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Abstract: This study presents a numerical investigation of suction control in an aggressive S-shaped
air intake with large boundary ingestion. The results show that the variation of suction control
parameters such as suction location, suction pipe diameter, and suction angle all have an impact on
the effectiveness of the flow control. In general, further upstream suction, such as near the throat, is
favorable for the decrease of the second flow intensity and the area of the low-energy fluid region at
the exit of the S-shaped inlet. However, it is bad for the total pressure recovery and the circumferential
total pressure uniform distribution. From the perspective of the uniformity of the total pressure
distribution at the air intake exit, there is an optimal location for suction between the throat and the
separation start point. A bigger suction pipe diameter brings better effects as the suction location
and suction angle keep constant, due to more low-energy fluid being sucked out. But this doesn’t
mean the largest mass flow suction results in the biggest improvement. Overall, sucking at the 1st
bend, with suction angle and suction pipe diameter equaling 15 degrees and 12 mm, respectively, is
the optimal suction scheme here. Since the change rule of the cross-section area along the centerline
has not changed during suction control, the second flow and complex surface streamline at the air
intake exit cannot be eliminated, though they can be decreased a lot with reasonable suction control.
Similarly, owing to large boundary ingestion, the remarkable low-energy fluid region always exists
despite the significant reduction of the separation and second flow, which is very different from the
results of this kind of micro-suction executed in the non-BLI S-duct. To pursue a higher improvement,
suction combined with vortex generator vanes has been further studied. Corresponding results
analysis shows that the hybrid flow control method has great potential and should be investigated in
detail in the future.

Keywords: S-shaped air intake; boundary layer ingestion; suction control; distortion

1. Introduction

Half flush-mounted S-shaped air intake with large boundary layer ingestion (BLI)
has been a research hotspot in recent years and has received wide attention thanks to its
favorable stealth, small frontal area, and compact structure [1]. As the gas supply appa-
ratus of the future Blended-Wing-Body (BWB) transport aircraft, except for the common
benefits mentioned above, numerous studies about it have shown that the boundary layer
ingesting propulsor has the potential to improve aircraft fuel efficiency [2-8]. However,
challenges also exist. The inherent S-shaped diffuser geometry combined with a thick
ingested boundary layer results in severe flow distortions (mainly including total pressure
distortion and swirl distortion) at the inlet of the turbofan engine, which is very bad for
the aerodynamic performance of downstream components [9-14]. The swirl distortion
component of these inlet flow profiles changes the incidence angle of air entering the
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fan which alters the amount of flow turning and work performed by the fan [15,16]. In
fan geometries researched by Gunn and Hall [17], BLI was found to reduce the fan-stage
efficiency by around 1-2% relative to operation with uniform inlet flow. In the presence
of BLI-type (NASA’s Inlet A) distortion, both a 15.5% decrease in stream thrust and a 14%
increase in thrust-specific fuel consumption occur [12]. Therefore, obtaining the benefits of
BLI from a system level requires that acceptable pressure recovery and distortion levels be
maintained for engine operation [1]. As a result, flow control or optimization that is used
for improving the air quality at the aerodynamic interface plane (AIP) of the BLI S-shaped
air intake is more necessary compared to the conventional pylon-mounted engine inlet or
other non-BLI inlets.

With the development of flow control methods [18] and experimental techniques for
physical measurements, large amounts of work for coping with the S-shaped air intake exit
distortion have been performed in recent years. It is noteworthy that most of them achieve
their aims with passive or active flow control methods because geometry optimization is
not effective for distortion control [19-21]. Among various flow control methods [22-31],
blowing and suction are two kinds of active flow control techniques with effectiveness.
By blowing net high-energy fluid in, the power of the low-energy fluid to overcome the
adverse pressure gradient is strengthened; then, the serious flow separation and secondary
flow that originally occurred in the serpentine duct weakens or disappears, making the
interior flow more fluent. As to suction, its role is to eliminate or reduce the flow separation
in the S-shaped air intake by sucking out the low-energy fluid in the boundary layer.

In 2014, Harouni et al. [32] studied the effect of blowing and suction control on the
engine-face distortion of a half flush-mounted S-shaped inlet and concluded that the
secondary flows occurring in the diffuser could be more efficiently managed by keeping
the jet flows separate and distinct. However, in this study, neither a detailed analysis of
the flow field in the BLI S-shaped inlet with flow control nor the deep exploration of the
influence discipline of flow-control parameters (such as the actuation location, angle, and so
on) variation on the flow control effect has proceeded. Subsequently, Vaccaro et al. [30] paid
their attention to the experimental and numerical investigation of steady-blowing control
in a compact inlet duct in 2015. The results show that not only did the two-dimensional
tangential control jet improve the time-averaged pressure recovery at the air intake exit,
but it also essentially eliminated the energy content of the distinct unsteady fluctuations
that characterized the baseline flow field. Though both the time-averaged flow field and
the unsteady flow field have been analyzed in this work, the inlet is a short, rectangular,
diffusing S-shape duct without boundary layer ingestion.

In summary, there are many achievements in interior blowing or suction control in the
S-shaped inlet. However, most of them focus on the positive or negative effects caused by
flow control, and few of them tend to pay attention to the detailed effect of flow control
parameters variation on the S-shaped inlet’s aerodynamic performance, not to mention the
adoption of supplementary measures. On the other hand, the flow field in the S-shaped
inlet has big differences from the flow field in the S-shaped inlet with large boundary
layer ingestion. Correspondingly, the flow control method and the underlying mechanism
should be different. So, with respect to this reality, quantities of compressible Reynolds-
averaged Navier-Stokes computations for a half flush-mounted S-shaped inlet with a series
of suction schemes have been conducted. Furthermore, the complex 3D interior flow details
under different schemes have been analyzed and compared.

