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Abstract: The present work performed a comprehensive investigation to find the effects of a dual-
bleeding port recirculation channel on the aerodynamic performance of a single-stage transonic axial
compressor, NASA Stage 37, and optimized the channel’s configuration to enhance the operating
stability of the compressor. The compressor’s performance was examined using three parameters:
The stall margin, adiabatic efficiency, and pressure ratio. Steady-state three-dimensional Reynolds-
averaged Navier-Stokes analyses were performed to find the flow field and aerodynamic performance.
The results showed that the addition of a bleeding channel increased the recirculation channel’s
stabilizing effect compared to the single-bleeding channel. Three design variables were selected
for optimization through a parametric study, which was carried out to examine the influences of
six geometric parameters on the channel’s effectiveness. Surrogate-based design optimization was
performed using the particle swarm optimization algorithm coupled with a surrogate model based
on the radial basis neural network. The optimal design was found to increase the stall margin by
51.36% compared to the case without the recirculation channel with only 0.55% and 0.28% reductions
in the peak adiabatic efficiency and maximum pressure ratio, respectively.

Keywords: axial compressor; recirculation channel; RANS analysis; optimization; stall margin;
genetic algorithm

1. Introduction

An axial compressor is an integral component of gas turbines, which powers the major-
ity of today’s aircrafts. When compressors operate at the maximum pressure ratio, they are
prone to a phenomenon called a stall. A stall is a detrimental occurrence that destabilizes
the flow field and greatly degrades performance and safety. In axial compressors, a primary
cause of stall is the tip leakage vortex occurring in the rotors’ tip region. At a high pressure
ratio, the tip leakage vortex breaks down due to its interaction with the passage shock
wave. As a result, a stagnation zone containing low-momentum airflow is formed, which
acts as a blockage in the flow field. As the pressure continues to increase, the blockage
grows until it destabilizes the whole flow path, and the compressor falls into a stall. With a
rising demand for higher-pressure-ratio axial compressors, the problem associated with the
tip leakage vortex becomes more concerning and thus, increasing efforts are being spent to
solve this issue.

A promising solution to improve the stability of axial compressors is the use of a
recirculation channel. A design schematic of a basic recirculation channel can be found
in the work of Hathaway [1]. When using a recirculation channel, air flow is bled from
a downstream location on the compressor shroud and then re-injected to an upstream
location. Due to the pressure difference between the bleeding and injecting positions,
the accelerated recirculating air re-energizes the low-momentum air inside the blockage.
Consequently, the expansion of the blockage is delayed, and stall inception is prevented.

Several designs of recirculation channels have been proposed and patented so far [2—4].
A basic concept of self-recirculating casing treatment was presented by Hathaway [1], who

Energies 2022, 15, 159. https:/ /doi.org/10.3390/en15010159

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15010159
https://doi.org/10.3390/en15010159
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-2285-9716
https://orcid.org/0000-0002-1046-3071
https://doi.org/10.3390/en15010159
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15010159?type=check_update&version=1

Energies 2022, 15, 159

20f17

combined air bleeding and injection in the rotors’ tip region. The stable range extension
of the tested transonic fan, NASA Rotor 67, was increased by 225% with inlet distortion
while injection location and angle were found to be critical design parameters. A stage-
recirculation design from Strazisar et al. [5] extracted air from a stator casing and re-
injected it to the upstream of a preceding rotor, which extended the stable operating
range of the transonic compressor NASA Stage 35. They concluded that increasing the
circumferential mass-averaged axial velocity at the rotor tip is the key to improving the
compressor’s stability. An end-wall recirculation scheme with an anti-swirl vaned passage
was tested by Khaleghi et al. [6] on the high-speed fan, NASA Rotor 67. The scheme
was able to increase the stable range extension with a very small penalty in efficiency.
In a design of flow recirculation, Weichert et al. [7] adapted the recirculating flow rate
to the compressor’s working condition. The recirculating air flow was minimized at the
compressor’s design condition while maximized at the near-stall condition, which led to a
stall margin improvement in the range of 2.2-6.0%. A recirculation scheme of Khaleghi [8]
enhanced the performance of the high-speed fan, NASA Rotor 67, by using 22 skewed
channels. The increased stability was found to be the result of recirculating flow pushing
the tip leakage vortex and passage shock downstream at the near-stall condition.

