
search for the optimal design. In the wake of developments in
computational fluid dynamics and machine learning techniques,
several optimization investigations into casing grooves have been
launched in recent years. Choi et al. (2010) optimized casing
grooves for a transonic rotor using groove depth and width as
variables, with the goal of maximizing stall margin. Kim et al.
(2011) performed a multiple-objective optimization of casing
grooves with a focus on enhancing stall margin and peak
efficiency. Zhao et al. (2014) optimized the effect of casing
grooves on NASA rotor 37 based on radial basis function
neural network (RBFNN) and a multi-objective evolutionary

algorithm. In order to improve stability and design
performance, Song et al. (2019) developed a grooved casing
treatment optimization method integrated with three-
dimensional blade design. These optimization studies were
conducted on multiple grooves, using identical and equally
spaced casing grooves. In particular, Qin et al. (2014)
performed optimization of a six-groove configuration with
independent depths. They also pointed out that each groove
should ideally have a different width, if computing resources
permit.

Houghton and Day (2012) argued that the effects of multiple
grooved casing treatment were not simply an accumulation of the
individual grooves’ effects. Huang et al. (2008) and Choi et al.
(2010) found that the groove near the trailing edge was
superfluous for stability enhancement. The research of
Mirzabozorg et al. (2017) demonstrated that the stall margin
improvement of a multiple groove configuration is comparable to
that of the upstream single groove. These findings indicate that
there are some shortcomings in previous multiple groove
optimization studies in which the geometry of each
component groove is identical and changes synchronously.
During the optimization process, some grooves may be
redundant, and the effectiveness of some specific grooves can
be hindered.

Besides, in all the studies on casing treatment reviewed here,
the subjects were mostly compressors with moderate loading. To
date, a detailed research on highly loaded compressor is rare in
open literature.

This study presents numerical investigations of grooved casing
treatment for a highly loaded low-reaction transonic compressor
rotor. A multi-objective optimization is conducted to obtain the
best stability-enhancing effect of single circumferential groove
while maintaining rotor efficiency. The flow mechanisms
governing the grooved casing treatment acting on the rotor
are also explored and analyzed. Hence, owing to the presented
work, the best values of groove parameters can be revealed,

FIGURE 2 | Comparison of overall performance with different meshes.
FIGURE 3 | Schematic diagram of the total computational domain.
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providing design guidelines for promoting the effectiveness of
grooved casing treatment in highly loaded compressors. Finally,
an unconventional form of multiple grooved treatment is
presented and evaluated on the basis of the optimized single
groove design.

MODEL SPECIFICATIONS

The investigated rotor comes from a low-reaction transonic
aspirated compressor stage. The design methodology of the
unconventional compressor is elaborated in reference (Hu
et al., 2014). With the help of this design philosophy, the
compressor can achieve an ultra-high loading coefficient with
excellent through-flow capacity. The main characteristics of the
compressor rotor are summarized in Table 1. The rotor can
achieve a total pressure ratio of 2.65 at a tip speed of 370 m/s
when operating at peak efficiency (PE).

With respect to the casing treatment design, the
parameterization is illustrated in Figure 1. D, W, and Z
represent the depth, width, and axial location of the casing
groove, respectively, and are all normalized using the axial tip
chord length. The parameter ranges are presented in Table 2,
which are derived from previous studies on the grooved casing
treatment in low-reaction transonic compressors (Zhu et al.,
2020) as well as preliminary calculations.

NUMERICAL SCHEMES

Computational Scheme
Three-dimensional steady-state simulations are performed using
the commercial code EURANUS. The Reynolds-averaged Navier-
Stokes equations are discretized using the cell-centered control
volumemethod. The Spalart–Allmaras turbulence model (Spalart
and Allmaras, 1992) is used to evaluate the eddy viscosity as it has
been proved to commendably capture tip flow structures in
transonic compressors by numerous studies (Ren and Gu,
2016; Sun X et al., 2019; Wang et al., 2019).