2. Computational Setup
2.1. Model in Study

The S-shaped inlet studied here is a half flush-mounted inlet with large boundary
layer ingestion, with a Mach number at the inlet of about 0.37. The diameter of its exit
section, D, equals 280.4 mm, and the design mass flow of it, Mgesign, €quals 8.997 kg/s. The
suction control devices are comprised of 12 pipes with suction pipe diameters d equaling
8 mm, 10 mm, or 12 mm, as shown in Figure 1b. All suction pipes are installed at the same
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acute angle (3 = 15°, 30°, 45°) with the local tangent line. The arrangement of these suction
pipes was chosen based on the conclusion obtained by Harouni that the most practically
effective flow control scheme was the circumferential ejector scheme [32]. Furthermore,
the position near the throat section, just at the 1st bend, and near the separation point are
selected as three typical suction locations, as shown in Figure 1c, which is an additional
variable relative to the previous research [32].
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Figure 1. Schematic of the suction control device. (a) The S-shaped inlet. (b) Local map of the suction

D=

control device. (c) Schematic of the suction location and angle.

2.2. Numerical Methods

With the rapid development of computational fluid mechanics (CFD) in recent years,
more accurate numerical simulation methods such as LES and DNS have been put forward
and applied in some simple or simplified models [33-35]. However, as concluded in Yang's
research paper, LES is likely to become used for a broader range of flow problems and
more complex problems, including more multi-disciplinary applications, in the future.
Nevertheless, there are still significant challenges (such as the big shortcoming in implicit
filtering, and time cost) remaining before LES can become a reliable, robust engineering
analysis tool that can be used as an alternative to RANS [33]. As to DNS, the challenges
for its wide application are greater, such as the economic and time costs. So, the numerical
simulation in this study uses the commercial software ANSYS CFX 18.0 to solve steady
viscous Reynolds-Averaged Navier-Stokes (RANS) equations with a time-perusing finite
volume method. The Shear Stress Transport (SST) turbulence model is employed for this
research as it is the highest fidelity working turbulence model and is well established for
its separated flow modeling ability [36,37]. The spatial discretization uses a second-order
upwind scheme. To reduce the effect of the artificial outlet boundary on the internal flow
field, the calculation domain has been obtained after the extension of the original serpentine
diffuser. As shown in Figure 2a, the extensive section is about 1.5 times the diameter of the
diffuser exit.

An O-type grid topology is used in the main channel of the diffuser and the suction
pipes. Meshes near the air intake wall and the pipe wall, as well as at the junctions of the
air intake and the suction pipes, are all locally refined. To avoid the numerical discrepancy
caused by different meshing methods, the same grid topology is used for all schemes. The
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wall distance of the first mesh cell is set to 0.002 mm, and the calculated y+ is about 1.0.
Both grid independence and computational efficiency are considered to determine the
appropriate mesh number. As a result, the number of grid points in the whole calculation
domain is about 2,000,000 in total.

Extension

(1.5D)

Suction Pipes

(a) (b)

Figure 2. Mesh for the numerical simulation of the flow in the S-shaped air intake with and without
suction control. (a) S-shaped inlet without suction control (Prototype). (b) S-shaped inlet with
suction control.

The boundary conditions of the suction control cases are shown in Figure 3. Clearly,
total pressure, P*¥, and total temperature, T*, of 288 K are set at the inlet of the S-shaped
air intake as the inlet boundary conditions. Because of large boundary layer ingestion, the
total pressure distribution at the air intake inlet is not uniform, as shown in Figure 3b,c.
The thickness of the boundary layer 6 equals 20 percent of the height of the air intake
inlet (6 = 0.2 H). The total pressure distribution in the normal direction of the boundary
layer—in other words, the first section of the function (P* = P*(x)) is obtained through the
previous experimental data fitting. Pgyction is the external environmental pressure given
at the exit of the suction pipes, which acts as a throttle valve. As to the schemes without
suction control, this setting is not available here. What should be noticed is that the suction
mass flow is not controlled by changing the value of Pgction; it is controlled by changing
the diameter of the suction pipes. The usage of this method is because the suction pipes are
treated as a simple bleed valve. Static pressure, Peyit, is set at the exit of the S-shaped inlet
as the outlet boundary condition. All the wall faces are set as adiabatic with no slip.

Pressure Inlet
P*= P*(x),T"=288K ==

.

Pressure Outlet
Pyi=90260Pa

Pressure Outlet
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(9
z
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Figure 3. Boundary condition settings and total pressure distribution at the inlet of the S-shaped
inlet. (a) Boundary conditions. (b) Total pressure distribution function at the inlet. (c) Total pressure
distribution contour at the inlet.
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Finally, all numerical simulations were performed on a computing cluster with a total
of 128 Intel® Xeon® scalable processors.

