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Abstract: A casing treatment using inclined oblique slots (INOS) is proposed to improve the stability
of the single-stage transonic axial compressor, NASA Stage 37, during operation. The slots are
installed on the casing of the rotor blades. The aerodynamic performance was estimated using
three-dimensional steady Reynolds-Averaged Navier-Stokes analysis. The results showed that the
slots effectively increased the stall margin of the compressor with slight reductions in the pressure
ratio and adiabatic efficiency. Three geometric parameters were tested in a parametric study. A
single-objective optimization to maximize the stall margin was carried out using a Genetic Algorithm
coupled with a surrogate model created by a radial basis neural network. The optimized design
increased the stall margin by 37.1% compared to that of the smooth casing with little impacts on the
efficiency and pressure ratio.

Keywords: axial compressor; inclined oblique slots; RANS analysis; optimization; stall margin;
genetic algorithm

1. Introduction

The aerodynamic performance and stability of a compressor are affected by various
factors. For transonic compressors, tip leakage vortex is a notable source of instability
and loss, which greatly limits the machine’s safety and performance. This mainly resulted
from its interaction with the in-passage shock. Many studies showed that the topology
of the tip leakage vortex changes considerably from design condition to near-stall/stall
condition [1-4]. At the design condition, under a moderate pressure ratio, the vortex has a
stable structure and can pass through the passage shock without difficulty. However, as the
compressor becomes throttled toward the stall condition, the pressure ratio significantly
increases, the shock moves forward, and the vortex experiences a severe deceleration
across the passage shock barrier. This results in a vortex breakdown and formation of low
momentum regions, which act as blockages to the main flow. As the compressor moves
closer to the stall condition, the blockages expand until a limit is reached, and finally stall
occurs, causing severe instability and degradation of aerodynamic performance.

One way to delay stall inception induced by the tip leakage vortex is the casing treat-
ment using slots. Airflow is recirculated through the slots due to the pressure difference.
The recirculating flows re-energize the low energy air in the blockage zone. More detailed
descriptions of the axial slot’s enhancing mechanism and its interaction with the main
flow can be found in the works of Wilke and Kau [5] and Schnell et al. [6]. Wilke et al. [7]
examined the effects of semi-circular slots on the aerodynamic performance of the NASA
Rotor Stage 37. Their best configuration, which comprised 4 slots per passage covering 50%
of the blade’s chord, increased the mass flow range by 60% with a 0.7% improvement in
the maximum pressure ratio. Lu et al. [8] carried out an experimental and numerical study
on a casing treatment using six bent skewed slots per passage in a low-speed subsonic
compressor. With an exposure of 33.3% of the rotor’s axial chord, the treatment provided
an improvement of about 22% with a slight increase in isentropic efficiency. A numerical
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study by Goinis et al. [9] applied surrogate models with an evolutionary algorithm to
search for an optimal axial-slot design for the first stage of a transonic axial compressor.
The optimal configurations successfully increased the stall margin without a noticeable
penalty in efficiency.

Streit et al. [10] attempted to alleviate the efficiency penalty when using axial-slot
treatment in a 1.5-stage transonic axial compressor with rotor redesign. The numerical
results indicated that incorporating the slot treatment allowed a lower number of rotor
blades and about a 0.7% gain in efficiency with a sufficient stall margin improvement. Ma
et al. [11] focused on alleviating the efficiency deficit generally caused by the application of
an axial-slot casing treatment. From an extensive study with 21 designs for a low-speed
large scale compressor and a transonic compressor, two slots geometries with isosceles-
trapezoid shape were devised, which increased the peak efficiency by about 0.5%. An
axial-slot design by Inzenhofer et al. [12] nearly doubled the compressor’s flow range with
an improved pressure ratio. They concluded that the axial-slot enhanced the compressor’s
stability by alleviating the pressure difference at the blade tip and ingesting a part of the
low-momentum leakage air stream. Zhang et al. [13] examined the impacts of inverse blade
angle slots on the efficiency and operating stability of the NASA Rotor 67. Three designs
with different axial coverages and skewed angles were tested, and the highest stall margin
improvement was 24.3% with a 0.755% loss in efficiency.