The self-recirculation concepts suggested by Hathaway [1] and Strazisar [5] were
parameterized and tested by Wang et al. [9] focusing on the circumferential coverage and
injector’s throat height. The results indicated that optimizing recirculation channel designs
could improve not only compressors’ stability, but also other performance parameters. A
feedback channel design proposed by Dinh et al. [10] enhanced the stall margin of the single-
stage transonic compressor, NASA Stage 37 by 26.8% with only a 0.14% decrease in the
efficiency. Unlike other recirculation schemes, their channel was located between the rotors’
edges, which facilitated its integration into multistage configurations. The effectiveness of
flow recirculation channels on both single- and multi-stage compressors was experimentally
investigated by Li et al. [11]. Application of the recirculation channels increased the stall
margins of the single- and three-stage compressors by 13.7% and 13.0%, respectively,
without a reduction in the efficiency. A recirculation casing treatment introduced by
Khaleghi [12] extracted air from downstream and circumferentially re-injected it into the
flow path in the opposite direction of the blade rotation. The results showed a considerable
extension in the compressor’s stable working range at the expense of a moderate efficiency
loss. Recently, a casing treatment combining flow recirculation and circumferential groove
was proposed by Vuong et al. [13] to enhance the stability of the transonic compressor,
NASA Stage 37. The design was able to provide a maximum stall margin increase of 42.5%
with a less than 1% decrease in the adiabatic efficiency.

In the last couple of decades, surrogate-based optimization techniques have shown
great potential in the design of turbomachinery. Considering the complexity of turboma-
chine design, optimization techniques have contributed greatly to speeding up the design
process and discovering unexpected designs. The blade shape of a transonic axial compres-
sor was optimized by Samad and Kim [14] using the elitist non-dominated sorting genetic
algorithm (NSGA-II) [15] combined with response surface approximation [16]. With the
two extreme-end designs of the Pareto front, two objective functions, i.e., the total pressure
ratio and adiabatic efficiency, were increased by 1.76% and 0.41%, respectively. Using the
hybrid multi-objective evolutionary algorithm (MOEA) [17], Kim et al. [18] attempted to
enhance the efficiency and mitigate the noise level of an axial fan. The NSGA-II algorithm
and RBNN model were utilized by Khalfallah et al. [19] to find an optimal design of a
centrifugal compressor to maximize the efficiency and stall margin. Various optimization
algorithms coupled with the RBNN model were implemented by Ma et al. [20] to find an op-
timal ring cavity design for stall margin improvement of a centrifugal compressor. Among
four popular algorithms, i.e., the genetic algorithm (GA) [21], particle swarm optimization
(PSO) [22], simulated annealing [23], and SQP, PSO was found to be the most effective
one in terms of the computing time and stall margin gain. Cheng et al. [24] successfully
applied an improved artificial bee colony algorithm [25] to find an optimal blade shape
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for a four-stage, low-pressure axial compressor. The optimized blade raised the adiabatic
efficiency at the design point from 82.07% to 82.55% and stall margin from 10.2% to 15.0%.

In the present work, the performance of a recirculation channel design with two
bleeding channels (RE2B) was analyzed and optimized to enhance the stability of the single-
stage transonic axial compressor, NASA Stage 37. In comparison with the conventional
single-bleeding design, the addition of one more bleeding channel was expected to increase
the amount of recirculating airflow as well as the energy it contains, which would improve
the stabilizing function of the channel. A previous study on a similar recirculation casing
treatment design [26] has also confirmed its positive influence on a transonic compressor’s
stability. However, no comprehensive investigation of the casing treatment design has been
presented in the literature. Therefore, in this study, a detailed parametric study with six
geometric parameters of the channel was conducted to assess their levels of influence on the
channels’ effectiveness. Moreover, based on this parametric study, a surrogate-based design
optimization was performed to find an optimal channel design with maximized stability
improvement. Three-dimensional Reynolds-averaged Navier-Stokes (RANS) equations
were solved numerically for the aerodynamic analysis.

