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Abstract

Nomenclature

SD Suction duct

1D Injection duct

AFC Active Flow Control

CFJ Co-Flow Jet

LE Leading edge

TE Trailing edge

FASIP Flow-Acoustics-Structure Interaction Package
RANS  Reynolds-Averaged Navier-Stokes
ZNMF Zero-Net Mass Flux

n Superellipse shape parameter

15} Deviation angle

P, Total pressure recovery

M Mach number

r Gamma function

1) Density

v Velocity

Py Total pressure at the inlet
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This paper presents the design of injection duct with height distribution control for co-flow jet (CFJ) flow
control airfoils in cruise condition. The duct cross section outlines are mathematically modeled as superellipse
with a duct height control parameter ¢(Z, L). The injection duct height distribution is of great importance to
the overall performance of the duct and the CFJ airfoil. The aerodynamic performance of the ducts and the CFJ
airfoils are evaluated via numerical simulations, which employ 3D RANS solver with Spalart-Allmaras (S-A)
turbulence model, 3th order WENO scheme for the inviscid fluxes, and 2nd order central differencing for the
viscous terms. The design goal is to eliminate flow separation at the CFJ airfoil edges, maximize the corrected
aerodynamic efficiency (Cf/Cp)c of the CFJ airfoil. Results show that the injection duct height distribution
control effectively removes flow separation at the airfoil edges. The best design presents 39% improvement of
C1/Cp and 16.4% improvement of (Cr/Cp)ec.
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Py Total pressure at the outlet

m Mass flow rate

00 Subscript, stands for free stream
cs Subscript, stands for cross section
i Subscript, stands for inlet

o Subscript, stands for outlet

1 Introduction

In the past three decades, Active Flow Control (AFC) has attracted lots of interests as a means to enhance
the performance of airfoil, which otherwise has appeared to be saturated based on conventional airfoil shape
optimization. Co-Flow Jet (CFJ) airfoil is a zero-net mass-flux (ZNMF) flow control method recently developed
by Zha et al. [1, 2, 3,4, 5,6, 7, 8,9, 10, 11]. It is demonstrated to achieve radical lift augmentation, stall margin
increase, drag reduction and moderate nose-down moment for stationary and pitching airfoils.

In the CFJ airfoil concept, an injection slot near the leading edge (LE) and a suction slot near the trailing edge
(TE) on the airfoil suction surface are created. As shown in Fig. 1, a small amount of mass flow is withdrawn into
the suction duct, pressurized and energized by a micro-compressor, and then injected near the LE tangentially to
the main flow via an injection duct. The whole process does not add any mass flow to the system and hence is a
ZNMF flow control. The flow inside the airfoil (in the suction and injection ducts) are essential to the overall CFJ
airfoil performance. Any flow separations within the ducts will increase the energy expenditure. The injection
duct is more challenging to design than the suction duct because the flow existing from the compressor always has
some swirl angle. The flow at the injection duct is prone to flow separation and the jet tends to have spanwise
velocity, which is not desirable for the flow control. The purpose of this paper is to introduce injection duct height
distribution control to resolve the above problem and achieve more favorable flow property distribution along the
span at the duct outlet.

Figure 1: Schematic plot of a typical CFJ airfoil.
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2 Methodology

2.1 Duct Geometry

As shown in Fig. 1, the duct inlet and outlet have different shapes. The inlet of suction duct and outlet of
injection duct have rectangular shape, whereas the outlet of suction duct and inlet of injection duct have circular
shape. The method of calculating circular-to-rectangular transition surfaces developed in [12] is adopted.

A circle, an ellipse, and a rectangle are all specific cases of superellipses. The locus of points which make up a
superellipse is defined as:

(=1 M

where a and b are semi major and minor axis of the superellipse. 17 is shape parameter which controls the
superellipse shape. The area enclosed by the superellipse A.s can be computed as follows [13]:

B F(l/n)24ab
A = (0 /mom) )

where I refers to the “gamma function” and is defined as:

ro = [0 6> 0) (3)

0

With A.s, a and b defined as continuous analytic functions of x (axis distance from the entrance), the transition
surface is determined by iteratively computing n(z) from Eq. (4). For practical applications, a rectangle (n = oo)
is accurately approximated with n > 50. In this paper, n = 100 is used to represent a rectangle.

