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Abstract

This paper studies the lift enhancement using Co-Flow Jet (CFJ) active flow control for circular cylinders
with Reynolds number of 3× 106. For potential flows of a circular cylinder, the maximum lift coefficient limit is
derived as 4π. The present study indicates that the zero-net mass-flux CFJ active flow control is able to achieve
the maximum lift coefficient that far exceeds the theoretical limit. The present research is based on validated
CFD simulation, which employs 2D RANS solver with Spalart-Allmaras (S-A) turbulence model, 5th order
WENO scheme for the inviscid fluxes, and 4th order central differencing for the viscous terms. The momentum
coefficient Cµ studied is from 0.2 to 0.8 and different CFJ injection and suction slot configurations are varied for
parametric trade study. The super-lift coefficient of 28 is obtained at the jet momentum coefficient of Cµ = 0.8.
The flow filed around the cylinder is attached by the strong circulation between the injection and suction. The
stagnation point is detached from the surface by the dramatically increased circulation.

Nomenclature

ESTOL Extreme Short Take-Off and Landing
AoA Angle of Attack
AFC Active Flow Control
CFJ Co-Flow Jet
FASIP Flow-Acoustics-Structure Interaction Package
LE Leading Edge
TE Trailing Edge
RANS Reynolds-Averaged Navier-Stokes
ZNMF Zero-Net Mass Flux

P CFJ pumping power, P =
ṁCpTt2

η (Γ
γ−1
γ − 1)

η CFJ pumping system efficiency, propeller efficiency

Pc Power coefficient, Pc = P
1
2
ρ∞V 3

∞S

PR Total pressure ratio, Γ
CL Lift coefficient
CD Drag coefficient
CM Moment coefficient
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Cµ Jet momentum coefficient, Cµ =
ṁVj

1
2
ρ∞V∞2S

CLmax Maximum lift coefficient

(L/D)c Aerodynamic efficiency corrected for CFJ airfoil, L
D+P/V∞

CRW Aircraft Productivity parameter
C2
L/CD Productivity efficiency coefficient

(C2
L/CD)cProductivity efficiency coefficient corrected for CFJ airfoil, (C2

L/CD)c = C2
L/(CD + Pc)

R Aircraft range

W Aircraft averaged weight during cruise
Re Reynolds number
M Mach number
Mis Isentropic Mach number
Cp Pressure coefficient
cp Constant pressure specific heat
γ Air specific heats ratio
S Planform area of the wing
ρ∞ Freestream density
V∞ Freestream velocity
Tt Total temperature
Pt Total pressure
Ht Total enthalpy
α Angle of attack
ṁ Mass flow
C Chord length

j Subscript, stands for jet

c Subscript, stands for corrected

1 Introduction

The flow around a circular cylinder has been studied for fundamental fluid mechanics. The investigation of
cylinder flows is of great importance in aerodynamics and engineering applications. Prandtl first studied the lift
enhancement by rotating cylinder and concluded that the maximum lift coefficient is 4π from his experiment in
1925 (see Fig. 1) [1]. A rotating cylinder transfers its mechanical energy to the surrounding flow via viscosity
with no-slip wall boundary condition. In the early 1920’s, the Flettner rotorship was experimented and tested
to generate thrust and improve ship efficiency by the Magnus effect. Those pioneering explorations provide some
applications of rotating in the cylinder flows.

In classical aerodynamics, the lifting flow over circular cylinder is obtained by superimposing a uniform flow, a
doublet and a vortex, which provide the fundamental of lift generation theorem. The flow field is associated with
the ratio of rotating speed, which determines the circulation introduced as shown in Fig. 1. The rotating cylinder
can be considered the earliest effort of active flow control (AFC) method to achieve lift enhancement. Researchers
studied the fluid dynamics and lift and drag coefficinet of rotating cylinder [2, 3, 4, 5]. Many researchers applied
rotating cylinders in aeronautics [6, 7, 8, 9, 10].
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Figure 1: Flow field around a rotating cylinder. (Figures are adapted from reference [11]
.

