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Abstract

This paper numerically investigates Coflow Jet (CFJ) active flow control (AFC) for eliminating M2129
serpentine inlet distortion with throat Mach number (M) varying from 0.42 to 0.79. The 3D Reynolds Averaged
Navier-Stokes (RANS) simulation is conducted with one-equation Spalart-Allmaras (S-A) turbulence model. The
CFD simulation is validated with the experiment of AGARD test cases. The predicted total pressure recovery
is in good agreement with experiment with the maximum discrepancy less than 1%. The distortion coefficient
(DCgp) is also in a reasonable agreement with the experiment. The simulation also agrees very well with
the experiment for the wall static pressure distribution. For the CFJ S-duct, the horn shaped slot geometry is
adopted for the CFJ injection and suction slots to minimize the flow separation caused by CFJ. For all the throat
Mach numbers, the engine face distortion coefficient is reduced to less than 1%, virtually eliminated by CFJ.
Besides, the total pressure recovery is also significantly enhanced, especially at the high throat Mach number of
0.79. The study also indicates that a higher throat Mach number requires a lower CFJ power coefficient (P¢)
to eliminate the flow separation and distortion. This numerical study suggests that it is possible to eliminate
S-duct distortion by using CFJ active flow control.

Nomenclature
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AFC Active flow control
AIP Aerodynamic Interface Plane
CFJ Co-flow jet

Cu Jet momentum coefficient

DCgo Distortion factor of 60 degree, DCgy = %
M Mach number

My, Throat Mach number

P Power consumption of CFJ actuator

P, Power coefficient

Ptarp Averaged total pressure at AIP

Pty Averaged total pressure at distortion section
qgarp Dynamic pressure at AIP
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Re Reynolds number

R; Duct inlet radius

ZNMF Zero-net mass flux
Subscript, stands for corrected
Subscript, stands for jet
Circumferential slot angle
Air specific heats ratio
Total pressure recovery
Pressure ratio
Micro-comprssor efficiency
Duct circumferential angle
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1 Introduction

Serpentine ducts (S-ducts) are widely studied in recent decades. Combined with boundary layer ingestion, a
short S-duct is able to significantly reduce the fuel consumption and ram drag [1, 2]. For military aircraft, S-ducts
also reduce radar cross-sectional visibility due to the buried engines [3, 4]. However, a major challenge of S-ducts
is flow separation, which is induced by the high curvature wall at duct bend. The consequences can be severe,
such as triggering flow distortion, reducing compressor stall margin, and exciting fan blade vibration.

To mitigate flow separation inside S-ducts, a passive flow control method using vortex generator is studied
numerically and experimentally [5, 6, 7, 8]. Based on the CFD simulated vortex generators, the engine face
distortion of M2129 S-duct is reduced by up to 80% [9]. Jirasek et al [10] conduct an optimization study of vortex
generators flow control and find the effectiveness mainly depends on their heights and their locations in the flow
separation.

For active flow control methods, fluidic-oscillating jets [11, 12] are used on a serpentine offset diffuser to generate
streamwise vorticity and reduce total pressure distortion. It is able to reduce the aerodynamic interface plane (AIP)
distortion by more than 60%. Harrison et al [13, 14] propose an ejector-pump concept to employ injection and
suction simultaneously. It reduces the demand for bleed air from the compressor. With the ejector-pump model,
the maximum reduction of engine-face distortion of 75% is achieved. Rudin et al [15] apply steady suction and
blowing on the S-duct of a Blended Wing-Body (BWB) and achieve an improvement of 4.3% in total pressure
recovery and 70% in DCgg reduction.

The Coflow Jet (CFJ) [16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26] is a zero-net-mass-flux flow control that draws flow
from a suction slot at downstream and ejects the flow at upstream using micro-compressor actuators. Recently,
Xu et al [27, 28, 29, 30] apply CFJ on the NASA hump and some aircraft control surfaces, which demonstrate
its high effectiveness and energy efficiency in separation removal. Xu and Zha [31] apply CFJ AFC to mitigate
M2129 inlet distortion at Mach number of 0.79. With a configuration using a horn shape injection and suction
slot on the lower duct surface, the distortion coefficient DCy is reduced by 96%. However, the study [31] is only
for a single throat Mach number. The purpose of this paper is to further refine the CFJ flow control configuration
and study the distortion behavior across a range of Mach numbers, which are required to cover the whole aircraft
flight envelop.
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2 The Coflow Jet Parameters

To facilitate the description of CFJ control surface performance, several important parameters are given below.