As shown in Fig. 2 (a), the CFJ airfoil injection and suction slot dimensions and locations are determined
according to our previous published 2D design [14]. The injection and suction duct meanlines are determined
based on the slot locations (blue curves in Fig. 2). We create superellipses along those duct meanlines, which pass
through the superellipse geometric centers and locally perpendicular to the superellipses. The duct surfaces are
formed by connecting those superellipses. Based on above mathematical model and geometry configuration, we
successfully parameterize the problem, which is essential to the designs of the CFJ injection and suction ducts.
In addition, the duct span over the diameter of the micro compressor outlet (W/D, Fig. 2 b) is fixed as 6 in this
paper, which is pretty high and challenging to achieve high aerodynamic efficiency. High W/D results in fast flow
expansion in duct span wise direction, which lead to non-uniform flow property distribution at the injection duct
outlet. Duct height control is needed to achieve more favorable jet profile at the duct outlet.
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Injection Micro Suction
midline compressor midline

Figure 2: (a) CFJ airfoil configuration in cruise condition; (b) Definition of the duct W and D. The airfoil used
here is CFJ-NACA 6421.

The duct height distribution control is defined as:

T5(Z, L) =Ty(Z,L) - c(Z, L) (4)

(b) (c)

b
%/ "

Figure 3: Schematic plots of (a) user specified ¢, distribution along the injection duct; (b) ¢ distribution in
span wise direction of a specific duct cross section, which is a spline curve with sample points (0, 1), (0, ¢nin),
and (1,1); (c) a injection duct with height control.

o(Z,L)

L (%) ' Z/a

where T5 is the duct height distribution after height control, 77 is the duct height distribution of a specific duct
cross section (superellipse) before height control, ¢ is the height correction parameter, Z and L are the coordinates
in duct span wise direction and stream wise direction, respectively. To control the height of a duct, the user should
first specify the ¢, (L) distribution along the duct (Fig. 3 a). Then the duct height distribution parameter ¢(Z, L)
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along the duct span will be determined via a three points spline curve with sample points (0,1), (0, ¢pmin), and
(1,1). Fig. 3 (c) shows a typical injection duct with height control.

2.2 CFD Simulation Setup

The FASIP (Flow-Acoustics-Structure Interaction Package) CFD code is used to conduct the numerical sim-
ulation. The 3D Reynolds Averaged Navier-Stokes (RANS) equations with one-equation Spalart-Allmaras [15]
turbulence model is used. A 3rd order WENO scheme for the inviscid flux [16, 17, 18, 19, 20, 21] and a 2nd order
central differencing for the viscous terms [16, 20] 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 [17] is utilized with the
WENO scheme to evaluate the inviscid fluxes. Implicit time marching method using Gauss-Seidel line relaxation
is used to achieve a fast convergence rate [22]. Parallel computing is implemented to save wall clock simulation
time [23].

Figure 4: Computational mesh used in the current study.

The 3rd order accuracy no slip condition is enforced on the solid surface with the wall treatment suggested in
[24] to achieve the flux conservation on the wall. The computational mesh is shown in Fig. ??. Total pressure,
total temperature and flow angles are specified at the injection duct inlet, as well as the upstream portion of the
far field. Constant static pressure is applied at the suction duct outlet as well as the downstream portion of the far
field. The micro-compressor inlet and outlet profiles[25] are used as the boundary conditions of the suction duct
outlet and injection inlet to simulate the micro-compressor actuator effects. Symmetry boundary conditions are
applied at the two sides in z-direction to ensure the effect of a segment of a 3D CFJ wing. The cross-section faces
of the ducts are meshed using “H” topology while the parts around the airfoil are meshed using “O” topology.
The total mesh size is 11.376 millions points, split into 192 blocks for the parallel computation. The first grid
point on the wing surface is placed at y™ ~ 1.
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3 Results

Four different designs of the injection duct, a baseline case without duct height control and three designs (D1,
D2, and D3) with duct height control, are discussed in this section. Fig. 5 (a) and (b) show the injection duct
geometry of the baseline case. A center body (red colored) is located inside the injection duct to guide the flow to
prevent flow separation. The W/D = 6 for all cases discussed in this paper. Fig. 5 (c¢) shows the ¢, distribution
used to control the duct height for the case D1, D2, and D3. Fig. 5 (d) shows the cross sectional area distribution
along the ducts of the four cases. The jet momentum coefficient C,, = 0.03 for all cases discussed in this paper.
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Figure 5: (a) perspective view of the baseline injection duct; (b) side view of the baseline injection duct; (¢) ¢pmin
distribution of D1, D2, and D3; (d) cross sectional area distribution along the ducts of baseline, D1, D2, and D3.