2. Compressor Model and Casing Treatment Design

The single-stage transonic axial compressor tested in the present work was NASA
Stage 37. The report of Reid and Moore [27] provided detailed information regarding
the compressor’s geometry and aerodynamic performance. This compressor exhibits a
spike-type rotating stall that originated from the rotors’ tip [28,29], 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 clearance
values are 0.0400 cm under the rotor shroud and 0.0762 cm over the stator hub, which
correspond to 1.44% of the 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 the 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 schematic of RE2B is illustrated in Figure 1. The recirculation channels are located
on the shroud between the leading and trailing edges of the rotor blades. Compared to the
previously mentioned similar design [26] that positioned its injection and bleeding ports
outside the rotor’s edges, the present design does not intrude into other blade row regions
and is more lightweight. The whole system consists of 36 channels uniformly distributed
around the compressor’s annulus, each of which covers 8° in the circumferential direction.
The spacing between individual channels (2°) is necessary in practice for the electrical
wiring around the compressor’s casing. The design of the RE2B channel is parameterized
using six geometric parameters: The injection location (L), injection angle (o), middle bleed
location (Lys), middle bleed angle (f), rear bleed location (Lg), and rear bleed angle (y).
Their values for the reference design are listed in Table 1, with all the location parameters
non-dimensionalized by the rotor tip’s axial chord length (CR).
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Figure 1. Geometric description of NASA Stage 37 compressor and RE2B: (a) Geometric parameters
of RE2B; (b) meridional view of NASA Stage 37 with RE2B.

Table 1. Reference design of RE2B.

Parameters Lg/Cg (%) Lm/Cr (%) Lg/Cgr (%) o (°) BC©) v (©)
Values 45 55 70 45 45 45

3. Numerical Analysis
3.1. Numerical Methods

The aerodynamic analysis was conducted using the commercial code ANSYS CFX
15.0® [30]. To reduce the computing time, only one compressor’s passage comprising one
rotor and stator pair was considered in the computation. As illustrated in Figure 2, the
computational domain comprises three sub-domains: The rotor, stator, and RE2B channel.
A hexahedral mesh system for the computational domain was made using TurboGrid®
and ICEM-CFD®. TurboGrid® was used to generate the mesh for the rotor and stator
blocks (more information can be found in ref. [10]). The mesh of RE2B was created using
ICEM-CFD® with the determinant quality kept larger than 0.7. 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.

All simulations were performed using steady RANS analysis in the present work.
For the steady analysis, the rotating and stationary blocks were linked by a general grid
interface (GGI) method. The frozen-rotor method was applied 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 RE2B and rotor domains (8° for the channel and 10° for the rotor). The
influences of the frozen-rotor method on the numerical results in comparison with those of
the stage method were discussed by Shim and Kim [31].
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Figure 2. Computational domain and grid system.

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. A fully implicit
element-based finite volume method was implemented to discretize three-dimensional
(3D) governing differential equations. For the advection terms, a high-resolution scheme
using the principles of Barth and Jesperson [32] was used, which has second-order accuracy
in space.

The simulations used ideal gas (air) as the working fluid. At the stator’s outlet,
the average static pressure condition was used, while at the rotor’s inlet, 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 boundaries of the
rotor and stator domains were specified with periodic conditions.

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 simulation. The convergence criteria
used in this work were those suggested by Chen et al. [33]: 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 [10,34,35]:

PR — Pt, out )
Pt, in
-1
(Pt, out) T 1
=t 100% 2)
T;, in o

ol
SM = (PRNS X ,””"-1) x 100% (3)
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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 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. Validation and Grid-Dependency Test

The validation of the numerical results for the NASA Stage 37 compressor was pre-
sented in detail in the study of Dinh et al. [10]. Their work showed that the numerical
results closely reproduced the performance characteristic compared to the experimental
data [28] as shown in Figure 3. Since the same compressor model and numerical methods
were used in this work, this validates the accuracy of the subsequent numerical results.
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Figure 3. Validation of numerical results for NASA Stage 37 compressor model [10] against experi-
mental measurement [27].