In the last couple of decades, surrogate-based optimization has shown great potential
in the design of turbomachinery. The major advantages of this optimization technique
are a significant reduction in time for the design and its ability to explore and discover
unexpected designs. Samad and Kim [14] used the elitist non-dominated sorting genetic
algorithm (NSGA-II) [15] and response surface approximation (RSA) [16] to optimize the
blade shape of a transonic axial compressor. Two objective functions, total pressure ratio
and adiabatic efficiency, were examined and with the two extreme-end designs of the Pareto
front, they were increased by 1.76% and 0.41%, respectively. Kim et al. [17] conducted a
shape optimization of an impeller in a centrifugal compressor, aiming to maximize the
total pressure ratio. The pressure rise was successfully improved by 2.46% at the design
condition using the Sequential Quadratic Programming (SQP) technique [18] coupled with
a radial basis neural network (RBNN) [19]. Using the hybrid multi-objective evolutionary
algorithm (MOEA) [20], Kim et al. [21] attempted to enhance the efficiency and mitigate the
noise level of an axial fan. Khalfallah et al. [22] applied the NSGA-II algorithm and RBNN
model to find an optimal design of a centrifugal compressor to maximize the efficiency
and stall margin. Ma et al. [23] implemented the RBNN model with different optimization
techniques to optimize a ring cavity for the stall margin improvement of a centrifugal
compressor. Four algorithms, i.e., genetic algorithm (GA) [24], particle swarm optimization
(PSO) [25], simulated annealing [26], and SQP, were tested and the PSO was most effective
in terms of computing time and stall margin gain.

In the present study, a new slot casing treatment design for a transonic axial compres-
sor is proposed, namely inclined oblique slots (INOS). Although there have been many
investigations of the slot casing treatment, they mostly concern the use of axial designs
with multiple slots per passage. The unique design of the INOS treatment, which makes
an oblique angle with the compressor’s rotational axis, has not been investigated yet. In
addition, the treatment comprises only one slot per passage, which may help facilitate
the manufacturing process in real application. The focus of this study is on the treat-
ment’s impact on the compressor’s operating stability and efficiency as well as pressure
rise. Numerical analysis was used to analyze the compressor’s aerodynamic performance.
A GA algorithm was implemented with RBNN modeling to maximize the stall margin
improvement by INOS.

2. Compressor Model and Casing Treatment Design

The test subject in the present work is the single-stage transonic axial compressor,
NASA Stage 37. The report from Reid and Moore [27] provided detailed information
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regarding the compressor’s geometry and aerodynamic performance. Other research has
pointed out that this compressor exhibited a spike-type rotating stall that originated from
the rotors’ tip ([4,7]), which makes it well-suited for the investigation of casing treatments.
The compressor comprises 36 rotor blades rotating at a design speed of 17,185.7 rpm
and 46 stationary stator blades. The tip clearances’ values are 0.0400 cm under the rotor
shroud and 0.0762 cm over the stator hub, which correspond to 1.44% of axial chord length
at the rotor tip and 2.11% of the axial chord length at the stator tip, respectively. From
the experiment by Reid and Moore [27], when running at 100% design speed and peak
efficiency condition, the compressor’s total pressure ratio and adiabatic efficiency were
2.00% and 84.00%, respectively, with a mass flow rate of 20.74 kg/s. At the near-stall
condition, the compressor’s total pressure ratio was 2.093 and the mass flow rate was
19.60 kg/s. The mass flow rate reached 20.93 kg/s at the choking condition. The reference
pressure and temperature were 101,325 Pa and 288.15 K, respectively.