2.1 Jet Momentum Coefficient

The injection jet momentum coefficient C), is used to describe the CFJ strength as:
my;

— e — 1
%poovoozAref ( )

Cu
where 72 is the injection mass flow, V; is the mass-averaged injection velocity, po and Vi, denote the reference
density and velocity at inlet, and A,y is the reference area defined as S-duct inlet area.

2.2 Power Coefficient

The CFJ power required is determined by the total enthalpy rise from the suction slot outlet to the injection
slot inlet [17]. The total enthalpy rise can be achieved by the embedded micro-compressors. The power required

by the CFJ can be expressed as:

mH (F%l
n

P= - 1) (2)

where, 1 is the CFJ mass flow rate, H;s is the total enthalpy at the suction slot, I' is the total pressure ratio
between the injection and suction, and 7 is the pumping system efficiency.

Eq. (3) indicates that the power required by the CFJ is linearly determined by the mass flow rate and expo-
nentially by the total pressure ratio. This relationship in fact applies to all active flow controls based on fluidic
actuators. Thus, C}, can not be used to represent the power consumption of active flow control [17, 32]. For
example, a high C), could have a substantially lower power consumption than a smaller C), if the large C, is
created by a high mass flow rate and low jet velocity, which only needs a significantly lower total pressure ratio
[32, 33].

P

PP
¢ %poovo%Aref
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where P is the CFJ required power defined in Eq. (2).

3 The Numerical Algorithm

The in-house high order accuracy CFD code Flow-Acoustics-Structure Interaction Package (FASIP) is used to
conduct the numerical simulation. The 3D Reynolds Averaged Navier-Stokes (RANS) equations with one-equation
Spalart-Allmaras [34] turbulence model is used. A 3rd order WENO scheme for the inviscid flux [35, 36, 37] and
a 2nd order central differencing for the viscous terms are employed to discretize the Navier-Stokes equations. The
low diffusion E-CUSP scheme used as the approximate Riemann solver suggested by Zha et al [38] is utilized
with the WENO scheme to evaluate the inviscid fluxes. Implicit time marching method using Gauss-Seidel line
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relaxation is used to achieve a fast convergence rate [39]. Parallel computing is implemented to save wall clock
simulation time [40]. The FASIP code is intensively validated for CFJ airfoil simulations [17, 18, 19, 20, 23, 24,
25, 27, 28, 29, 30, 31, 41, 42, 43].

4 Baseline Serpentine Duct Validation

The baseline serpentine duct (S-duct) studied in the present research with the side-view shown in Fig. 1 is
adopted from [44]. The throat is located at the origin point of the axial axis. The duct is tested experimentally
in the AGARD study [45]. The S-duct is approximately 2 ft in length and the throat is 0.4225 ft in diameter,
which is located at the end of the upstream constant-area section. The outlet diameter is 0.5 ft with a diverging
area ratio of outlet to inlet of 1.4. The engine face, or the aerodynamic interface plane (AIP), is located at 1.6 ft
downstream of the duct throat. The duct inlet conditions for the simulation are adopted from the AGARD test
cases, which have the total pressure of 101,216 Pa, total temperature of 293 K and Re of 2.36 million based on
the inlet diameter. The inlet velocity is imposed to be normal to the inlet surface.
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Figure 1: Side-view of the baseline S-duct

The mesh topology is shown in Fig. 2. Only half of the S-duct is simulated due to the symmetric geometry.
The S-duct bend section is refined and a butterfly grid treatment is used for the duct cross-section meshing as
shown in Fig. 2 (left). The overall mesh size is 2.0 million points, equivalent to 105 x 281 x 68 points in the
streamwise, circumferential and radial direction. The boundary condition at the S-duct inlet has the specified
total pressure, total temperature and flow angle. The outlet boundary condition uses a specified static pressure.
Non-slip wall boundary condition is enforced on the duct wall and symmetry boundary condition is applied on the
S-duct symmetric plane. The center-body of the S-duct at the downstream of the AIP is not simulated.
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Figure 2: Mesh topology of the baseline S-duct

The plot on the left of Fig. 3 shows the computed total pressure recovery § (right) at AIP and Mach contours
of the baseline S-duct on the symmetric plane (left) at the throat Mach number (My,) of 0.79. The total pressure
recovery is calculated by the total pressure at AIP divided by the total pressure at the S-duct inlet, which is constant
and uniform on the inlet. Massive flow separation occurs at the duct bend section, which causes significant total
pressure loss and distortion at the bottom of AIP. With the throat Mach number of 0.79, the predicted total
pressure recovery is 95.9%, which has a less than 1% discrepancy from the experimental value of 95.7%. The
predicted distortion coefficient DCgy at AIP is 40.7% and has a deviation from the measured value of 40.4% by
less than 1%. The DCyg [46] is the distortion coefficient computed based on a sector of 60° as shown in Fig. 3.
The distortion sector with a 60° is usually considered as a required range [46]. The formulation of DCyg is the
following,