2.3. Evaluation Parameters

When comparing the aerodynamic performance of the air intake as well as the dis-
tortion at its exit in different schemes, the total pressure recovery coefficient (o), the
circumferential total pressure distortion coefficient (DCjy), the swirl distortion coefficient
(5C120), and the occupation ratio of low-energy fluid (AR) at the exit of the S-shaped inlet
are all available here, as shown below. Obviously, these four descriptors generally fall into
two categories. The first one characterizes the total pressure recovery, while the other three
characterize distortion at the exit of the S-shaped inlet:

U= Pf;Av,Exit/ P;AV,Inlet )

AR = AL/ Agxit @

DCipo = (P;AV — (Pl20)Fav, min) / dpay ®G)

SCi0 = ((ny,lzo)FAV/maX - (ny'lzo)FAV,min> /VEav 4)
DA = (Pav — Prav,L)/Prav ®)

In upper definitions, P*pay is the mean total pressure at the exit of the S-shaped air
intake, (P*120)FAVmin is the minimum area average total pressure in a series of 120-degree
sectors at the exit of the S-shaped inlet, and qpay is the area average dynamic pressure.
(Vxy,120)FAVmax is the maximum area average velocity of secondary flow in a series of
120-degree sectors. Correspondingly, (Vxy,120)FAV,min is the minimum area average velocity
of secondary flow in a series of 120-degree sectors, and Vpay is the area average velocity.
In addition to parameter DCjyg, DA is also an evaluation parameter for total pressure
distortion, but it is simpler and more direct.

2.4. Validation of the Simulation Method

To verify the accuracy of the calculation method used in this work, the numerical
simulation of the S-duct [37-39] was carried out as shown in Figure 4. The static pressure
coefficient Cp, and the total pressure recovery coefficient o are chosen for the comparison,
which is defined by:

*

CP = (P wall valid — Pgection A)/ (P section A Psection A) (6)

_ p* *
oc=P section E/ Psection A (7)

The numerical results of the static pressure coefficient in Section A and Section B fit
the experimental data well. But in Section C, where serve separation occurs (Figure 4d),
there is a relatively larger error. We also compared our results with some other comparable
data (such as in the work of Fiola [37]), and a similar phenomenon that a relatively greater
error between the CFD result and experimental data in section C can be found. With
detailed analysis, we found it can be attributed to the fact that neither RANS turbulence
model can adequately account for strong flows with separation recently. The distribution
of the streamline on the symmetry plane of the S-duct and the Mach number at section E is
basically consistent with the experimental contours.
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Figure 4. Comparisons between the numerical results of the S-duct for validation and the experimen-

tal data given in the references [37-39]. (a) S-duct for validation [37-39]. (b) Static pressure coefficient

at Section A. (c) Static pressure coefficient at Section B. (d) Static pressure coefficient at Section C

and Section D. (e) Streamline distribution on the symmetry plane of the S-duct. (f) Mach number
distribution at the S-duct exit.

In general, the simulated results are in reasonable agreement with the experiment
results. Although this validation is a compromise, the diffuser studied in this validation
also has a typical S-shaped structure with complex second flow and flow separation in it,
which is similar to the half flush-mounted S-shaped inlet simulated in this paper. So, to
some extent, it is still meaningful to the simulation research here.
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3. Results and Discussion
3.1. Research Schemes of the Suction Flow Control

As mentioned above, suction location, installing angle of suction pipes, and suction
pipe diameter are three suction control parameters, each of which has three items for
choosing. As shown in Table 1, the schemes have been named after the same rule. With
detailed analysis and comparison, suction control law and characteristics can be obtained.
Besides, the optimal suction scheme selected from these schemes is available.

Table 1. Suction control parameters and naming rule of suction schemes.

Parameters Suction Control Parameters
. Pipe Diameter
Location (z/L) Angle (3, °)
Case Name gle (B (d, mm)
Location_Angle_Diameter Near throat, 1st Bend, 15, 30, 45 8,10, 12

(For example, 1stBend_15°_6 mm)  Near separation point

3.2. The Change in Aerodynamic Performance and Interior Flow Details

Figure 5 shows the suction mass flow change trend with the variation of the suction
pipe’s diameter. Clearly, suction mass flow increases significantly with the increase of the
suction pipes’ diameter as the suction location and angle are fixed. Likewise, the suction
location and angle can directly influence the amount of suction mass flow. It can be easily
found that suction further upstream means more suction mass flow if the installing angle
and the diameter of the suction pipes remain constant.

0.216 .
A NearThroat_15°
0.192 u NearThroarjo:z
O NearThroat_45
1stBend 15"
0168 LstBend_30°
1stBend_45°

-t —&—— NecarSeparation 15"
——=—— NearSeparation_30°
NearSeparation 45°

Mass flow,. . (kg/m’)
= 5 <
£

T

(Mass oW, )xg contrar 0 | | |
! ) ) i i i i i

80 90 100 11.0 120 13.0 140 150 160 17.0
d(mm)

Figure 5. The suction mass flow changes with the variation of the suction pipe’s diameter.

This phenomenon can be interpreted as the velocity of the suctioned low-energy fluid
at the upstream location being relatively larger than the velocity downstream, as shown in
Figure 6a. The installing angle is also a remarkable affecting factor: a smaller install angle
brings more suction mass flow as both the suction location and the size of the suction pipes
remain unchanged. The contours given in Figure 6b,c account for this phenomenon well.
The smaller installation angle means a larger speed component in the suction pipe direction,
as portrayed visually in Figure 6b. Therefore, a smaller installation angle is good for more
mass flow suction. Besides, from Figure 6b, it can be found that most of the mass flow
that is suctioned out is low-energy flow in the boundary layer, only when the installation
angle is small, such as 15°. On the contrary, with the installation angle increasing, more
and more main flow with higher energy has been sucked out. Undoubtedly, this is bad for
the aerodynamic performance of the air intake, which can be verified by the curves given
in Figure 7. On the other hand, a bigger installation angle means a bigger turning angle
for the sucked fluid. As a result, the possibility of flow separation occurring in the suction
pipes is increased, as shown in Figure 6b,c.
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Figure 6. The velocity contour at 3 suction sections, the intersection of the suction pipe and the air
intake, and the exit of the suction pipes. (a) Velocity contour at 3 suction sections. (b) Local velocity
at the intersection of the suction pipe and the air intake. (c) Velocity contour at the exit of the suction
pipes (Top: Throat_15°_10mm; Throat_30°_10mm; Throat_45°_10mm).