Total pressure (101325 Pa), total temperature (288.15 K) and
inflow angles are taken as the inlet boundary condition. The static
pressure condition is imposed with simple equilibrium
distribution law at the outlet. As for the solid walls, no-slip
and adiabatic conditions are employed. The characteristic lines
are obtained by gradually increasing the static pressure at the
outlet. The last operating point where the flow parameters exhibit
stable periodic fluctuations is set as the near stall (NS) point.
When approaching the PE point and stall limit, the step size of the
static pressure at the outlet is adapted to 100 Pa, which
corresponds to 0.1% of the inlet total pressure.

Grid Strategy
Calculations are carried out using a single blade passage. The
blade passage domain is generated by the O4H grid. The rotor tip
gap is constructed using a combination of O-type and H-type
grids. Within the gap, there are 25 spanwise grid points that
efficiently capture tip leakage flow. When calculating the case
with casing groove, an additional H-block mesh is used to
discretize the groove domain. The full non-matching
connecting technique is employed to connect the blade
passage and groove region. This technique ensures satisfactory
interpolation accuracy and is thus widely used in casing treatment
studies (Mao and Liu, 2020; Zhu and Yang, 2020). Furthermore,
the minimum grid spacing is set to 3 × 10−6 m to meet the y+ at
most solid walls less than 2. The mesh independent results for the
smooth casing are shown in Figure 2. The mesh density is varied
between 0.51 million and 2.21 million elements. The numerical
results are almost identical when the mesh number exceeds 1.12
million. To optimize the computing accuracy and speed, themesh
with 1.12 million grids is chosen for further analysis in this
investigation. Then, the grid number of the casing groove is fixed
at 0.2 million, beyond which overall performance, stall margin,
and tip leakage flow rate remain nearly constant. An overview of
the total computational domain is shown in Figure 3.

Assessment
In order to demonstrate the reliability and feasibility of the
present numerical method, NASA Rotor 67 (Strazisar et al.,

FIGURE 4 | Comparison of measured and predicted characteristic lines. (A) Efficiency (B) Total pressure ratio.
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1989) is selected for CFD validation. As with the model studied
in this work, NASA Rotor 67 is also a low aspect-ratio, transonic
rotor, and the stall inception is triggered by the interaction
between the passage shock and the TLV. The numerical settings
and grid distribution are consistent with that of the investigated
rotor. The experimental and calculated data for Rotor 67 are
compared in Figure 4, where the abscissa is normalized with the
respective choke flowrates for each. The adiabatic efficiency and
total pressure ratio are defined as the equations below:

η �
(Pt,2

Pt,1
)

k−1
k − 1

T2
T1
− 1

π* � Pt,2

Pt,1

As can be seen from Figure 4, the dimensionless flowrate at
the NS point predicted by the numerical calculation is 0.92, which
is very close to the experimentally measured dimensionless
flowrate at the NS point of 0.921. It is demonstrated that the
numerical simulation could adequately predict the near stall
flowrate. The calculated total pressure ratio curve is
underestimated slightly in comparison to the experimental
results, within an error of 2.5%. Furthermore, the calculated
efficiency is nearly consistent with the experimental data. The
efficiency values predicted by simulation at the PE and NS points
are 1.75% and 0.6% lower than the experimental results,

FIGURE 5 | Pareto front and geometric parameters of typical points. (A) Pareto front of objective functions (B) Geometric parameters of typical points.

TABLE 3 | Ranges of casing groove parameters.

Design SMI (%) SMI (%) ηpe (%) ηpe (%)

(model) (CFD) (model) (CFD)

Max PEI point 0.691 0.989 92.693 92.705
TOPSIS point 5.281 5.834 92.529 92.533
Max SMI point 8.139 7.65 91.942 91.954
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respectively. On the whole, the selected CFDmethod is capable of
predicting the transonic rotor’s performance and stable operating
range with reasonable accuracy.