_ Ptarp — Pty
qAIP

DClo (4)

Where the Ptarp is area-averaged total pressure at AIP, Pt; is area-averaged total pressure in the worst 60
degree sector of the engine face, and garp is averaged dynamic pressure at AIP. Since the Pty is in the distortion
area suffering more loss, the value should be lower than the Pta;p. Note that the values used for DCyg calculation
follows the same data reduction routine used in the experiment [45, 47], where Pt4rp and Pt4 are calculated based
on the 72-probe measured total pressure. Dynamic pressure g4rp is calculated by assuming incompressible flow
at AIP, where the velocity uses the value at AIP.
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Figure 3: Computed Mach contours of the baseline S-duct and total pressure recovery at AIP

Fig. 4 compares the computation with the experiment for the total pressure recovery and distortion coefficient
(DCgp) at various throat Mach numbers. The CFD results predicted by Wind-US code [48] is also presented for
comparison. A good agreement is achieved between the predicted total pressure recovery and the experiment.
A larger discrepancy is observed for the DCgy prediction, which may be caused by the absence of center-body
downstream of the AIP. However, the trend agrees with the experiment very well. The present CFD prediction
agrees with the experiment better than the Wind-US [48] at the high Mach number range. For the low Mach
number of 0.42, the two CFD predictions are similar.
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Figure 4: The baseline S-duct performance with various throat Mach numbers

Fig. 5 shows the wall static pressure distribution along the axial direction, where 6 of 0° and 180° are the
circumferential angles representing the top surface and bottom surface of the duct. The pressure distributions are
presented with two duct throat Mach numbers, 0.42 and 0.79. A good agreement is achieved between the predicted
results and the experiment with the maximum discrepancy of 4.8%. The deviation is more at the bottom surface,
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which has the flow separation due to S-duct bend.
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Figure 5: Wall static pressure distributions

5 CFJ Serpentine Duct

The CFJ S-duct configuration is shown in Fig. 6 to illustrate how the CFJ is incorporated with the S-duct. The
CFJ S-duct is created by placing an injection slot (in blue) at the start of the duct turning immediately downstream
of the throat and placing a suction slot (in orange) at the duct bend. Detailed geometrical parameters are shown
in Table 1. The present geometry is optimized based on the previous parametric studies [31]. The injection jet
enters the duct tangentially to the local wall surface. The same amount of mass flow is withdrawn smoothly
into the suction duct. To make the injection and suction smooth, the bottom wall surface is translated radially
outward by a concentric circle with the radius increased by 0.5% of the inlet radius. The CFJ will energize the
boundary layer to sustain the adverse pressure gradient of the duct diffusion and make the flow attached. The
circumferential horn shaped slot geometry (shown in gray) is adopted for the CFJ injection and suction slots to
minimize the separation caused by the CFJ duct wall on the two ending sides. A circumferential width of the
slot of CFJ ducts is expressed by its circumferential angle (5) in Fig. 6. In this study, the injection and suction
B angles are 100° and 110° respectively. This is an improved design from the previous configuration in [31] by
increasing the suction slot width from 90° to 110°, which is beneficial to eliminate the distortion at the AIP with
broader suction of the boundary layer.
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Figure 6: Hlustration of CFJ S-duct

Table 1: Geometrical parameters of the CFJ S-duct

Inj Location (X/R;) Suc Location (X/R;) Inj 8 (°) Suc g (°)
0.47 3.29 100 110
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6 Performance of the CFJ S-duct

This section shows the results of the CFJ S-duct for four throat Mach numbers (My,) of 0.42, 0.55, 0.68, 0.79.
The goal is to reduce the AIP distortion coefficient (DCpgg) to near 0 with minimized power coefficient (Pc). Since
the DCg of the baseline S-duct varies with My, the power coefficient required for distortion control is different
among the cases. Fig. 7 shows the Mach number contours and streamlines at the symmetric plane for the CFJ
S-duct at the four throat Mach numbers. The separation is removed for all the Mach numbers and the flow is
well attached. A high energy jet is ejected through the injection slot and energizes the main flow to overcome the
adverse pressure gradient at S-duct bend. The CFJ suction is fixed at 3.29 X/R;, which is observed to be the
optimum suction location in the previous study [31]. This is because 3.29 X/R; is the geometry inflection location
that the slope reaches the minimum and the local diffusion reaches the maximum. Placing the suction at such
location most effectively energizes the flow boundary layer and prevents separation onset. This is consistent with
the conclusions from the other study applying the CFJ to the NASA hump and a wind turbine airfoil [30, 49].
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Figure 7: Mach contours of the CFJ S-duct at symmetry view