Figure 2: Rotating cylinder application examples, rotor airplane concept(left) and sailing boat(right).(Figures
are adapted from [8])
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Figure 3: Lifting cylinder using tangential blowing from surface slots.
(Plot is adopted from [12])

Figure 4: Lift coefficient CL vs
cylinder rotating speed in the

rotating cylinder experiment. (Plot
is adopted from [2])

Even though Prandtl suggested that the maximum lift coefficient of 4π is the limit for a rotating cylinder if
the Kutta condition must be satisfied. Researchers obtained the lift coefficient that exceeds this limit [2, 3]. In
1960s, Lockwood [12] from NASA Langley conducted experiment of a circular cylinder using tangential blowing
and achieved the maximum lift coefficient of CL ≈ 20 at high blowing jet of Cµ ≈ 5 for a very low Reynolds
number flow over an end-plated-cylinder with multiple injection slots (See Fig. 4). Tokumaru and Dimotakis in
1993 [2] re-visited the rotating cylinder experiment and obtained the lift coefficient greater than 15 (see Fig. 3).

The rotating cylinder may not be the most effective flow control method to achieve high-lift enhancement,
because it requires very large auxiliary energy to rotate a solid cylinder and it is not efficient to transfer the
mechanical energy to the flow. Overall, the rotating cylinder and the aforementioned tangential blowing are
shown to have very high high energy expenditure.

The recent concept of co-flow jet (CFJ) flow control method, developed by Zha et al. [13, 14, 15, 16, 17, 18, 19,
20, 21, 22, 23] shows a great potential to exceed the lift coefficient limit with high energy efficiency. The CFJ airfoil
achieves a dramatically lift augmentation, drag reduction and stall margin increase at low energy expenditure. The
purpose of this paper is to apply the CFJ flow control to circular cylinders in order to enhance the lift coefficient
at low energy cost. In addition, a cylinder flow can be used as a simple example to study the fundamental fluid
mechanics associated with the CFJ flow control.

1.1 The Co-Flow Jet Concept

The CFJ concept was originated for airfoil flow control. The implementation is to open an injection slot near
the leading edge(LE) and a suction slot near the trailing edge(TE) on the airfoil suction surface as sketched in
Fig. 5. A small amount of mass flow is withdrawn into the airfoil near the TE, pressurized and energized by a
pumping system inside the airfoil, and then injected near the LE in the direction tangent to the main flow. The
whole process does not add any mass flow to the system and hence is a zero-net mass-flux (ZNMF) flow control.
It is a self-contained high lift system with no moving parts.

The fundamental mechanism of the CFJ airfoil is that the turbulent mixing between the jet and main flow
energizes the wall boundary-layer, which dramatically increases the circulation, augmenting lift, and reducing
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Figure 5: Baseline airfoil and CFJ airfoil.

Figure 6: Mach number contours and streamlines
at Cµ = 0.35 and AoA =70◦ for the

CFJ6421-SST016-SUC053-INJ009 airfoil.

the total drag(or generates thrust) by filling the wake velocity deficit. The CFJ airfoil has a unique low energy
expenditure mechanism because the jet gets injected at the leading edge suction peak location, where the main
flow pressure is the lowest and makes it easy to eject the flow, and it gets sucked at near the trailing edge, where
the main flow pressure is the highest and makes it easy to withdraw the flow.

Fig. 6 from [23] shows the computed flow field of CFJ-NACA6421 airfoil at the AoA of 70◦ and Cµ of 0.35.
The lift coefficient is 10.6, which is greater than the lift limit of 7.6 calculated by Equation (1). The circulation
generating the super-lift coefficient is so high that the stagnation point is detached from the airfoil by a large
clock-wise vortex beneath the trailing edge. This high momentum jet induction makes the flow attached.