To evaluate the grid-dependency of the numerical results with RE2B, analysis using
the grid convergence index (CGI) based on the Richardson extrapolation technique was
performed. This analysis was proposed by Celik and Karatekin [36] and is widely used to
assess the grid dependency of numerical solutions.

Details of the CGI analysis of RE2B’s meshes are presented in Table 2. As shown in
this table, the stall margin value converges monotonically as the number of mesh elements
increases. From these results, mesh G1 was selected for all proceeding calculations. The
grid system in the compressor without RE2B is the same as that used by Dinh et al. [10]
(340,556 nodes for rotor block and 249,524 nodes for stator block).

3.4. Optimization Methods

The single-objective optimization problem is defined as follows:
Maximize F(x) 4
xl-L <x < xiu

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 x/ of each design variable. The stall
margin was selected as the objective function for optimization in the present study:

F=SM 5)
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Table 2. CGI analysis results for the grid in RE2B.

Parameters Symbols Values
Number of mesh elements G1/G2/G3 293,319/148,665/63,632
in RE2B
Grid refinement factors r21/r32 1.97/2.34
Stall margérl‘/cgrzr/eé%"“dmg fo SM1/SM2/SM3 13.40/13.38/13.24
Apparent order P 3.13
Extrapolated value E;f 13.40
Approximated relative error e2! 0.0746%
Extrapolated relative error eﬂt 0.0101%
Grid convergence index CGI J%ll e 0.0126%

The design of experiment (DOE) was performed using the Latin hypercube sampling
(LHS) method [37]. Sampling points (or design points) are generated by LHS and are
composed of an i X j matrix, where i and j represent the numbers of sampling points and
design variables, respectively. Each column j is filled with a randomly paired permutation
level of 1, 2, ..., i to form a Latin hypercube. The method is provided as the function
lhsdesign in MATLAB [38].

The objective function was approximated by surrogate modeling using RBNN. RBNN
is a two-layer neural network that comprises a hidden layer of the radial basis function
and a linear output layer. The two hyper parameters 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 [38].

PSO [25] is a meta-heuristic optimization algorithm that replicates the “swarm be-
havior” of a bird flock or fish school. The algorithm starts with a population, called a
swarm, of particles, each of which is a possible solution. These particles are then moved
around the search space following some defined formulae. The movement of each particle
is under the influence of its own best-known position (local best objective function value)
and the whole swarm’s best-known position (global best objective function value). Fol-
lowing this principle, the particles are guided toward a better position after each iteration.
The process is repeated until a solution that satisfies all conditions is found. In MATLAB,
the single-objective PSO is provided in the optimization toolbox and can be utilized by
using function pso [38]. In the current study, the swarm size is set at 100 particles and the
objective function tolerance is set at 10~°. The optimization procedure can be summarized
as in Figure 4.
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<Problem setup>
Selection of design variables and
objective function

l

<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

l

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

l

<Search for Optimal Point>
| Optimal design Optimal point search from constructed
surrogate using PSO algorithm

Is optimal point
within the design
space?

Figure 4. Single-objective optimization process.

4. Results and Discussion
4.1. Results with the Reference Design of RE2B

Figure 5 compares three performance curves of the compressor for the cases without
any casing treatment (SC), with the conventional recirculation channel (RE) and with the
reference RE2B channel (Table 1). As shown in the figure, the working mass flow range of
the compressor is extended to lower mass flow rates when using both casing treatments.
However, RE2B lowers the near-stall mass flow rate to the normalized value of 0.9179,
which is lower than that of RE (0.9198). In exchange, the losses in efficiency and the pressure
ratio are higher with RE2B compared to those of RE at high mass flow rates, but these
differences diminish for lower mass flow rates. Consequently, the difference between the
pressure ratios at peak adiabatic efficiency and the near-stall condition increases with the
RE2B design. In Equation (3), the stall margin value is affected by this difference in the
pressure ratio and the corresponding mass flow range. Therefore, RE2B increases the stall
margin from 9.95% of SC to 13.40%, while RE only yields a stall margin of 12.37%. This stall
margin increase with RE2B is significant (about 34.7% compared to that of smooth casing),
at the expense of only 0.52% and 0.99% reductions in adiabatic efficiency and the pressure
ratio at the peak efficiency condition, respectively. The following discussion explains the
effects of RE2B on the compressor’s performance by analyzing the flow field.