In general, whether from the view of the total pressure recovery (o) or the distor-
tion (AR, DC1y9, SCip) at the air intake exit, there is the same change tendency that the
aerodynamic performance of the air intake becomes better and better as the diameter of
the suction pipes increases from 8 mm to 12 mm, as shown in Figure 7. On the other
hand, in the schemes studied here, this tendency does not change with the variation of the
suction pipe diameter and suction location. Namely, a bigger suction pipe diameter brings
a better flow control effect, no matter which suction location or suction angle is selected.
However, the optimal suction angle is significantly correlated with the suction location
and the suction pipe diameter. Only when the suction location is near the throat and the
diameter of the suction pipes is relatively small, the aerodynamic performance of the air
intake simply increases with the decrease of the suction angle. The influence discipline
of suction location variation is also very complex. For the reduction of the low-energy
fluid region characterized by parameter AR and the swirl distortion (SCiy) at the AIP,
further upstream suction leads to a better effect. But for the total pressure recovery o
and the circumferential total pressure distortion (DCiy), as given in Figure 7a,c, there
is a completely different result. Further upstream suction seems to lead to a worse total
pressure distortion at the exit of the air intake, and the 1st bend, located between the throat
and the separation section, seems to be the optimal one.

The change of the parameter AR with the variation of the suction location may be
interpreted as follows. First, under the combined effects of large boundary layer ingestion,
strong adverse and cross pressure gradient, the boundary layer becomes thicker and thicker
streamwise. As a result, the area of the low energy-fluid region on the streamwise sections
becomes larger and larger, as shown in Figure 8. There is no question that suction is effective
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both to the upstream flow field and the flow field downstream of the place where suction
control proceeded. But certainly, the latter one is more influenced. Because the upstream
location is closer to the inlet low-energy fluid source, further upstream suction will lead to
larger downstream regions affected. Then, smaller regions covered by low-energy fluid
appeared at the exit of the S-shaped inlet, namely the lower value of parameter AR, as
shown in Figure 7b. Besides, due to the adverse pressure gradient that has been overcome
in time by further upstream suction, the flow separation in the air intake has been weakened
or even eliminated, and, at last, lower swirl distortion (SCq5g) occurred at the exit of the
air intake.
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Figure 7. The change of aerodynamic performance parameters with the variation of suction control
parameters. (a) The total pressure recovery coefficient (o). (b) The occupation ratio of low-energy
fluid (AR). (c) The circumferential total pressure distortion coefficient (DCjyg). (d) The swirl distortion
coefficient (SC1pp).

As to the total pressure recovery (o) and the circumferential total pressure distortion
(DC190), a basic fact that should be mentioned first is that there are two direct effects caused
by suction control. The first one is the energy loss of the whole aerodynamic system.
Though the fluid sucked out is low-energy, there is also an energy loss from the perspective
of the whole system. Moreover, further upstream suction means more energy loss due
to more fluid being sucked out, as illustrated in Figure 5, except for the further upstream
fluid carrying more energy with itself relative to the downstream fluid. So, from this
point of view, suction further upstream with larger-sized pipes and, simultaneously, bigger
installation-angles is bad for system energy. On the other hand, with suction control, the
severe separation has decreased a lot, and the interior passage of the air intake becomes
more fluent. As a result, more fluid will be sucked into the air intake through its inlet. Thus,
from this viewpoint, further upstream and more low-energy fluid suction is of benefit to
the system-level energy. Overall, the total pressure is a characteristic parameter of fluid
energy to some extent; its decrease or increase depends on the integration of the effects
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of the two aspects mentioned above. When the former one is in the dominant position,
there are worse total pressure recovery and larger circumferential distortion coefficients,
such as the scheme of suction near the throat, with suction pipe diameter and installation
angle respectively equaling 12 mm and 45°, as shown in Figure 7a,c. Although suction
at a downstream location, such as near the separation point, is good for system energy
maintenance, it is very harmful to the separation decrease, as verified by Figure 7b,d. At
last, as a compromise, the location between the upstream throat and the downstream
separation point shows the biggest potentiality in improving total pressure recovery and
decreasing the circumferential total pressure distortion coefficient, especially as a big-size
suction pipe with a smaller suction angle has been selected, as shown in Figure 7a,c. At
last, with the consideration of the synthetical effect of four main parameters (o, AR, DCyy,
5Cip0) given in Figure 7, the scheme of sucking at the 1st bend with a suction angle and
suction pipe diameter respectively equaling 15° and 12 mm is the best one among the
27 schemes listed here.
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Figure 8. Total pressure distribution and surface streamline on equidistant streamwise sections in the
prototype scheme.

Nonuniform total pressure has been directly given at the inlet of the S-shaped air
intake. Consequently, as shown in the left image of Figure 8, the obvious high total pressure
region and the significant low total pressure region always coexist in all sections, and the
area ratio between them has been affected by the intensity of the second flow, the variation
of the cross-section area, and shape. In addition, the embryo of the “counter vortex” formed
at the cross-section just between the 0.2(L + a) location and the “NearSeparation” point.
The shape of the region covered by the low-energy fluid at the lower part of the sections is
obviously affected by the intensity and size of the “counter vortex” once it is formed. Finally,
the shape of the low-energy region at the exit of the air intake is mainly characterized by
the approximately circular shape of the “counter vortex”. From the total pressure contour
and surface streamline on the symmetry plane of the air intake given on the right side of
Figure 8, it can be easily found that severe separation occurs just around the separation
point at the bottom wall. At the same time, severe adverse flow appeared in this separation
region and the total pressure in the adverse flow region was relatively lower.