Fig. 8 shows the cross-sectional total pressure contours in the stream-wise direction. A high energy jet is injected
through the CFJ injection duct and is gradually mixed with the S-duct main flow. The distortion is reduced via
the mixing process between the high energy jet and the low total pressure main flow at duct bend.
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Figure 8: Total pressure contours along stream-wise of the CFJ S-duct

Fig. 9 shows the comparison of total pressure recovery contours between the baseline S-duct (left) and the CFJ
S-duct (right) at the AIP. The DCy is reduced to less than 1% in all the My, cases and the total pressure at AIP
is much more uniformly distributed than the baseline. Table 2 summarizes the performance of the CFJ S-duct
in various My, where Ad is the improvement of total pressure recovery in percentage, and ADCgy measures the
reduction of distortion coefficient in percentage. The table indicates that a higher A¢ is achieved with a higher
throat Mach number. This is because the flow separation and total pressure loss in the baseline S-duct are more
severe with the increasing My,. Since the CFJ reduces DCgg to the same level for all the M, cases, the high
My, cases with more loss are recovered with higher total pressure. In terms of ADCgp, all cases have the similar
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reduction of about 98%. As My, is increased, the required momentum coefficient (C),) and power coefficient (Pc)
for CFJ are decreased. However, the actual power is increased since the inlet velocity is increased with the throat
Mach number. Table 2 also indicates that the CFJ required total pressure ratio is increased from 1.12 to 1.53 with
the throat Mach number varying from 0.42 to 0.79. The CFJ injection Mach number is varied from 0.54 to 0.98.
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Figure 9: Total pressure recovery comparison at AIP between the CFJ and baseline S-ducts
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Table 2: Performance of the baseline and CFJ S-ducts at AIP

Baseline CFJ

0 DCg | C, ) A | DCgo | ADCgy | T Pc | M;
0.42 | 99.0% | 30.7% | 1.30 | 99.4% | 0.4% | 0.6% | -98.0% | 1.12 | 0.52 | 0.54
0.55 | 98.1% | 33.1% | 1.29 | 98.8% | 0.7% | 0.7% | -97.9% | 1.22 | 0.49 | 0.74
0.68 | 97.2% | 35.7% | 1.15 | 98.3% | 1.1% | 0.5% | -98.6% | 1.38 | 0.48 | 0.93
0.79 | 95.9% | 40.7% | 0.94 | 97.9% | 2.0% | 0.6% | -98.5% | 1.53 | 0.42 | 0.98

My,

Fig. 10 compares the improvement of total pressure recovery 0 and distortion coefficient DCgy between vortex
generators (VGs) passive flow control [50] and CFJ active flow control. The advantages of the VGs are that they
are simple to implement and do not require power input. However, the VGs achieve about DCpgo of 5%, whereas
the CFJ is able to drive the DCgy down to less than 1%, virtually removes the distortion. Furthermore, the CFJ
achieves substantially higher total pressure recovery than that of the VGs. The total pressure recovery increment
Ad of the CFJ is about 1.5 times higher than that of the VGs at My, of 0.79. This demonstrates the main advantage
of the CFJ for its high effectiveness and high efficiency. The near zero distortion DCgg and largely enhanced total
pressure recovery can significantly improve the downstream compressor efficiency and engine operation reliability.
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Figure 10: Comparison of the baseline S-duct and controlled S-duct

7 Conclusions

This paper numerically investigates Coflow Jet (CFJ) active flow control (AFC) for eliminating M2129 serpentine
inlet distortion with throat Mach number varying from 0.42 to 0.79. The CFD simulation is validated with the
experiment of AGARD test cases. The predicted total pressure recovery is in good agreement with experiment with
the maximum discrepancy less than 1%. The distortion coefficient (DCgp) is also in a reasonable agreement with
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the experiment. The simulation also agrees very well with the experiment for the wall static pressure distribution.
For the CFJ S-duct, the horn shaped slot geometry is adopted for the CFJ injection and suction slots to minimize
the flow separation caused by CFJ at the end of the slot. The injection and suction slots are implemented on
the duct lower surface with the circumferential slot angels of 100° and 110° respectively. For all the throat Mach
numbers, the engine face distortion coefficient is reduced to less than 1%, virtually eliminated by CFJ. Besides,
the total pressure recovery is also significantly enhanced, especially at the high throat Mach number of 0.79. The
study also indicates that a higher throat Mach number requires a lower CFJ power coefficient (Pr) to eliminate
the flow separation and distortion. This numerical study suggests that it is possible to eliminate S-duct distortion
by using CFJ active flow control.
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