The design and position of INOS are presented in Figure 1. The slots are positioned
at the rotor tip casing. There are 36 slots in total and they are uniformly distributed with
equal intervals around the compressor’s casing. Table 1 shows the geometric parameters of
the casing treatment with their reference values: axial location (LF), slot’s width (W), slot’s
depth (D), oblique angle («), inclined angle (), and slot’s circumferential coverage (7). The
coverage indicates the angle around the compressor axis. Except for the angles, the other
parameters are non-dimensionalized using the axial chord length of the rotor blades at the

tip (CRr).
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Figure 1. Description of the geometries of Stage 37 and INOS: (a) Geometric parameters of INOS;
(b) Meridional view of Stage 37 with INOS.
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Table 1. Reference values for INOS.

Parameters Lgp/Cgr (%) D/Cgr (%)  WI/CR (%) x (°) B©) v ©)
Values 40 10 10 8 60 4

3. Numerical Analysis
3.1. Numerical Method

The aerodynamic analysis was conducted by solving the three-dimensional (3D) RANS
equations with the commercial CFD code, ANSYS CFX 15.0® (ANSYS, Canonsburg, PA,
USA) [28]. TurboGrid® and ICEM-CFD® were used to create a hexahedral mesh system for
the computational domain. TurboGrid® was used to generate the mesh for the rotor and
stator blocks (more information can be found in [29]). The slot’s mesh was created using
ICEM-CFD® with the determinant quality kept at no less than 0.7. To save the computing
time, only one compressor’s passage comprising one pair of rotor and stator was considered
in the computation. As illustrated in Figure 2, the computational domain comprises three
sub-domains: the rotor, stator, and slot. Assigning the boundary conditions, solving the
governing equations, and post-processing the numerical results were performed by ANSYS
CFX-Pre, CFX-Solver, and CFD-Post, respectively.

Rotor shroud

Stator
blade

Outlet

Stator hub

Rotor hub

}<.,

Figure 2. Computational domain.

In order to obtain steady-state numerical solutions, a fully implicit element-based
finite volume method was implemented to discretize the 3D governing differential equa-
tions. For the advection terms, a high-resolution scheme using the principles of Barth and
Jesperson [30] was used. It has a second-order accuracy in space. Air as an ideal gas was
selected as the working fluid. An average static pressure was set at the outlet of the stator
domain to obtain steady-state results. At the inlet of the rotor domain, the turbulence
intensity and total temperature were specified as 5% and 288.15 K, respectively.

Smooth and adiabatic conditions were applied to all wall boundaries. The side bound-
aries of the rotor and stator domains were specified with periodic conditions. To obtained
steady-state results, these rotating and stationary blocks were linked by a general grid inter-
face (GGI) method. As the GGI method, the frozen-rotor method was used at the interface
between the rotor and stator domains (360° /36 = 10° for the rotor, 360° /46 = 7.826° for the
stator) and also between the slot and rotor domains (4° for the slot and 10° for the rotor).
The influences of the frozen-rotor method on the numerical results were compared with
those of the stage method developed by Shim and Kim [31]. The k-¢ turbulence model was
used with a scalable wall function, while y+ values of the first nodes near the walls were
maintained in a range of 20-100.

In this work, the numerical calculations were performed until the near-stall point,
which shows the highest pressure ratio. Due to the intrinsic unsteady characteristics of
the stall/surge phenomenon, strict criteria for the near-stall point must be implemented
to achieve a reasonably accurate assessment with steady simulations. The convergence
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criteria used in this work were those suggested by Chen et al. [32]: The variation between
the inlet and outlet mass flow rates is less than 0.3%, the inlet mass flow rate fluctuation is
less than 0.001 kg /s for 300 steps, and the change of adiabatic efficiency is less than 0.3%
per 100 steps.

To obtain the performance curve of the compressor, at the compressor’s outlet, the
average static pressure was varied from the choking condition (0 Pa) to the near-stall
condition with a step size of 100 Pa around the peak efficiency condition and a step size of
10 Pa (which corresponds to about 0.0001 kg/s of mass flow rate) at the near-stall condition.
The convergence criterion for the root-mean-square residual of each governing equation
was limited to 10~°. The calculations were carried out by a computer with an Intel i7-4930K
3.4 GHz CPU. Each operating point was obtained after 2-3 h’ simulation time, and it took
about 70 h to find a performance curve on average.