1.2 Objective

The objective of this paper is two folds: 1) to explore the maximum lift coefficient capability of the CFJ flow
control on circular cylinder. It is also our interest to study the energy expenditure as compared to the rotating
cylinder technique. 2) To conduct parametric study for the CFJ flow control on circular cylinder to identify the
optimal injection and suction geometry and jet momentum coefficient

2 CFJ Parameters

This section defines the important parameters to evaluate a CFJ airfoil performance.
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2.1 Lift and Drag Calculation

The momentum and pressure at the injection and suction slots produce a reactionary force, which is automat-
ically measured by the force balance in wind tunnel testing. However, for CFD simulation, the full reactionary
force needs to be included. Using control volume analysis, the reactionary force can be calculated using the flow
parameters at the injection and suction slot opening surfaces. Zha et al. [13] give the following formulations to
calculate the lift and drag due to the jet reactionary force for a CFD simulation. By considering the effects of
injection and suction jets on the CFJ airfoil, the expressions for these reactionary forces are given as :

Fxcfj = (ṁjVj1 + pj1Aj1) ∗ cos(θ1 − α) − (ṁjVj2 + pj2Aj2) ∗ cos(θ2 + α) (1)

Fycfj = (ṁj1Vj1 + pj1Aj1) ∗ sin(θ1 − α) + (ṁj2Vj2 + pj2Aj2) ∗ sin(θ2 + α) (2)

where the subscripts 1 and 2 stand for the injection and suction respectively, and θ1 and θ2 are the angles between
the injection and suction slot surfaces and a line normal to the airfoil chord. α is the angle of attack.

The total lift and drag on the airfoil can then be expressed as:

D = R′x − Fxcfj (3)

L = R′y − Fycfj (4)

where R′x and R′y are the surface integral of pressure and shear stress in x (drag) and y (lift) direction excluding
the internal ducts of injection and suction. For the CFD simulation, the total lift and drag are calculated using
Eqs. (3) and (4).

2.2 Jet Momentum Coefficient

The jet momentum coefficient Cµ is a parameter used to quantify the injection intensity. It is defined as :

Cµ =
ṁVj

1
2ρ∞V∞

2S
(5)

where ṁ is the injection mass flow, Vj the injection velocity, ρ∞ and V∞ denote the free stream density and
velocity, and S is the platform area.

2.3 Power Coefficient

The CFJ can be implemented by mounting a pumping system inside the wing that withdraws air from the
suction slot and blows it into the injection slot. The power consumption can be determined by the jet mass flow
and total enthalpy change as the following :

P = ṁ(Ht1 −Ht2) (6)

where Ht1 and Ht2 are the total enthalpy in the injection cavity and suction cavity respectively, P is the Power
required by the pump and ṁ the jet mass flow rate. Introducing the pumping efficiency η and total pressure ratio
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of the pump Γ = Pt1
Pt2

, the power consumption can be expressed as :

P =
ṁCpTt2

η
(Γ

γ−1
γ − 1) (7)

The power consumption can be expressed as a power coefficient below:

Pc =
P

1
2ρ∞V

3
∞S

(8)

In this research, the pumping efficiency of 100% is used for all the simulations unless indicated otherwise.

2.4 Corrected Aerodynamic Efficiency

The conventional airfoil aerodynamic efficiency is defined as L
D . However since CFJ active flow control consumes

energy, the CFJ corrected aerodynamic efficiency is modified to take into account the energy consumption of the
pump. The formulation of the corrected aerodynamic efficiency for CFJ airfoils is :

(
L

D
)c =

L

D + P
V∞

=
CL

CD + PC
(9)

where V∞ is the free stream velocity, P is the CFJ pumping power, and L and D are the lift and drag generated
by the CFJ airfoil. This formulation converts the power consumed by the CFJ into the drag of the airfoil. If the
pumping power is set to 0, this formulation returns to the aerodynamic efficiency of a conventional airfoil.

3 Productivity

The transportation ability of an airplane is measured by how much total weight the aircraft can move for the
maximum distance. We use a term “productivity” defined as the product of the total weight by the maximum
range to represent the transportation ability of an airplane. Even though a cylinder may not be used for aircraft
cruise to achieve high productivity, it is still used in this paper as one of the measure of the merits. The following
explanation of productivity is hence based on airfoil.