215 85.00

210 F 8400 F
2.05 -
e 2 83.00
£ 200 -~
b 1.95 g 82.00
E ™ F £ .
2190 S 81.00 F
g 1.90 ,E
2 1.85 2 8000 f
= =
z 180 2 79.00
= =
1.75 | 3
170 < 78.00 - - SC_EFF
’ —RE2B_EFF
77.00 F -
165 f — - RE_EFF
1.60 76.00 . " L
0.90 092 0.94 0.96 098 1.00 1.02 0.90 0.92 0.94 0.96 0.98 1.00 1.02
Normalized mass flow rate i/, . Normalized mass flow rate m/m,,.

Figure 5. Performance curves for three configurations.
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Figure 6 illustrates streamlines of the tip leakage vortex at the near-stall condition.
When either RE or RE2B is used, it can be seen that the tip leakage vortex is cut off from a
portion of the leakage flow at the injection position. According to the numerical results, the
leakage mass flow rate through the rotor’s tip region is reduced from 0.00569 kg/s of SC to
0.00539 kg /s and 0.00534 kg /s of RE and RE2B, respectively. This reduction of leakage flow
indicates that the expansion of the blockage formed by the vortex breakdown is delayed,
which contributes to the delay in the stall inception. There are three mechanisms related to
RE and RE2B: (1) The injected flow pushes the leakage flow at the injection location to the
main flow direction, (2) the leakage flow is ingested into the channel by the bleeding ports,
and (3) a flow barrier is created in the tip gap by the recirculating flow from the injection
to bleeding positions. As a result, the flow supply to the tip leakage vortex reduces. The
decrease in the leakage flow with RE2B is higher than that with RE due to the additional
bleeding channel, which increases the amount of bled and re-injected air flow. It is noted
that a new vortex is formed in the case of RE2B. However, since it is located behind the
passage shock, it does not suffer vortex breakdown and thus does not have a substantial
destabilizing effect to induce stall inception.

Figure 6. Streamlines of tip leakage vortex at near-stall condition.

Figure 7 shows streamlines near the suction surface of the rotor blade at the near-stall
condition. The red dashed line indicates the lines of flow separation on the suction surface,
which is pushed downward due to the recirculation channels. Consequently, the interaction
between the tip leakage vortex and flow separation is reduced, which provides a more
stable flow field in the tip region.

(ko)

Figure 7. Streamlines on suction surface of rotor blade at near-stall condition.

In Figure 8, another advantage of RE2B over RE is observed. When using RE, a region
of low speed flow, which might be a result of flow separation, is found over the rear-half
of the rotor’s suction surface. However, this stagnation zone disappears in the case with
RE2B, which reduces the blockage in the flow passage. While the stagnation zones in the
stator region are larger with RE2B, their negative effects on the stability are expected to be
outweighed by the positive changes in the rotor region.
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Figure 8. Relative Mach number contours at 98% rotor blade span at near-stall condition.

Figure 9 shows contours of circumferential-averaged static entropy at the peak adia-
batic efficiency condition. The reason for the increased loss in efficiency is found to be the
increase in entropy generation. In Figure 9, a region of high entropy emerges at the rotor
tip region downstream of the recirculation channel. This is probably due to the formation
of the secondary leakage vortex, which unavoidably induces efficiency loss.

SRPPOG PP PP

[J kg1 KA-1)

Figure 9. Circumferential-averaged static entropy contours at peak adiabatic efficiency condition.

4.2. Parametric Study

To determine the most influential variables in the channel’s design, a parametric study
was performed with six geometric parameters of RE2B. Their tested ranges are specified
in Table 3. The reference values in Table 1 are maintained for the parameters that are
not changed.