MULTI-OBJECTIVE OPTIMIZATION

Peak efficiency and stall margin improvements (PEI and SMI,
respectively) are selected as objective functions in order to achieve
the optimal effect of casing treatment. SMI is the percentage
reduction in mass flow rate at NS produced by the casing
treatment, as defined in reference (Houghton and Day, 2012).
The two objective functions are calculated using equations:

PEI � (ηPE)CT − (ηPE)SC
SMI � (mNS)SC − (mNS)CT

(mNS)SC
Furthermore, two optimization constraints are set: one is the

boundaries imposed on the decision variables (see Table 2), and
the other is that the variation in mass flowrate at PE is less than
2%. The second constraint is used to restrict the performance
variation within a certain range after applying the casing
treatment. Mathematically, the optimization procedure can be
expressed as follows.Maximize:

f 1( �X) � SMI, f 2( �X) � PEI

Subject to:

(Xi)L<Xi < (Xi)U, i � 1, 2, 3

0.98 · (mPE)SC< (mPE)CT< 1.02 · (mPE)SC
The optimal Latin hypercube sampling method (OLHS)

(Keane et al., 2008) is used for the design of experiment. 28
groove configurations are calculated to generate the database for
the surrogate model. In comparison to the traditional Latin
hypercube sampling technique, the OLHSmethod ensures that a
design has adequate space filling qualities. RBFNN is employed
to construct the surrogate model, which is frequently used to

approximate nonlinear relationships and build nonlinear
mappings between input and output variables, because it can
project low-dimensional linear data into high-dimensional
nonlinear data. Additionally, it has a high rate of learning
convergence. RBFNN has been successfully applied to the
prediction of compressor operating range and performance
in recent literature (Vuong et al., 2021). The precision of the
surrogate model was evaluated by means of k-fold cross
validation.

Non-dominated sorting genetic algorithm II (NSGA II) is
adopted to find the optimal solutions. NSGA II (Deb et al.,
2002) is a classical multi-objective evolutionary algorithm,
which reduces the complexity of non-dominated sorting
genetic algorithm and has high operation speed as well as
good nature of the constringency of the solution set. It is an
effective method for solving multi-objective functions and
should be suitable to this investigation. To begin with, a
parent population of size N is created. Through crossover
and mutation operations, new individuals with higher quality
than the previous generation are generated. This process is
iterated so that the population always evolves towards the
optimal direction from generation to generation. A Pareto-
optimal solution set of objective functions is finally obtained
when the algorithm terminates. One hundred populations
combined with 600 generations are applied in this
optimization.

RESULTS AND DISCUSSION

Multi-Objective Optimization
As depicted in Figure 5A, the pareto front is provided as the
multi-objective optimization results. It can be seen from the
distributions of the pareto front that SMI and PEI present a
negative relationship. Consequently, the designer should make a
compromise between the capacity of stability extension and the
impact on adiabatic efficiency for casing treatment and select one
point from the pareto set. Technique for order preference by
similarity to ideal solution (TOPSIS) (Behzadian et al., 2012), one

FIGURE 6 | Characteristic lines of rotor with and without casing treatment. (A) Efficiency (B) Total pressure ratio.
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of the most commonly used methods in multi-objective decision
analysis, is employed to search the optimal design point. Due to
the high through-flow efficiency and limited stall margin for the
investigated rotor, prior consideration is given to the stability
enhancement capacity of casing treatment in decision-making.
Hence, the final optimal solution is obtained by setting a weight
ratio of 7:3 for SMI and PEI, which is denoted as the TOPSIS
point in Figure 5A. In addition, the points corresponding to the
maximum values of SMI and PEI are also displayed.