For a jet engine airplane, the total weight of the aircraft decreases during flight. A non-dimensional productivity
parameter is hence defined using the aircraft averaged weight as below:

CRW =
RW

1
2ct
ρ̄V 3
∞S

=
C2
L

CD
ln
W0

Wf
(10)

where R is the aircraft range, W is the averaged weight of the aircraft during cruise, ct is the engine cruise
thrust specific fuel consumption[fuel weight(N)/(thrust(N) s)], ρ̄ is the averaged air density during cruise due to
altitude variation, S is the wing platform area, W0 is the aircraft initial gross weight at takeoff, Wf is the final
weight at landing. This formulation is obtained from the Breguet Range Equation. The productivity parameter
represents the productivity of the aircraft with the fuel consumed per unit time.

For a propeller engine airplane, the productivity parameter is defined as:
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CRW =
RW

1
2c ρ̄V

2
∞S

= η
C2
L

CD
ln
W0

Wf
(11)

where c is the fuel specific consumption of the propeller engine[fuel weight(N)/(BHP(W) s)], η is the propeller
efficiency.

For a full electric battery powered propeller airplane, the aircraft weight will not change during flight. The
productivity parameter is defined as:

CRW =
RW

1
2cρV

2
∞SEc/g

= η
C2
L

CD

Wb

W0
(12)

where Ec is the battery specific energy density (Wh/kg), Wb is the total battery weight.

To compare aircraft that have the same ratio of initial weight to final weight with the same engine fuel con-
sumption or battery energy density, the only factor affecting their productivity parameter is C2

L/CD. We hence
name C2

L/CD as productivity efficiency.

We consider the productivity efficiency C2
L/CD = CL(CL/CD) as a more comprehensive parameter than the

conventional aerodynamic efficiency CL/CD to measure the merit of an airplane aerodynamic design for cruise
performance. The former includes not only the information of CL/CD, but also the information of the aircraft
weight CL. For example, for two airplane designs having the same CL/CD with one CL twice larger than the
other, if the wing sizes are the same, one airplane will be able to carry twice more weight than the other with
productivity and wing loading increased by 100%. Such a large difference is not reflected by CL/CD, but very well
reflected by C2

L/CD.

The definition of CL/CD in general is a suitable measure of merit for conventional aircraft design. This is
because at a certain Mach number regime, the maximum CL/CD is usually achieved at low angle of attack within
the drag bucket and is more or less the same for different airfoil designs. In other words, for the same optimum
CL/CD, the CL is about the same. A typical CL for subsonic airfoil is about 0.4 and for transonic airfoil is about
0.7.

For CFJ airfoil, the minimum CFJ pumping power occurs at a fairly high AoA [19, 21]. With the augmentation
of CFJ, the subsonic cruise lift coefficient of a CFJ airfoil is typically 2 to 3 times higher than the conventional
airfoil with about the same (CL/CD)c [24]. Such a high lift coefficient is unattainable for conventional airfoil since
they would be either stalled or near stalled with very high drag. Hence for CFJ aircraft design, the productivity
efficiency C2

L/CD = CL(CL/CD) is more informative to be used to reflect the aerodynamic performance. The
corrected productivity efficiency for CFJ airfoils is (C2

L/CD)c = C2
L/(CD + Pc).

4 CFD Simulation Setup

4.1 CFD Code

The in-house FASIP (Flow-Acoustics-Structure Interaction Package) CFD code is used to conduct the numerical
simulation. The 2D Reynolds averaged Navier-Stokes (RANS) equations with one-equation Spalart-Allmaras [25]
turbulence model is used. A 5th order WENO scheme for the inviscid flux [26, 27, 28, 29, 30, 31] and a 4th order
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central differencing for the viscous terms [26, 30] 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 [27] 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 [32]. Parallel computing is implemented to save wall clock simulation
time [33]. The RANS solver is validated for CFJ airfoil simulations [17, 21, 22, 24, 34, 35].