Table 3. Tested values of six geometric parameters.

Parameters Lg/Cr (%) Lym/Cgr (%) Lg/Cg (%) a(®) BC©) v (©)
Lower limit 40 50 65 30 15 15
Upper limit 50 60 80 75 60 60

Figure 10 presents the effects of injection location on the performance of the compressor.
The highest stall margin of 13.40% is achieved at Lg/CR = 45% while the effect on the peak
adiabatic efficiency is relatively small. The influence of these parameters on the pressure
ratio shows different trends for near-stall and peak efficiency conditions. In Figure 11, the
effects of injection angle on the performance are illustrated. The stall margin reaches its
peak at o« = 60° while the best angle for efficiency is 45°. Increasing the angle from 45°
slightly reduces the pressure ratio at peak efficiency conditions but increases the pressure
ratio at the near-stall condition.
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Figure 12 shows that the best middle bleed location for stall margin improvement
is Lp/CRr = 55%. Moving the middle bleed port downstream slightly reduces the peak
adiabatic efficiency. For the pressure ratio, a similar trend to that of the injection location
is observed. Figure 13 presents the effects of the middle bleed angle on the performance.
Overall, this angle has a small impact on all performance parameters. In terms of the stall
margin, y = 15° provides the best value of 13.66%.
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Figure 13. Effects of middle bleed angle on performance.
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The effects of the rear bleed location on the performance are shown in Figure 14.

Lg/Cr =75% provides the best stall margin of 14.69% and the best peak adiabatic efficiency
of 83.45%. While the pressure ratio at peak efficiency conditions fluctuates, shifting the rear
bleed location downstream reduces the pressure ratio in the examined range. Figure 15
presents the effects of the rear bleed angle on the performance. At 3 = 45°, the stall margin
reaches the highest value of 13.40%. Increasing the angle mitigates the loss in peak adiabatic
efficiency, and increases the pressure rise at the peak efficiency condition while reducing

the pressure rise at the near-stall point.
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Figure 15. Effects of rear bleed angle on performance.

Figure 16 compares the levels of influence of all tested geometric parameters on the
compressor’s stall margin. This comparison shows that three parameters (Lg, Lg, ) have
the highest sensitivity on the stabilizing effect of the RE2B channel. Therefore, they were
selected as design variables for the subsequent optimization, while the other geometric
parameters were fixed.
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Figure 16. Sensitivity analysis of geometric parameters.

4.3. Optimization

A single-objective optimization has been performed with three design variables, L,
Lp, and «, to maximize the stall margin by RE2B. The design space, i.e., the ranges of
the design variables and the values of the other parameters are specified in Table 4. The
fixed values of the parameters (Lyi/Cg, B, and v) are their best values for stall margin
improvement found from the parametric study. The DOE has 20 design points generated
using LHS. RANS simulations were performed to obtain the stall margin values at these
design points. Based on those data, an RBNN model was created to approximately relate
the stall margin to the design variables. The spread constant and the sum squared error
goal for the RBNN model were 0.1 and 0.00002, respectively.

Table 4. Design space for optimization.

Design Variables Fixed Parameters
Lg/Cr (%)  Lp/Cg (%) o (°) Lm/Cr (%) B v ()
Lower limit 40 70 45
Upper limit 50 80 75 %5 45 15

Using the PSO algorithm, the optimal design (PSO.opti) was found at Lg/CR = 46.25%,
Lg/CRr =77.57%, and « = 46.56°. The new design provided a stall margin of 15.04%, which
is a significant increase of 51.16% from that of the smooth casing case. In Tables 5 and 6,
to assess the effectiveness of optimization, the optimal design is compared with a new
reference design (nREF). For the nREF design, Ly, L, and « are set at the reference values
in Table 1, while Ly, 3, and vy are fixed at the values shown in Table 4. The optimum
design improves the stall margins of SC and nREF by 51.16% and 9.22%, respectively. This
remarkable achievement validates the benefit of performing optimization. In terms of
accuracy, the difference in the stall margin between the prediction by MATLAB and RANS
simulation is only 0.07%. This small error indicates that the combination of the RBNN
model and PSO algorithm is accurate in finding the optimal design for this problem.
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Table 5. Optimization results.