Table 3 compares the surrogate model predictions with the
numerical calculation values. The results demonstrate once
again the effectiveness and applicability of this surrogate
model. Figure 5B shows the design variable values of the
three typical points. It is found that widening the groove
increases the stall margin but degrades peak efficiency. The
groove close to the leading edge provides a substantial increase
in the stall margin, and the optimum groove in terms of peak
efficiency improvement is located around 20% Ca. However,

FIGURE 7 | Tip vortex structures with and without casing treatment at NS, captured byΩmethod. (A) Smooth casing (B)Max PEI point (C) TOPSIS point (D)Max
SMI point.
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no clear pattern was found for the influence of groove depth on
the rotor performance. The TOPSIS point is a shallow groove
with a depth close to the lower limit of the value range, while
the max SMI point is in the middle of the value range, and the
max PEI point has a depth in between. According to the casing
groove research by Mao et al. (2018), the optimum depth was
different for the various locations. Therefore, it can be
speculated that the depth has certain correlation with other
design variables for the low reaction rotor.

Figure 6 compares the characteristic lines derived from
simulations with and without casing treatment. As can be seen
from the figure, the max PEI configuration can improve the
efficiency and total pressure ratio over the entire flow range, but
only slightly increase the stall margin. For the max SMI point, the
stall margin can be increased by about 7.65%, but the total
pressure ratio and efficiency decrease, and the flowrate
reduction at PE approaches the prescribed constraint. The
optimal design derived from TOPSIS combines the advantages
of the two design cases, without degrading the rotor performance
and with a remarkable increase in operating range. As to the
aerodynamic performance and stability synthetically, the
optimum design is an excellent choice.

Flow Mechanisms of Applying Casing
Treatment
Changes in Blade Tip Flow Field at NS
In order to elucidate the underlying mechanism by which casing
treatment affects stability, this section will focus on the flow fields
at NS. Figure 7 shows the vortex structures in the tip region. The
passage shock is outlined with a green dotted line. A new vortex
identification method is used to visualize the tip vortices, that is
the objective Ω method (Liu et al., 2019). Compared to other
vortex identification methods such as the Q criterion and the λ2
criterion, the Ω method has advantages in terms of definite
physical meaning and normalization (values range from 0 to
1). Vortices are colored with normalized helicity Hn, defined as:

Hn � �W · �ζ∣∣∣∣∣∣ �W
∣∣∣∣∣∣
∣∣∣∣∣∣ �ζ
∣∣∣∣∣∣

The stability enhancement effect can be intuitively reflected by
the nature of TLV. For the smooth casing, the TLV expands
sharply both in the radial and tangential directions after passing
through the passage shock, and the normalized helicity value
along the TLV fluctuates dramatically. These flow features mark
the onset of TLV breakdown. Vortex breakdown is always
accompanied by reverse flow generation and induces serious
tip blockage. Additionally, abundant double leakage fluid is
formed as the TLV impinges on the pressure side of the
adjacent blade. The double-leakage fluid has a high jet angle
relative to the main flow, further resulting in the blocking of the
flow in the tip region. For the max PEI point, the groove is located
far downstream from the onset of vortex breakdown and
therefore has little influence on the development of the TLV.
One can see that the TLV breakdown still occurs, but to a lesser
extent than with the smooth casing. By contrast, the original
vortex breakdown region is covered by the TOPSIS and max SMI
configurations, so that the flow structures in the tip region are
powerfully influenced. Despite the fact that the vortex structure
has been complicated due to the aspiration and injection of the
groove, the TLV no longer breaks down. In addition, the double-
leakage is well suppressed. The double-leakage flow downstream
of the groove is almost totally removed. Under the groove, the
fluid enters the groove (purple streamlines) and passes through
the blade tip almost in the tangential direction. Its flow angle with

FIGURE 8 | Surface static pressure coefficient distribution at 98% span.
(A) Max PEI point (B) TOPSIS point (C) Max SMI point.