3.2. Performance Parameters

Three parameters, i.e., the total pressure ratio (PR), adiabatic efficiency (1), and stall
margin (SM), were used to assess the aerodynamic performance and operational stability
of the transonic compressor with and without the casing treatment [29,33,34]:

PR = Pt, out (1)
Pt, in
7-1
(?;t; o.uf) T 1
7=~ —— x 100% 2)
T;, in o
m
sM = [ DRns  Tpeak 1) 4000 3)
PRpeak MNs

where py, Tt, and m are the total pressure, total temperature, and normalized mass flow
rate, respectively. The subscripts in and out indicate the values which are measured at the
compressor’s inlet and outlet, respectively. The subscripts peak and NS refer to the peak
adiabatic efficiency and near-stall condition, respectively. The subscripts SC and CT refer
to the smooth casing and casing treatment, respectively.

3.3. Grid Dependency Test

Detailed validation of the numerical results for the NASA Stage 37 compressor model
without casing treatment can be found in the work of Dinh et al. [29]. The same numerical
methods were used for the same compressor model in the present investigation. In Figure 3,
the predicted performance curves show good agreements with the experimental data from
Reid and Moore [27].
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Figure 3. Validation of numerical results for NASA Stage 37 (Reprinted from ref. [29]. Copyright
2017 American Society of Mechanical Engineering).
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To evaluate the grid-dependency of the numerical results with the slots, the grid
convergence index (GCI) based on Richardson extrapolation technique was analyzed in
this work. This technique using GCI analysis was proposed by Celik and Karatekin [35]
and is being widely accepted to find a grid-independent solution. In the computational
domain except the casing slots, the grid system used in a previous work [29], was also used
in the present work.

Table 2 presents detailed results of the GCI analysis of the mesh system in the slots.
The result for the stall margin converges monotonically as the number of mesh elements
increases. Since the deviation between the first (51) and second (52) mesh is insignificant,
S2 was selected as the final number of elements for further calculation.

Table 2. Analysis of grid convergence in slots.

Parameters Symbols Values
Numbers of mesh elements S1/S2/S3 87780/38353/17820
Grid refinement factors r21/132 1.3/1.3
Stall margins corresponding
t051/52/53 SM1/SM2/SM3 11.15/11.16/11.18
Apparent order ) 0.97
Extrapolated value 21, 11.14
Approximated relative error e2! 0.0897%
Extrapolated relative error eﬂt 0.0727%
Grid convergence index GCI 12(11 e 0.0908%

3.4. Optimization Technique

The single-objective optimization problem is defined as follows:
Maximize F(x)
xf <x <xf! 4

where F is an objective function and x (={x;}) is a vector of n design variables. An optimiza-
tion algorithm performs a search procedure to find an optimal solution within the design
space specified by the lower limit x" and upper limit xiu of each design variable. The stall
margin was selected as the objective function for optimization in the present study:

F = SM. ®)

A design of experiment (DOE) was created using the Latin hypercube sampling (LHS)
method [36]. Sampling points (or design points) are generated by LHS and are composed
of an i x j matrix, where i and j represent the number of sampling points and design
variables, respectively. Each column j is filled with a randomly paired permutation level of
1,2,...,ito form a Latin hypercube. The method is provided as the function lhsdesign in
MATLAB [18].

The objective function was built by surrogate modeling using RBNN. RBNN is a
two-layer neural network that comprises a hidden layer of radial basis function and a
linear output layer. The two hyperparameters of this surrogate model are an error goal and
a spread constant. The former’s value can be chosen by the user based on the permissible
error from the mean input response. MATLAB provides a built-in function, newrb, to apply
RBNN modeling [18].