4.2 Boundary Conditions

The 3rd order accuracy no slip condition is enforced on the solid surface with the wall treatment suggested in
[36] to achieve the flux conservation on the wall. Total pressure, total temperature and flow angles are specified
as the inlet boundary conditions for the upstream portion of the farfield boundary and inside the injection cavity.
Constant static pressure is used for the downstream farfield boundary and inside the suction cavity.

4.3 Cµ Iteration:

To achieve zero net mass flux with the CFJ flow control, the mass flow exiting the injection slot must be equal to
the mass flow entering the suction slot, i.e. ṁinj = ṁsuc. The prescribed jet momentum coefficient Cµ is achieved
by adjusting the injection cavity total pressure Ptinj . Total temperature at the injection is assumed constant during
this process. The injection and suction mass flow rates are matched by adjusting the suction cavity static pressure
Pssuc . The iterative process is conducted throughout the simulation until the specified momentum coefficient is
reached and the injection and suction mass flow match within the acceptable tolerance, which is 0.2% for the
present study.

4.4 Geometry and Mesh

Figure 7: CFJ flow control illustration on circular cylinder
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From the potential flow theory, to achieve the super-lift coefficient, the flow stagnation point should be detached
from the surface as shown in flow field in Fig. 7. However, for a circular cylinder, the vortex shedding usually
starts near the very top and bottom points and forms a large wake behind the cylinder. The intuition is thus
to apply the CFJ on the downstream side of the cylinder near the very top and bottom point to remove flow
separation by energizing the wake flow. The geometry parameters for CFJ flow control on cylinder are hence
defined as injection slot location α1 and slot size h1 and suction slot location α2 and slot size h2 as illustrate in
Fig. 7. Please note that the slot location angle is measured from y-axis. If α1 = 0, it means the injection slot is
located at the very top position. Table 1 shows several CFJ cylinder geometries with varied geometry parameters
for trade study. The injection and suction slot size is normalized by the cylinder diameter.

Table 1: Geometry parameters for the CFJ cylinder.

Cases Injection slot location α1(
◦) Injection slot size (%) Suction slot location α2(

◦) Suction slot size (%)

1 0 0.125 90 1
2 0 0.125 135 1
3 0 0.125 180 1
4 15 0.125 135 1
5 -15 0.125 135 1
6 0 0.25 135 1
7 0 0.5 135 1
8 0 0.125 135 0.5
9 0 0.125 135 2

The 2D structured meshes are constructed using the O-mesh topology in order to achieve high mesh quality on
cylinder surface. A total of 1601 grid points are placed around the cylinder and 121 points normal to the wall
surface with an additional 41 grid points across the jet slot. The total mesh size is 216,000 cells, and is partitioned
into 7 blocks for parallel computation. The farfield boundary is located about 60 reference length (diameter) away
from the cylinder. To resolve the turbulent boundary layer, the first grid point is placed at y+ ≈ 1. The block
information is found in Table 2 and the mesh topology is shown in Fig. 8.

Table 2: Grid size distribution CFJ cylinder

Block ξ-Direction η-Direction Cell number location

1-4 401 121 48000 around the cylinder
5 101 41 4000 Injection block
6 401 41 16000 Connection
7 101 41 4000 Suction block

Total mesh size 216000

5 Results and Discussion

5.1 Validation of Computational code

The numerical investigation of stationary circular cylinder at the Reynolds number of Re = 3.03 × 106 is
conducted to validate the computational code. The pressure coefficient Cp are plotted with the azimuth angle in
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Figure 8: Computational mesh for CFJ cylinder calculation.
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Figure 9: Pressure coefficient plotted as a function of
the azimuth angle for one semi-circle of the cylinders

surface
Figure 10: streamlines of steady state RANS results

for the stationary cylinder flow

Fig. 9. The relevant experimental results are available at Re near 1×106. The steady RANS simulation predicted
results agrees well with the experiment with some deviation. The deviation is due to the intrinsic feature of RANS
simulation, which filters unsteady and turbulent flow energy. The streamlines are given in Fig. 10.