Frontiers in Energy Research | www.frontiersin.org March 2022 | Volume 10 | Article 8533608

Ding et al. Multi-Objective Optimization of Casing Treatment

https://www.frontiersin.org/journals/energy-research
www.frontiersin.org
https://www.frontiersin.org/journals/energy-research#articles


respect to the blade tip camber is considerably smaller than that of
the double-leakage flow occurring in the smooth casing case at
the same location. As a result, the fluid through the groove has a
smaller jet angle with respect to the main flow, resulting in a
reduction in tip blockage and mixing loss. The above effects
contribute to stability enhancement.

Tip leakage flow is driven by the pressure difference
between the blade tip pressure side and the suction side.
Given that the TLV breakdown occurs close to the leading
edge, it is reasonable to speculate that this portion of the

leakage flow plays a prominent role in the vortex breakdown
and stall inception. In Figure 8, the surface static pressure
coefficient distribution at 98% span is compared between
grooved and smooth casing conditions. The pressure
coefficient is determined by normalizing the rotor inlet total
pressure. It can be seen that at the TOPSIS and max SMI
points, the leading edge loading decreases obviously under the
groove. The groove is equivalent to increasing the tip gap size
in the corresponding region, which increases the radial
pressure gradient and causes a decreased pressure difference
across the blade tip. The decrease in tip loading indicates that
the intensity of tip leakage flow is reduced, and so is the swirl
strength of TLV. The TLV breakdown is less likely to occur due
to the weakened vortex strength. One can also observe that the
pressure on the pressure side just downstream of the groove
rises. Sakuma et al. (2014) pointed out that the leakage flow
downstream of the groove is disturbed by the leakage flow
under the groove, which causes the leakage flow to stagnate
and results in the pressure increase. As for the max PEI point,
the tip loading exhibits a different pattern of variation, with the
load below the groove rising instead. This is due to the double-
leakage flow is interfered by the flow under the groove on the
pressure side.

In addition to the unloading effect, the recirculation flow of the
groove also strongly affects the tip flow field. Figure 9 shows the
radial momentum distribution at the bottom surface of groove.
The static pressure coefficient contours at 98% span are also
shown in the figure. The trajectory of TLV can be traced by the
static pressure troughs. It can be seen that the positive radial
momentum zone is located near the blade pressure side,
corresponding to the leakage flow being aspirated into the
groove. At the TOPSIS and max SMI points, the groove is
located above the passage shock, which enhances the driving
force of the recirculation, and the flow near the suction side after
the shock is also inhaled into the groove. The flow inside the
groove appears to be reinjected into the tip passage along the

FIGURE 9 | Radial momentum at groove bottom surface and Cp distributions at 98% span. (A) Max PEI point (B) TOPSIS point (C) Max SMI point.

FIGURE 10 | Comparisons of the injection flow rate of different design
points.
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trajectory of TLV. Typically, a low pressure region can be found
upstream of the passage shock near the blade suction side.
Abundant leakage fluid flows towards this region, causing the
blocking of the flow and the roll up of TLV. The recirculation flow
energizes the low pressure region. So that, the roll up of TLV is
delayed and the starting point of the TLV trajectory is shifted
downstream. Meanwhile, the passage shock moves downstream
as the tip blockage is reduced. But for the max PEI point, the flow

exchange between the groove and the tip region is negligible and
has no perceptible impact on the TLV and the shock position. To
quantify the capacity of recirculation flow among different
configurations, the injection flow rate from the groove is given
in Figure 10. This can partly explain why the max SMI point is
the best in terms of stability enhancement.

From the perspective of dynamics, the momentum balance
between main flow and tip leakage flow is a key factor affecting