Table 1 lists the aerodynamic performance of the four cases. We can see that the cases with height control show
higher C', and lower Cp. The best Cp/Cp is 83.91 for the case D3, which is 39% improvement comparing to the
baseline case. However, the total pressure recovery of the case D1 and D2 dropped a lot, and it leads to higher
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power consumption of the compressor. The corrected aerodynamic efficiency (Cr/Cp). decreased a little bit for
the case D1 and D2. The height control of the injection duct affects the duct cross sectional area distribution,
and results in the decrease of the total pressure recovery. Case D3 presents the same height control as the case
D2, but with much favorable cross sectional area distribution, which is similar to the baseline case. The total
pressure recovery improved a lot for the case D3, and the power consumption of the compressor decreased. The
corrected aerodynamic efficiency (CL/Cp). = 42.81 for the case D3, which shows 16.4% improvement comparing

to the baseline case.

Table 1: Aerodynamic performance of the current designs.

Cases C, Cr, Cp Pc Cr/Cp | (CL/CD)e | Pu
Baseline | 0.03 | 1.215 | 0.0201 | 0.0129 | 60.39 36.77 98.2%
D1 0.03 | 1.263 | 0.0176 | 0.0187 | 71.76 34.84 96.5%
D2 0.03 | 1.290 | 0.0155 | 0.0213 | &83.29 35.03 96.1%
D3 0.03 | 1.290 | 0.0154 | 0.0148 | &83.91 42.81 98.1%
(a) /%\ (b)
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Figure 6: (a) mid chord flow slice of the baseline design; (b) mid chord flow slice of the case D3; (c) edge slice of
the baseline design; (d) edge slice of the case D3.
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Fig. 6 shows the flow slices at the mid chord and edge of the CFJ airfoils. The baseline case and the best
efficiency case D3 are discussed here. As shown in Fig. 6 (a) and (b), no flow separation can be observed for both
cases. The flow attaches well at the mid chord for both cases. For the airfoil edge flow slices, the baseline case
presents large flow separation at the trailing edge suction surface of the airfoil, while no significant flow separation
can be observed for the case D3. The injection duct height control successfully push more flow to the airfoil edges,
enhances flow control at the airfoil edge and prevent flow separation.

Fig. 7 shows the 3D streamlines inside the injection duct and flow slice at the duct mean line for the baseline
case and the case D3. The streamlines and flow slices are colored by Mach number. A high speed zone can be
identified downstream of the duct center body for the case D3, where exactly the minimum duct height happens
due to the duct height control. Such height control pushes more flow to the sides and enhances jet velocity at the

two edges of the duct outlet.
(b) |
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Figure 7: (a) streamlines inside the injection duct for the baseline case; (b) streamlines inside the injection duct
for the case D3; (c) flow slice at the duct mean line for the baseline case; (d) flow slice at the duct mean line for
the case D3.

Fig. 8 (a) and (b) show the stream wise and span wise jet velocity along the duct span at the injection duct
outlet for all four cases. We can see that the cases with height control present much higher stream wise velocity at
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the edges, and lower stream wise velocity at the middle part. For the span wise jet velocity, it is worth noting that
the profile phase reversed for the case D2 and D3 comparing to the baseline case. The jet direction at the edge is
more pointing towards the duct center due to the height control. Fig. 8 (c¢) shows the total pressure distribution
along the duct for all cases. It is clear to see that the baseline case and the case D3 present much better total
pressure recovery due to a fine tuned cross sectional area design.
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Figure 8: (a) stream wise velocity distribution along the duct span at the duct outlet; (b) span wise velocity
distribution along the duct span at the duct outlet; (c) total pressure distribution along the ducts.

4 Conclusion

This paper presents the design of injection duct with height distribution control for co-flow jet (CFJ) flow
control airfoils in cruise condition. Four different designs of the injection duct, a baseline case without duct height
control and three designs with duct height control, are discussed in this study. Results show that the injection
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duct with the minimum duct height (50% of the baseline) at 70% duct span presents the best performance. Also,
a diverging-converging cross-sectional area distribution of the injection duct is more faverable. The injection duct
height distribution control effectively removes flow separation at the airfoil edges. The best design presents 39%
improvement of C'r/Cp and 16.4% improvement of (C,/Cp)ec.
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