5.2 CFJ Cylinder Trade Study

In this section, a parametric trade study is conducted to evaluate the influence of the CFJ airfoil geometry
parameters, including the suction slot size h2, suction location α1, injection slot size h1, and injection location α1.
The flow simulation parameters are as listed in table 3. For the CFD simulation, the Mach number of 0.063 and
Reynolds number of 3.03 million are used.

Table 3: CFD simulation parameters

Mach number Reynolds number Cµ
0.063 3,030,000 0.2-0.8

5.2.1 Suction Location

Three suction slot locations are used, 90◦, 135◦, and 180◦. The jet momentum coefficients Cµ varies from 0.2 to
0.8. The case 1, 2 and 3 in Table 1 are described in this section with the injection slot fixed at 0◦ location.

Fig. 11 shows the computed lift and drag coefficients with different jet momentum coefficients. The lift coefficient
increases with Cµ for all three configurations with different suction slot locations. For the same Cµ, the lift
coefficient is higher for the suction location of α2 = 135◦. For all the three configurations, the lift coefficient is
greater than 15.0 when Cµ is greater than 0.7. When Cµ is 0.8, both the suction location at 90◦ and 135◦ reach
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Figure 11: Lift and drag coefficient vs Cµ for the cylinder with CFJ flow control at different suction locations.

the CL of 28. The suction location at 180◦ has the CL slightly lower with the value of 27. The maximum lift
coefficients for the CFJ cylinder at α2 = 135◦ are increased dramatically to 28 at Cµ = 0.8. Obviously, the lift
coefficient of CFJ cylinder easily exceeds the theoretical limit of 4π = 12.56 by far.

The drag coefficients of the CFJ cylinder are largely varied with the suction slot location. The negative drag
coefficient is the thrust created by the CFJ power introduction. For the suction slot location at α2 = 180◦, a
very large thrust (negative drag) is generated attributed to the horizontal placement of the suction slot, which
generates all the suction impulse in the thrust direction as shown in Eq. (1). Since the injection slot is located at
the 0◦ location for all the cases studied in this section, the injection jet has all the impulse always in the thrust
direction.

Figure 12: Aerodynamic efficiency CL/CDc vesus
Cµ

Figure 13: Productivity efficiency C2
L/CDc vesus

Cµ

For the corrected aerodynamic efficiency CL/CDc in Fig. 12, a CFJ cylinder has comparatively high values for
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such high lift coefficients. The maximum value of CL/CDc = 6.0 is obtained at Cµ = 0.4 with the suction slot
location of α2 = 135◦. The lift coefficient of 19.5 is obtained at the best efficiency point. At high Cµ, since the
flow can not absorb more energy and the flow in the suction slot becomes choked, the higher Cµ will decrease the
aerodynamic efficiency. The high lift contribution to the productivity efficiency is reflected by C2

L/CD in Fig. 13.
The maximum productivity efficiency of about 155 is obtained by the suction location at 135◦ and Cµ of 0.3.

Figure 14: Power coefficient CL vs Cµ Figure 15: Pressure ratio PR vs Cµ

The power coefficients of the CFJ pumping are calculated based on Eq. (7) and (8) using a constant pumping
efficiency value of 100%. The results are shown in Fig. 14. The power coefficient increase rapidly with Cµ. Fig.
15 is the total pressure ratio PR calculated by the ratio of the total pressures at the injection and suction cavity.
The CFJ pumping power is largely determined by the total pressure ratio PR between the injection and suction
cavity. The total pressure ratio PR has a similar variation trend to the power coefficient with the injection jet
momentum coefficient.

Flow Structures

Fig. 16 displays a qualitative comparison of the streamlines and Mach number contours at different jet momen-
tum coefficient Cµ at the suction location of α2 = 135◦. At the lower jet momentum coefficient Cµ = 0.2, there
are two stagnation points attached on the solid surface (see Fig. 16(a)). Both the upstream and downstream
stagnation points are located at the lower surface of cylinder. The flow pattern represents the small circulation
introduced in the flow. The downstream stagnation point is observed near the suction slot, where the flow from
the lower surface and the upper surface collides. The flow direction is changed drastically around the second
stagnation point with the reversed flow from the lower surface near the suction slot (see Fig. 16(b)). As the jet
momentum coefficient is increased and the jet becomes larger, the two stagnation points are merged and form
the single stagnation point detached from the solid surface (see Fig. 16(c-d)). . Increasing the jet momentum
coefficient drives the stagnation point further away from the cylinder.