In order to further explore the mechanism of why the value of o or DCjpy has a
completely different variation tendency compared to parameters SCypg and AR, as dis-
cussed above, the variation of circumferential total pressure distortion on the cross-sections
along the streamline direction in the prototype air intake without flow control has been
discussed. Considering the shape of the cross-sections keeps changing and only the final
section (namely the exit of the S-shaped air intake) is a perfect circle, another parameter
DA characterizing the circumferential total pressure distortion has been given and defined
by Formula (5). As shown in Figure 8 above, the value of DA decreases firstly along the
streamline direction and to the first local minimum point, and then it gradually increases
to the maximum point. Subsequently, it begins to decrease along the streamline direction
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until arriving at the exit of the S-shaped air intake. With detailed analyses, it can be found
that the first local minimum point is located a little downstream of the 0.2(L + a) location
(namely the position around the “counter vortex” embryo point), while the maximum point
is located a bit upstream of the place (around the 0.6(L + a) location), where the adverse
flow begins to change their direction back to the original main flow direction. The reason
for this phenomenon is complicated. There is not only the influence of the shape variation
of the sections along the streamwise direction but also the effect of the flow separation. For
the former reason, the mix between the low-energy fluid and high-energy fluid has been
strengthened, since the width of the air intake (Y direction) decreases along the main flow
direction. On the other hand, once the flow separation occurs, the pressure in the back-flow
region is much lower than the value in the non-back-flow region. So, because of these
reasons, the value of DA firstly decreases and then increases gradually to the maximum
point; subsequently, it decreases gradually until the air intake outlet. In addition, we find
that the “counter vortex” can not only affect the shape of the low-energy fluid region at the
lower part of sections but also strengthen the mix of the flow in the low-energy fluid region
itself. So, to some extent, the “counter vortex” is good for decreasing the minimum total
pressure value at the sections along the flow direction.

Figure 9 is the total pressure distribution and surface streamline on a group of equidis-
tant streamwise sections in different schemes with and without suction control. From the
view of flow field details, the conclusion obtained above from the aerodynamic parameter
curves can be verified again, as the aerodynamic performance of the S-shaped inlet im-
proves with the increase of the suction pipe diameter. Besides, another conclusion is that
suction control with a smaller suction angle (such as 15°) and a further upstream suction
location (such as the “Throat” location) can result in a bigger improvement. With suction
control, the low-energy region at the lower part of the cross-sections along the main flow
direction decreases a lot, especially as suction at the upstream location with a larger pipe
diameter, such as suction near the throat with a suction pipe diameter and suction angle
respectively equaling 12 mm and 15 degrees. Meanwhile, the size of the “counter vortex”
structure decreases a lot but always exists, as shown in Figure 9¢c. Except for the amount
of the low-energy fluid, the upward salient total pressure distribution has also decreased
gradually with a decrease in the size of the “counter vortex” structure.

A comparison of surface streamline and total pressure contour on the symmetry plane
in different schemes has been put forward. With the suction pipe diameter increasing,
the separation on the bottom wall decreases gradually. It can be clearly found that the
separation originally reflected on the symmetry plane nearly disappeared during suction
at the throat with a suction angle equaling 15 degrees and a suction pipe diameter finally
increasing to 12 mm. Furthermore, some more striking low-energy fluid appeared at the
back-flow region of the whole low-energy zone, as shown in Figure 10a,h. Except for
the suction pipe diameter, the suction location is also a significant influence factor for
the flow characters on the symmetry plane. As suction pipes move from the upstream
location to the downstream position without changing their diameter and installation angle,
the flow field improvement decreases a lot, such as from the throat (Figure 10c) to the
position near the separation point, as illustrated in Figure 10h. Compared with suction
location, suction angle variation leads to a relatively lower impact on the flow separation,
though its influence indeed exists. Also, the area of the region covered by the low-energy
fluid decreases a lot after suction control. However, it always exists, even in the optimal
suction scheme, due to the comprehensive effect of the large boundary ingestion, strong
adverse pressure gradient, and cross-second flow. As the low-energy fluid arrives at the
exit of the S-shaped inlet, it covers about 40% of the baseline exit and decreases a lot with
suction control.
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Figure 9. Total pressure distribution and surface streamline on equidistant streamwise sections
in different schemes with suction. (a) NearThroat_15°_8mm. (b) NearThroat_15°_10mm.
(c) NearThroat_15°_12mm. (d) NearThroat_30°_12mm. (e) NearThroat_45°_12mm.
(f) 1stBend_15°_12mm. (g) 1stBend_30°_12mm. (h) NearSeparation_15°_12mm.