FIGURE 11 | Entropy contours and velocity vectors at 98% span. (A) Smooth casing (B) Max PEI point (C) TOPSIS point (D) Max SMI point.
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the compressor stability (Vo et al., 2008). Numerous researchers
have demonstrated that stall is initiated when the main flow/tip
leakage flow interface spills out of the blade leading edge, both
computationally (Mao and Liu, 2020; Zhu et al., 2020) and
experimentally (Hah et al., 2010; Cameron et al., 2013).
Figure 11 shows the entropy contours and velocity vectors at
98% span. The interface can be identified by a very high entropy
gradient region, which is denoted by a yellow dotted line. From
the comparison, one can see that the increase in stall margin
presents a positive correlation with the distance that the interface
is pushed downstream. For the smooth casing, a reverse flow
region with high entropy values is located right downstream the
interface. This region is formed as a result of the TLV/shock
interaction, and hinders the flow to pass through the tip passage
smoothly. With the blocking of the reverse flow region, the
interface is nearly pushed out of the leading edge plane. In the
two configurations with higher SMI, the flow in this region is
deflected in the axial direction, and the entropy value is reduced.
The max SMI point shows a higher extent of flow deflection,
indicating a better flow capacity in the tip region.

Casing Treatment Impacts at PE
The impact of casing treatment on compressor efficiency is
mainly reflected in two aspects. First, the flow exchange
between the casing treatment configuration and the tip
passage will cause the efficiency to degrade. On the other
hand, the control of tip leakage flow by the casing treatment
will reduce the flow loss, thereby increasing the efficiency. This
section will focus on the flow characteristics under the action of
casing treatment at PE.

Figure 12 presents the spanwise distribution of the pitch
averaged adiabatic efficiency at the rotor outlet. The max PEI
point increases the efficiency in the region above the 70% span
because of the effective suppression of tip leakage flow, and has

little impact on the efficiency in the lower span. The TOPSIS
point preserves closely the radial efficiency distribution of the
smooth casing, indicating that there exists a balance between the
loss generation and reduction induced by the casing treatment.
For the max SMI point, the efficiency is evidently reduced above
the 30% span, which suggests that the recirculation flow brings
about extensive additional loss, not limited to the tip region.

Figure 13 shows the injection mass flow rate and the internal
flow loss for the three casing treatment configurations. According
to the definition in reference (Zhu and Yang, 2020), the internal
flow loss of the groove is calculated as follows:

ξ �
∫∫

SCTB
ρPtVndS

∫∫
S1
ρPtVndS

One can see from the figure that the injection flow of the three
configurations appears different varies compared to that under
condition NS: the max PEI configuration increases, but the other
two configurations decrease. This is because the groove of the
max PEI point is located above the intersection point of the
passage shock with the blade suction side at PE. The driving force
for the recirculation flow is enhanced. But even so, the injection
flow rate is still very small compared with the other two
configurations, so the additional mixing loss near the blade tip
is minimal. Meanwhile, the flow loss inside the groove is nearly
negligible for the maximum PEI configuration, but significantly
greater for the other two configurations.

The contours of the pitch averaged absolute vorticity
coefficient near the blade tip for each casing condition are
shown in Figure 14. The absolute vorticity coefficient is
defined as follows:

ζn �

∣∣∣∣∣∣∣ �ζ
∣∣∣∣∣∣∣

2ω

FIGURE 12 | Spanwise distribution of pitch averaged adiabatic
efficiency at the rotor outlet.

FIGURE 13 | Comparisons of the injection flow rate and the loss of
different design points.
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The red dash-dotted line in the figure represents the lower
boundary of the high absolute vorticity region in the smooth
casing condition. As expected, the high vorticity region is reduced
at the max PEI point. In order to quantify the intensity of TLV, the
integral of the pitch averaged absolute vorticity at the meridional
plane is calculated. The integral values of the max PEI, TOPSIS, and
SMI points are 0.0629, 0.0633, and 0.0632, respectively. Compared to
the smooth casing condition with an integral value of 0.0637, the
three casing treatments all decrease the intensity of TLV, with the

max PEI point having the greatest reduction. Given that the
additional loss caused by the flow exchange between the groove
and the tip passage is relatively small, the efficiency for the max PEI
point is improved accordingly.

Multiple Grooves
As mentioned in the literature review, almost all previous
research on multiple grooved casing treatment has used
identical component grooves, but it seems there is no evidence

FIGURE 14 | Pitch-averaged absolute vorticity coefficient contours near the tip region. (A) Smooth casing (B)Max PEI point (C) TOPSIS point (D)Max SMI point.