Objective Function Improvement (%)

Design Lg/CRr (%) Lg/CRr (%) o (°) Error (%)
MATLAB RANS vs. SC vs. nREF
SC - - - - 9.95 - - -
nREF 45 70 45 - 13.77 - 38.39 -
PSO.opti 46.25 77.57 46.56 15.05 15.04 —0.07 51.16 9.22

Table 6. Comparison of peak efficiency and pressure ratio between optimal design and other cases.

Changes vs. SC (%)

Design Npeak (%) PRpeak PRNs
Npeak PRpeak PRNs
SC 83.85 2.0045 2.0820 - - -
nREF 83.41 1.9778 2.0785 —0.52 —1.33 —-0.17
PSO.opti 83.39 1.9562 2.0762 —0.55 —2.41 —0.28

Figure 17 compares PSO.opti and nREF in terms of the rotor’s tip loading at the peak
efficiency condition. At this condition, PSO.opti shows that a shockwave is located further
downstream, and the pressure difference at the upstream region is smaller compared to that
of nREF. As a result, the flow becomes more stable and the compressor’s stable working
range extends to a higher normalized mass flow rate of 0.9953 (the values for SC and nREF
are 0.9934 and 0.9939, respectively).

180,000

— opti
150,000 PSO.opti

---nREF

120,000
90,000
60,000 |

30,000

Pressure (Pa)

0

-30,000

shockwave
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_9()‘(j()() 1 L I L 1 L 1 L I L1 1 i 1 11 il A il I Ll L I
0 01 02 03 04 05 06 07 08 09 1 11
Axial chordwise (0-1)

Figure 17. Blade loading at 99% rotor span at peak adiabatic efficiency condition.

Figure 18 shows the Mach number distribution at the near-stall condition. While there
is no significant difference between the two cases in the rotor domain, the stagnation zones
in the stator domain are smaller than those in the case of PSO.opti, which is related to the
improvement in flow stability. The combination of this change and the improvement at the
peak efficiency condition mentioned above seems to be the main reason for the higher stall
margin with the PSO.oti design.
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Figure 18. Mach number contours at 98% blade span at near-stall conditions.

5. Conclusions

The effects of the RE2B channel on the aerodynamic performance and stability of the
single-stage transonic axial compressor, NASA Stage 37 were investigated using 3D RANS
analysis. Numerical results confirmed the RE2B’s ability to improve the stability of the
transonic compressor, with only small reductions in the efficiency and pressure ratio. The
reference RE2B design increased the compressor’s stall margin from 9.95% of the smooth
casing to 13.40% with a less than 1% reduction in the peak efficiency and pressure rise.
As the conventional single-channel design (RE), RE2B showed the stabilizing effects on
the compressor’s flow field: Delaying stagnation zones’ expansion and distancing flow
separation from the leakage vortex. However, with the additional bleeding channel, the
RE2B channel removed a sizable stagnation zone near the rotor’s trailing edge shown in
the case of RE. This improvement might be the main reason the stall margin with RE2B is
approximately 8.33% higher than that with RE.

From the parametric study, the injection location, injection angle, and rear bleeding
location are found to be the most influential parameters on the compressor’s performance
among the tested six geometric parameters of RE2B. By selecting those three parame-
ters as design variables, single-objective optimization using the PSO algorithm combined
with the RBNN surrogate model was conducted to maximize the stall margin improve-
ment. With only 0.55% and 0.28% reductions, respectively, in the peak adiabatic efficiency
and maximum pressure ratio, the optimal design at Lg/Cgr = 46.25%, Lg/Cr = 77.57%,
and « = 46.56°, provided a large stall margin of 15.04%, i.e., 51.16% and 9.22% increases
from those of the smooth casing and the reference design, respectively.

In future work, the study of RE2B needs to be expanded to its effects on aerome-
chanic and aero-acoustic characteristics to provide a more comprehensive assessment of its
applicability to real compressors.
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