For the sake of a more direct aerodynamic performance comparison between the
27 schemes studied here, the distributions of total pressure, second flow, and surface stream-
line on the exit of the air intake in these schemes have been given in Figures 11 and 12.
Firstly, this comparison visually verified a new conclusion that can be obtained from a
simple analysis of the aerodynamic performance curves given in Figure 7. In particular,
sucking at the throat with a suction pipe diameter and suction angle equaling 12 mm
and 15 degrees (Figures 11d and 12d), respectively, is the best scheme for decreasing the
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size and intensity of the second flow at the exit of the air intake among all the schemes
studied here. In addition, as illustrated in Figure 5, this scheme is also of the largest suction
mass flow. However, the data given in Figure 7 shows that this largest mass-flow suction
control does not produce the biggest improvement. Moreover, though the initial boundary
layer flow distortion given at the entrance of the air intake is followed by the influence
of the circumferential pressure gradients that shape the low momentum boundary layer
fluid into a central core of low total pressure fluid [32], both the size of the typical exit
“counter vortex” structure and the intensity of the second flow at the AIP decrease a lot
with reasonable suction. There is no doubt that the causes of the occurrence of the big-size
“counter vortex” and the large low-energy region at the exit of the BLI S-shaped air intake
are more complex. Relative to the conventional S-shaped air intake, it has something to
do with the boundary layer ingestion. So, the low-energy region always exists, though
the “counter vortex” nearly disappears, as shown in Figures 11d and 12d, which is very
different from previous research results of suction in non-BLI S-ducts [40].
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Figure 10. Surface streamline and total pressure contour on the symmetry plane of the calcu-
lation domain in different schemes. (a) NearThroat 15°_8mm. (b) NearThroat_15°_10mm.
(c) NearThroat_15°_12mm. (d) NearThroat_30°_12mm. (e) NearThroat_45°_12mm.
(f) 1stBend_15°_12mm. (g) 1stBend_30°_12mm. (h) NearSeparation_15°_12mm.



Aerospace 2023, 10, 989 14 of 22

P'(Pa)
104,600
103,046
101,492
99,937
98.383
96.829
95275 / /R ‘
93,721 i ' )
92.167 ) W o \\\1\(
90.612 =\

89,058
87,504
85,950

’..ll“\\

/4

Figure 11. Total pressure distribution and surface streamline on the exit of the air intake
in different schemes. (a) NoContorl. (b) NearThroat 15°_8mm. (c) NearThroat_15°_10mm.
(d) NearThroat_15°_12mm. (e) NearThroat_30°_12mm. (f) NearThroat_45°_12mm.
(g) 1stBend_15°_12mm. (h) 1stBend_30°_12mm. (i) NearSeparation_15°_12mm.
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Figure 12. Second flow distribution and surface streamline on the exit of the air intake in
different schemes. (a) NoContorl. (b) NearThroat_15°_8mm. (c) NearThroat_15°_10mm.
(d) NearThroat_15°_12mm. (e) NearThroat_30°_12mm. (f) NearThroat_45°_12mm.
(g) 1stBend_15°_12mm. (h) 1stBend_30°_12mm. (i) NearSeparation_15°_12mm.

Figure 13 offers the wall limit streamlines which indicate the route of the massless
particles attached to the bottom wall and released downstream from the air intake inlet. As
shown in Figure 13a, without suction control, an obvious “counter vortex” limit streamline
begins to form, a bit downstream of the 1st bend suction location but upstream of the “Near
Separation” point in the prototype scheme. With the increase of the suction pipe diameter,
the size of the “counter vortex” limit streamline decreases gradually until it disappears as
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the suction pipe diameter increases to 12 mm and the location selected for suction is near
the throat coupling with suction angle equaling 15 degrees (Figure 13b—d). Additionally, the
suction angle has an important influence on the bottom wall limit streamline distribution.
From Figure 13d—f, it can be concluded that the wall limit streamlines structure changes
a lot as the suction angle increases from 15 degrees to 45 degrees while the suction pipe
size and suction location remain constant. Specifically, a smaller suction angle results in a
smaller “counter vortex” structure on the bottom wall of the S-shaped air intake. In fact,
this means less separation and a smaller “counter vortex” at the exit of the S-shaped inlet,
as shown in Figures 11d—f and 12d—f. Furthermore, from the perspective of the bottom wall
limit streamline, suction further upstream results in a better effect. As the suction location
moves from the position near the throat to the location near the separation point while
the suction pipe diameter and the suction angle respectively keep equaling 12 mm and
15 degrees, not only does the size of the wall limit streamline “counter vortex” increase,
but also its location moves further upstream, as illustrated in Figure 13d,g,i.

Outlet of
Calculation Domain

Figure 13. Limit streamline on the bottom wall and total pressure distribution at 3 suction streamwise
sections in different schemes. (a) NoContorl. (b) NearThroat_15°_8mm. (¢) NearThroat_15°_10mm.
(d) NearThroat_15°_12mm. (e) NearThroat_30°_12mm. (f) NearThroat_45°_12mm.
(g) 1stBend_15°_12mm. (h) 1stBend_30°_12mm. (i) NearSeparation_15°_12mm.

3.3. Additional Improvement for the Original Suction Control

As stated earlier, the remarkable low-energy fluid region and the velocity nonunifor-
mity always exist on the AIP, though the second flow can be decreased a lot with reasonable



Aerospace 2023, 10, 989

16 of 22

Suction dimple

Suction slot

suction control. This phenomenon is very different from the results as this kind of micro-
suction has been executed in the S-shaped air intake without boundary layer ingestion. It
is clear that the flow separation occurring in the air intake studied here is mainly due to
the large ingested boundary layer fluid having not enough energy to overcome the strong
adverse pressure gradient, and it is not a problem mainly about flow stability. So, to cope
with this problem, the main attention should be focused on the further reduction of the
low-energy fluid via increasing the suction mass flow or supplying energy via blowing
in high-energy fluid or reinforcing the mix between the high energy mainstream and the
secondary flow. Based on the fact that blowing high-energy fluid can effectively avoid
flow separation, but because the source of the blown fluid is a big problem, the other two
methods seem to be more applicable.