GA is a meta-heuristic population-based optimization technique, which replicates
the process of natural selection, mutation, and evolution. Each solution is considered as a
“chromosome”, which contains “genes” that are optimized values of design variables. The
algorithm first starts with a random population of solution—the first generation. To imitate
the “survival of the fittest” in nature, the fitness of each solution—the objective function,
is evaluated to find the best chromosome. The offspring of these superior candidates are
then created through crossover and mutation. If the new chromosomes have better fitness,
they will evolve the population by replacing the ones with poorer fitness. This process is
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repeated through generations until terminate conditions are reached and optimal solutions
are found. In MATLAB, the single-objective GA is included in the optimization toolbox and
can be used by calling ga function [18]. The parameters of the algorithm were set as follow:
population size (50), crossover fraction (0.8), generation (400), and function tolerance (10~%).
The whole optimization process is presented in the flow chart in Figure 4.

<Problem setup>
Selection of design variables and
objective function

<Design Space Selection> <Design of Experiments>
Setting lower and upper bounds of Selection of design points by
design variables Latin Hypercube Sampling (LHS)

<Numerical Analysis>
Calculation of the objective function
values of the designs by RANS solver

Is optimal point
within the design
space?

<Construction of Surrogate>
Surrogate model construction using
the evaluated objectives

|

<Search for Optimal Point>
Optimal point search from constructed
surrogate using searching algorithm

Optimal design

Figure 4. Single-Objective optimization process.

4. Discussions
4.1. Results with the Reference INOS

Figure 5 compares the performance curves between smooth casing and the reference
INOS. In this figure, the mass flow rate is normalized by the maximum mass flow rate
obtained at choke condition. As illustrated in the figure, the application of INOS extends
the stable mass flow range of the compressor, by lowering the near-stall normalized mass
flow rate from 0.9385 to 0.9303, with a small deficit of the pressure ratio. As a result, the
stall margin of the compressor is increased from 9.95% of the smooth casing to 11.16% by
installing the reference INOS. The peak adiabatic efficiency and maximal pressure ratio,
however, are slightly reduced by 0.4% and 0.07%, respectively.

2.60 7 90.00
—SCPR - = INOS PR
—sC - 1 85.00
240 | SC EFF INOS EFF 1
= z
; 220 E
2 5
9
Z2.00 £
z Z
= Z
<
1.80
i ]
] 1 4
1.60 it : : : 60.00
0.91 0.93 0.95 0.97 0.99 1.01

Normalized mass flow rate

Figure 5. Performance curves for smooth casing and reference INOS.

Since the impact of INOS is more pronounced at near-stall condition, the flow field at
the low mass flow rate condition is analyzed comparatively, in Figure 6, which presents
the relative Mach number contours of smooth casing and reference INOS at 98% blade
span. The blockages in the passages are characterized by a Mach number lower than 0.4.
It is evident that with the casing treatment applied, the size of these low-speed regions is
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significantly reduced compared to that of smooth casing, both in rotor and stator domains.
In the rotor domain, the blockage area is shrunk from 4.39% of the rotor passage with
smooth casing to 4.10% with INOS.

R K P I 2RI Y

Figure 6. Relative Mach number contours at 98% blade span at near-stall condition (the left figure is
reprinted from ref. [37]. Copyright 2021 Elsevier, Amsterdam, The Netherlands).

Furthermore, as illustrated in Figure 7, there is a notable decrease in the pressure
difference between two sides of the rotor blade from the leading edge to the position of
the slots at 40% blade chord. This helps to lower the amount of leakage flow fed to the
vortex and impede the enlargement of the blockage zones. This reduction, however, may
have caused the fall in pressure ratio at the near-stall condition. In addition, looking at the
streamlines on the suction side of rotor in Figure 8, it is observed that the separation line (red
dash line) is shorter with INOS. This change indicates that the casing treatment prevents
flow separation from occurring at the tip region and from intensifying the instability. The
overall improvement in stability is, therefore, speculated to be the combined result of all
the changes above.