FIGURE 15 | Schematic diagram and characteristic lines of the multiple-groove casing treatments. (A) Groove schematic (B) Characteristic lines.
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to prove that such a design is necessary. In this section, a novel
multiple-groove casing treatment design strategy, which is
composed of component grooves with varied geometrical
dimensions, is introduced and discussed. Since the behavior of
tip leakage vortex changes drastically as it moves downstream
within the blade passage, it is logical to allow the geometrical
dimensions of each individual groove in multiple grooved casing
treatments to vary.

First, the grooves of the optimal design point (TOPSIS point) and
the max PEI point are combined into one multiple-groove casing
treatment, named M1. For comparison, the downstream groove of
M1 is replaced by an identical groove as that of the TOPSIS point to
assemble into another multiple-groove casing treatment, denoted by
M2. The two multiple-groove casing treatments are shown
schematically in Figure 15A. The performance curves of M1 and
M2 are compared against the TOPSIS point in Figure 15B. It is found
that the peak efficiency of both multiple-groove treatments is higher
than that of the TOPSIS point, especially for M1. The SMI of M1 is
comparable to that of the TOPSIS point. ForM2, however, the SMI is
0.9% lower than the TOPSIS point. A similar phenomenon was also
observed in Houghton’s research when the third groove was added to
the two-groove treatment. The contrast shows that varying the groove
geometrical dimensions may be necessary in some cases of multiple-
groove casing treatments.

CONCLUSION

In the presented work, a multi-objective optimization is
conducted to maximize the effect of the single grooved casing
treatment on an ultra-highly loaded low-reaction transonic rotor.
The flow behaviors that lead to performance changes have been
carefully analyzed. There is also discussion of an unconventional
form of multiple grooved casing treatment. The main conclusions
are summarized as follows:

(1) An optimized groove configuration that increases the rotor stall
margin by about 5.8% is obtained without efficiency degradation
and distinctive characteristic changes. The groove located around
the leading edge has good stability-enhancing performance, and
the groove located around 20% Ca is beneficial to the peak
efficiency.Wide grooves tend to achieve a higher SMI, but have a
greater risk of a serious decline in aerodynamic performance. In
addition, there seems to be certain correlation between depth and
other parameters.

(2) In the investigated highly-loaded transonic rotor, the
breakdown of TLV is observed at the NS point. The flow
blockage near the leading edge caused by the vortex
breakdown and double-leakage flow is responsible for the
flow instability of the transonic rotor. The tip flow filed
analysis shows that the optimized grooved casing

treatment can suppress the shock/TLV interaction and
double-leakage flow. The presence of casing groove
generates the radial migration of tip leakage flow, resulting
in the tip unloading and aspiration-injection effects.
Influenced by the above effects, the swirl strength of TLV
is decreased while the roll up of TLV is delayed. Thus, the
TLV has a diminished chance of breaking down under the
action of the passage shock. As the shock/vortex interaction is
weakened, the flow capacity near the tip region is enhanced,
which can be observed from the removal of the reverse flow
region located downstream of the main flow/tip leakage flow
interface. Consequently, the interface is pushed downstream
and the tip stall is eventually postponed.

(3) The groove helps to mitigate the intensity of the tip leakage
vortex and thus the associated blockage. When the additional
loss induced by the flow exchange between the groove and the
tip passage is relatively small, the peak efficiency of the rotor
can be improved.

(4) Two kinds of multiple-groove casing treatment have been
tested. The first treatment consists of component grooves
with varied geometrical dimensions, which achieves a
comparable SMI as the single groove and has higher peak
efficiency. The second treatment is a conventional design
with identical grooves, which causes a decrease in stall
margin compared to the single groove. The results reflect
that a change in the groove geometrical dimensions along the
blade chord is required to control rationally different
portions of tip leakage flow for the investigated rotor.
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