On the other hand, hybrid systems can have an additional benefit on performance
parameters, compared to passive or active flow control alone [41]. As to mixing the
mainstream and the secondary flow, some passive flow control technology, such as the
vortex generator, shows great potential [42-47]. So, in this additional suction supplementary
method research section, large mass flow suction control has been researched first, and
then the combination of the micro-suction control and the vortex generator control. As for
comparison, complementary flow control with vortex generator vanes alone has also been
studied. The instruments corresponding to large mass flow suction and the active-passive
combinational flow control are respectively shown in Figure 14a,b. What should be noted is
that the air rectification vanes always coexist with the vortex generator vanes. The suction
pipes are installed at the 1st bend with installation angle and pipe diameter respectively
equaling 15 degrees and 12 mm. In other words, the model of the best micro-suction scheme
concluded above is taken as the prototype here.

Vortex genernjator(VG) vanes

Calculation . \ . .
Exit domain outlet Suction Pipes \\ b :
~ <
\ FR =

Fluid rectification(FR) vanes ‘

(a) (b)

Figure 14. The instruments for additional flow control to the suction flow control. (a) Large mass
flow suction. (b) Suction combined with vanes.

The aerodynamic parameters of the 3 additional schemes are offered in Table 2, as
shown below. It is quite clear that the circumferential total pressure distortion coefficient
decreases a lot under the effect of the vortex generators or large mass flow suction. In
the active-passive combinational flow control scheme, the decrement is about 90.84% as
compared to the single-suction scheme. The decrements corresponding to the large mass
flow suction scheme and the single VGs flow control scheme are about 93.11% and 60.77%,
respectively. From the view of the swirl distortion coefficient, effects that were somewhat
worse appeared in all three additional schemes when contrasted with the original single-
suction scheme. However, all of these deceased a lot relative to the no flow control scheme.
This is because a slightly stronger second flow has been produced as VGs or large mass flow
suction has been taken, as shown in Figure 15f-h. As to the total pressure recovery, there is
nearly no difference between the combination flow control scheme and the single-suction
scheme. Likewise, the total pressure recovery of the single VGs scheme is approximately
equal to the value in the no-control scheme. These are not particularly surprising, since
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the main effect of the vanes is merely to redistribute the low-energy fluid to create a more
uniform flow at the air intake exit.

Table 2. Aerodynamic parameters corresponding to the additional improvement schemes.

Case Name Parameters i uction/Minet Meyie (kg/s) AR o DCi1z SC120
No control / 9.6059 0.3978 0.98750 0.2907 0.0776
1stBend_15°_12mm 2.0638 9.8432 0.3316 0.99259 0.2205 0.0060
Large mass flow suction 8.9687 10.1118 0.2372 >1 0.0152 0.0214
1stBend_15°_12mm_Vanes 2.1608 9.5952 0.3331 0.99262 0.0202 0.0436
No Suction_Vanes / 9.4793 0.3658 0.98759 0.0865 0.0275
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Figure 15. Total pressure, surface streamline, and second flow distribution on the exit of the
air intake in the improvement schemes. (a) P*_1stBend_15°_12mm. (b) P*_Large massflow suc-
tion. (c) P*_1stBend_15°_12mm_Vanes. (d) P*_No scution_Vanes. (e) Vyy_lstBend_15°_12mm.
(f) Vxy_Large massflow suction. (g) Vxy_1stBend_15°_12mm_Vanes. (h) Vxy_No scution_Vanes.

The most special and attractive scheme is the large mass flow suction scheme, in which
the value of the total pressure recovery coefficient is larger than 1. This phenomenon is
mainly because about 9% of the mass flow at the inlet of the air intake has been sucked out.
Furthermore, this sucked fluid is mainly low-energy fluid. With large mass flow suction,
the fluency of the fluid in the S-shaped air intake improves a lot. As a result, the mass flow
rate at the exit of the air intake increases by about 5.27% relative to the no-control condition.
It is not difficult to find that the suction of the low-energy fluid is good for increasing the
mass flow at the air intake exit, while the vortex generators and fluid rectification vanes are
bad for it. As to the low-energy region, the large mass flow suction scheme brings the best
effect, though all four flow control schemes listed in Table 2 can decrease it.

Figure 15 gives the total pressure, second flow distribution, and surface streamline
on the exit of the air intake in the improvement schemes. It is obvious that the low-energy
region at the exit of the air intake dropped to different extents in different improvement
schemes. Furthermore, the pictures illustrate that the large mass flow suction scheme
brings the biggest low-energy fluid region decrease; next is the combinational scheme,
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and last is the single VGs scheme. In addition, as the swirl distortion coefficient given
in Table 2 shows, the second flow increases to some extent, relative to the single-suction
scheme, and the apparent “counter vortex” originally appearing at the core of the air
intake-exit lower part disappears during the large mass flow suction or combinational flow
control scheme (Figure 15f,g). Overall, except for the total pressure recovery efficiency
being larger than 1, the large mass flow suction scheme seems to produce the best flow
control effect. However, some previous research shows that boundary layer ingestion can
result in decreases in fuel burn by several percentage points [2,5,48]. Hence, from a more
comprehensive perspective, large suction out of the low-energy fluid is not completely
good for the overall performance of the propulsion system. Mixing the main flow with
low-energy fluid may be a better choice. Although the second flow intensity and the swirl
distortion coefficient at the air intake exit increase a bit, the combinational scheme is still
thought to be the best potential method here because both the swirl distribution and the
second flow can be further decreased if the suction active flow control and the VGs passive
flow control match better. In fact, there are many influence factors and further research
about the combinational flow control that combines suction and vortex generator vanes
will proceed in the following study in the near future.