For all three suction configurations of Case 1, 2, and 3 at Cµ = 0.3, the Mach contours and streamlines are shown
in Fig. 17. With the CFJ jet flow mixing, the flow field is fully attached to the surface and creates very large
circulation around the cylinder surface. The stagnation point is far detached from the solid surface. The upstream
incoming flow follows front cylinder surface, turns around the top surface by 180◦, and is nicely attached to the
rear surface due to the strong induction effect from the high momentum co-flow jet. Note that the stagnation
point location is a little different for three different suction slot locations. For α2 = 135◦, the stagnation point is
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Figure 16: The Mach number and streamlines at the jet momentum coefficient Cµ of 0.2, 0.3 and 0.5

Figure 17: Mach contours and streamlines at Cµ = 0.6
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Figure 18: Pressure distribution at different suction configurations

located exactly on the y-axis below the cylinder at the length of 1.5 diameter and xstagnation = 0 (the middle plot
of Fig. 17). When the suction slot is located at the lowest point of the cylinder at α2 = 180◦, the stagnation point
is shifted upstream to xstagnation = −0.15. For the suction slot located at α2 = 90◦, the stagnation point shifts
downstream to xstagnation = 0.15 (the right plot of Fig. 17). This flow stagnation point is driven by the suction
slot location by its suction effect. For α2 = 180◦, higher suction force is required to to make the flow turn 180◦.
Therefore, the resulting flow field will shift the stagnation point upstream.

Fig. 18 shows the computed static pressure contour for the CFJ cylinder at different suction locations. At the
top of the cylinder, the super-suction effect is generated with a very low static pressure. Near the bottom of the
cylinder, the high pressure regions are obtained by the stagnation areas. The pressure field is almost symmetric
about the y-axis for the suction slot located at 135◦, which provides slightly highest lift coefficient at Cµ = 0.3 as
shown in Fig. 11.

5.2.2 Suction Slot Size

Fig. 19 is the comparison of lift and drag coefficients among the different suction slot sizes of CFJ flow control
cylinder. The baseline CFJ cylinder has a suction size of 2%. The increased suction slot size has a negative effect
of lift enhancement at higher Cµ > 0.3. At the lower value of Cµ, the lift coefficient is higher for larger suction
slot size. For the drag coefficient, the 4% slot size has a large variation with negative drag at low Cµ and a rapid
increase to large positive drag at high Cµ. The 2% slot size is fairly stable with a positive drag at different Cµ.

5.2.3 Injection Location

Fig. 20 presents the lift and drag coefficients with different injection slot locations. It is obvious that when we
move the injection slot away from the very top location, the lift coefficient is reduced and the drag coefficient is
increased.
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Figure 19: Lift and drag coefficient with different suction slot sizes

Figure 20: Lift and drag coefficient with different injection location
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Figure 21: Lift and drag coefficients with different injection slot sizes

5.2.4 Injection Slot Size

Fig. 21 is the simulation results of different injection slot size. It is shown that when the injection slot size is
decreased, the lift coefficient is increased at lower Cµ. At higher Cµ, reducing the injection slot size will decrease
the lift coefficient. The increased slot size has substantially lower drag.

6 Conclusion

This paper investigates the maximum lift coefficient for Co-Flow Jet flow control on cylinder flows. The numerical
study indicates that CFJ flow control is able to achieve the maximum lift coefficient far exceeding the theoretical
limit. Several CFJ cylinder configurations are created for parametric trade study. The best lift coefficient with
highest efficiency is obtained at the suction slot location at and injection slot location at 0◦. The injection slot
location of 0◦ appears to be the optimum for all the aerodynamic and efficiency performance. The maximum lift
coefficient of CL=28 is achieved at Cµ = 0.8.
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