300

»
P
S

g

Absolute pressure (kPa)
g B

o
S

0 0.2 0.4 0.6 0.8 1
Chordwise (0-1)

Figure 7. Rotor blade’s loading at 99% blade span at a near-stall condition.

SC INOS

Figure 8. Streamlines on rotor’s suction surface at the near-stall condition (the left figure is reprinted
from ref. [37]. Copyright 2021 Elsevier).
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Figure 9 shows that when INOS is used, a region of high entropy, which is an indication
of efficiency loss, is formed near the location of the slots. This loss can be attributed to the
flow recirculation where the airflow spends energy moving in and out of the slots.

-3
[J kg1 KA-1]

Figure 9. Circumferentially-Averaged static entropy distribution at peak adiabatic efficiency condition.
4.2. Parametric Study

The selection of design variables and their ranges to generate the DOE is of great
importance in surrogate-based optimization. Narrowing the range for each variable will
reduce the size of the DOE required to approximate an accurate surrogate model. It is also
necessary to perform a sensitivity analysis, i.e., a parametric study, to find the parameters
which are most influential on the objective function. Among the geometric parameters of
INOS, the oblique angle («), inclined angle (), and the slot’s depth (D) were used for the
parametric study. Their ranges are listed in Table 3.

Table 3. Ranges of parameters tested in the parametric study.

Parameters Lower Bound Reference Value Upper Bound
a (%) 0 8 10
B(°) 45 60 135
D/Cg (%) 5 10 15

Figure 10 shows the effects of the oblique angle « on the stall margin, peak adiabatic
efficiency (77peak), and near-stall total pressure ratio (PRys). The stall margin reaches the
maximum value of 13.17% at & = 4°. Meanwhile, increasing the oblique angle generally
reduces peak adiabatic efficiency and near-stall total pressure ratio except at « = 8°. Notably,
at « = 0°, the application of INOS increases the pressure ratio at near-stall condition with
negligible reduction in efficiency compared to the case without casing treatment.

14.00

84.00 2.086
@ Ncar-stall PR
= = = Peak adia.eff
83.80 = 2.081
1200 R
S 3 83.60 X 2.076 é
=10.00 b1 S =
= S
& = 8340 2071
N
8.00 AN
83.20 A 2.066
6.00 83.00 2.061
sC 0 4 6 8 10 SC 0 4 6 8 10

o (degree) a (degree)

Figure 10. Effects of oblique angle on aerodynamic performance.



Energies 2021, 14, 2346

10 of 14

In Figure 11, it is found that the compressor achieves the highest stall margin of 13.59%
when the inclined angle j is a right angle. Changing this angle has little impact on the peak
adiabatic efficiency and near-stall total pressure ratio in a range of  from 60° to 90°.

14.50

1250
_~
Q

e:’1050
= 1o
w2

8.50

6.50 - -
sC 45 60 75 90

B (degree)

135

84.00

~ 83.60
B

>
=

83.20

83.00

83.80

£
= 8340

= Near-stall PR
= = Peak adia.eff

SC 45 60 75 920
B (degree)

135

Figure 11. Effects of inclined angle on aerodynamic performance.
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As illustrated in Figure 12, the influence of the slot’s depth on the stall margin and
peak adiabatic efficiency is minimal. However, it has a discernible effect on the near-stall
pressure ratio. D/Cr = 10% shows the pressure ratio to be lower than that without casing
treatment, but D/Cg = 5% and 15% show 0.29% and 0.36% larger values, respectively.
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L
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.
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Figure 12. Effects of slot’s depth on aerodynamic performance.
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Based on the above results, sensitivities of the stall margin on the three parameters are
compared in Figure 13. Since the sensitivity on the slot’s depth is negligible in comparison
with the other parameters, the two angles, « and 3, are chosen as design variables for the

proceeding optimization.
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Figure 13. Sensitivity analysis of geometric parameters.
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4.3. Optimization

The LHS method was used to generate 12 design points and their stall margin values
were obtained using RANS analysis. A RBNN surrogate model was constructed for the
objective function, i.e., the stall margin, from these results and an optimal design, was
found at a = 3.58° and p = 82.22° using GA. The results of the optimization are summarized
in Tables 4 and 5. The optimized stall margin was predicted to be 13.52%, but the result
from RANS analysis at the optimal design was 13.64%, which are very close to each other.
The optimization is clearly a success as the optimized INOS increased the stall margin to
13.64% from 11.16% of the reference design. In the following figures and tables, the smooth
casing, reference design and optimized design are denoted by the subscripts, SC, REF, and
GAopti, respectively.