4. Conclusions

Numerical simulations of suction control in a boundary layer ingestion S-shaped
inlet have been conducted. For exploring the effect of suction parameters, variation in the
aerodynamic performance of the air intake, suction pipe diameter, suction location, and
angle have been selected as variables. After CFD method validation, a series of suction
control schemes have been researched. Then, some improvement measures have also been
taken and simulated as a supplementary for the effect-limited conventional micro mass
flow suction. With detailed comparisons of the results, some meaningful conclusions have
been obtained, as shown below.

(I) With the comprehensive effects of large boundary ingestion, strong adverse pressure
gradient, and cross second flow, serve flow separation and second flow occur in the S-
shaped inlet. Finally, the serve circumferential total pressure distortion and swirl distortion
appeared at the air intake exit. With suction control, the whole aerodynamic performance
improves, and all three variables listed here can significantly affect the suction effect. What
should be noted is that one suction parameter variation results in different impacts on
different aerodynamic performance assessment parameters. For example, further upstream
suction is good for the decrease of the second flow intensity and the low-energy fluid
region at the exit of the S-shaped inlet but is harmful to the total pressure recovery and the
circumferential total pressure distortion.

(II) As the suction angle and suction location keep constant, a bigger suction pipe
diameter brings a better effect due to the more low-energy fluid being sucked out. However,
this does not mean the largest suction mass flow creates the biggest improvement. Among
the 27 schemes investigated here, the scheme that sucks at the throat with suction angle
and suction pipe diameter respectively equaling 15 degrees and 12 mm produces the most
suction mass flow, but the aerodynamic performance of the air intake with this suction
scheme is not the best. From the perspective of the uniformity of total pressure at the
S-shaped inlet exit, there is an optimal location for suction between the throat and the
separation start point.

(IIT) In general, a smaller suction angle with an upper stream suction location is better
for the improvement of the diffuser’s aerodynamic performance. The angle of 15 degrees is
the best one for suction control among the three suction angles researched here. Overall,
sucking at the 1st bend with suction angle and suction pipe diameter equaling 15 degrees
and 12 mm, respectively, is the optimal scheme. The cross-second flow intensity and the
surface streamline structure at the air intake exit have a great impact on the total pressure
distribution on this exit.
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(IV) Since the shape of cross-sections along the main flow direction can influence the
cross-second flow, it can affect the second flow and the surface streamline on the air intake
exit. Indeed, the change rule of the cross-section area along the centerline has not changed
during suction control. So, the second flow and complex surface streamline at the exit
of the diffuser cannot be eliminated, though they can be decreased a lot with reasonable
suction control. Similarly, the remarkable low-energy fluid region at the air intake exit
always exists because of large boundary ingestion, though the separation and second flow
have been reduced significantly. This is very different from the results of micro-suction in
non-BLI S-shaped air intake.

(V) To pursue a higher improvement, suction combined with a vortex generator has
been further studied. Corresponding results analysis shows that this kind of hybrid flow
control has great potential, which should be investigated in detail in the future.

Author Contributions: Conceptualization, L.L. and G.L.; methodology, L.L.; software, S.W.; vali-
dation, B.W. and L.L.; formal analysis, L.L.; investigation, L.L.; resources, L.L.; data curation, B.W,;
writing—original draft preparation, L.L.; writing—review and editing, L.L.; visualization, BW.;
supervision, G.L.; project administration, G.L.; funding acquisition, L.L., G.L. and B.W. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by China Postdoctoral Science Foundation (Grant No. 2020M671717),
the Open Project of State Key Laboratory of Clean Energy Utilization, Zhejiang University (Grant
No.ZJUCEU2011002), the National Natural Science Foundation of China (Grant No. 12002335 and
Grant No. 51805124), and the Zhejiang Provincial Natural Science Foundation of China (Grant No.
LZY22E050001).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author and the 1st author.

Conflicts of Interest: Authors declare that this investigation was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

Nomenclature

Ay the area of the low-energy fluid at the air intake exit
Agyit the area of the air intake exit

AR the ratio of A1,/ Agxit

Cp static pressure coefficient

BLI boundary layer ingestion

d the diameter of the suction pipes

D the diameter of the air intake exit

DCip9 the circumferential total pressure distortion coefficient at the exit of the air intake
H the height of the air intake inlet

Mgesign design mass flow rate of the air intake

Mexit mass flow rate at the air intake exit

Mipjet mass flow rate at the air intake inlet

Mgyction the mass flow that has been sucked out

P static pressure

Pexit the static pressure at the air intake exit

Psuction the backpressure at the exit of the suction pipes
P*(x) the total pressure at the air intake inlet

p* total pressure

q the average dynamic pressure

R the curvature radius of the S-duct for validation
SCi the swirl distortion coefficient at the air intake exit
T* total temperature

VEav area average velocity
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the velocity of the main flow in the suction pipes with an installation angle

Veipe 15deg equaling 15 degrees

Viy,120 second flow velocity in a circular sector of 120°
Vixz,main resultant velocity in the X and Z direction of the main flow
x the height from the bottom wall at the air intake inlet
0 cross-stream polar angle

o the installation angle of the suction pipe

o total pressure recovery of the S-shaped air intake

5 boundary layer thickness

Ax the distance between the throat centroid of the air intake and the exit centroid
Subscripts

design the design condition

exit the exit of the S-shaped inlet

FAV the area average value

H high-energy region

L low-energy region

max maximum value

min minimum value

no control condition without flow control

pipe the suction pipes

section A the A-A cross-section of the S-duct for validation
section E the E-E cross-section of the S-duct for validation
suction suction control

wall valid the wall of the S-duct for validation

120 circular sector whose angle is 120

15 deg suction pipe with a 15-degree installation angle
Superscripts

* total condition
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