Table 4. Comparison of objective function value between optimized design and other cases.

Objective Function (SM) Improvement (%)

a (°) B©) Error (%)
Prediction RANS vs. SC vs. REF
SC - - - 9.95 - - -
REF 8.00 60.00 - 11.16 - 12.14 -
GAopti 3.58 82.22 13.52 13.64 0.86 37.05 22.19
Table 5. Changes in pressure ratio and adiabatic efficiency by optimization.
Change (%)
PRns Hpeak
PRns Mpeak
SC 2.08203 83.85 - -
REF 2.08065 83.42 -0.07 —0.51
GAopti 2.08023 83.68 —0.09 —0.21

Figure 14 shows that the optimized INOS extend the compressor’s operating flow
range with little negative impact on pressure rise and efficiency. It also mitigates the
efficiency loss compared to the reference design at the peak efficiency condition.

21

86.00

—--SC

—REF

84.00

Total pressure ratio

[ U
[ 0.9126—s 0-9303—
- 1 I

1.6 L

82.00

80.00

78.00

Adiabatic efficiency (%)

76.00

}<—0.9385
74.00

0.89 0.91

Figure 14. Performance
(b) Adiabatic efficiency.
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Figure 15 illustrates the relative Mach number contours at 98% blade span at near-stall
condition for the reference and optimized designs of INOS. The optimized design shows
the reduced blockage area in the rotor passage: it is only 3.58% of the total passage area
compared to 4.10% with the smooth casing. A more favorable pressure distribution is
also achieved with the optimal design. As shown in Figure 16, the pressure differences at
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the rotor’s leading edge and downstream of the slots are reduced compared to those of
reference design.

ORI SRR Y

Figure 15. Relative Mach number contours at 98% blade span at the reference at near-stall condition.
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Figure 16. Rotor blade’s loading at 99% span at near-stall condition.

The improvement in the adiabatic efficiency with the optimized design can be ex-
plained by changes in entropy distribution shown in Figure 17. The high entropy area near
the rotor’s tip, which is the indication of loss, is smaller in the case of the optimal design in
comparison with that of the reference design.
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Figure 17. Circumferentially averaged static entropy distribution at peak adiabatic efficiency condition.
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5. Conclusions

INOS casing treatment was designed to enhance the operating stability of the single-
stage transonic axial compressor, NASA Stage 37. Its impacts on the aerodynamic per-
formance of the axial compressor were analyzed using 3D RANS analysis. The results
confirmed the effectiveness of the proposed casing treatment on improving the stability of
the compressor without significantly penalizing adiabatic efficiency and pressure ratio. The
reference INOS increased the stall margin of the compressor to 11.16% from 9.95% without
casing treatment. The oblique angle («) and inclined angle (8) of INOS were selected as the
design variables for the optimization through a sensitivity analysis. The optimal design
found at @ = 3.58° and = 82.2° using GA coupled with RBNN model, achieved a stall
margin of 13.64% which is improved by 37.1% with only 0.17% and 0.002% reductions in
the peak adiabatic efficiency and maximum pressure ratio, respectively, compared with
the case without casing treatment. By applying the single-objective optimization, it was
possible to create an INOS design with a greater stability enhancement capability.

Nevertheless, to obtain in-depth information about the mechanism and advantages of
the new treatment, a future work is needed to examine the unsteady behaviors at the near-
stall condition, as well as the impact of the proposed casing treatment on the compressor’s
mechanical integrity.
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