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This paper investigates the performance of controlling Co-Flow Jet (CFJ) on NACA 0025
airfoil at five different Reynolds numbers of 5 · 104, 7.5 · 104, 105, 1.5 · 105, and 3 · 105. To
conduct the numerical solution of the fluid flow, 2D incompressible and unsteady Reynolds-
-averaged Navier-Stokes equations are solved using the SST-k-ω turbulence model. At all
investigated Reynolds numbers, the lift coefficient enhances as the momentum coefficient
increases, and its best performance is obtained at an angle of attack of (AoA) 15◦. It is also
observed that using the CFJ is of greater importance at Re ¬ 105 than in other investigated
cases.
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1. Introduction

Investigating airfoil characteristics, particularly in incompressible low-Reynolds flows and
changes in aerodynamic performance of the airfoils due to an increase in the Reynolds num-
ber is of paramount importance and has attracted many researchers. At low Reynolds numbers
(usually lower than 200000), the flow tends to separate on the suction side, while it may reattach
to the airfoil surface at higher Reynolds numbers. However, by decreasing the Reynolds number,
this separated flow may not reattach to the airfoil surface due to the adverse pressure gradient
(Yarusevych et al., 2006). As the AoA increases, the vertical velocity and, consequently, the lift
coefficient is increased. Furthermore, since the vertical velocity depends on the air resistance,
the drag coefficient is also increased. This trend continues up to a specific angle, called the
stall angle. When stall happens, devastating effects on aerodynamic performance occur; the lift
coefficient dramatically decreases while the drag coefficient continues to increase. Therefore, the
flying object can fly no more. Thus, applying methods to control the stall phenomenon and
control the separation flow is of great importance. The airfoil aerodynamic performance can be
enhanced with adequate energy and momentum transported to the boundary layer using flow
control methods in order to reach desired aerodynamic goals including delaying the transition,
delaying the separation, and improving the aerodynamic efficiency. As the flow separation occurs,
a substantial reduction and a considerable increase are produced in the lift and drag coefficients,
respectively. Various flow control methods have been presented so far (Salimipour and Yazdani,
2015, 2020; Salimipour et al., 2016; Jansen et al., 2017; Shokrgozar Abbasi and Yazdani, 2019).
Implementing the flow control and avoiding the separation occurrence, a thin boundary layer
remains which prevents from the pressure drop at the trailing edge and, as a result, reduces
the drag to reach its minimum. The co-flow jet (CFJ) is a relatively modern active flow control
method which was proposed by Zha and Paxton (2004) for the first time.
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Using injection and suction in the CFJ airfoil with resistance against the adverse pressure
gradient causes the main-flow to be attached particularly at high angles of attack. A suction
slot contributes to reaching the net jet mass flow rate zero. Zha and Gao (2006) experimentally
investigated the effects of CFJ on NACA 0025 airfoil at the Reynolds number of 3.8 · 105. They
used a thin wire at the front of the airfoil to induce the flow turbulence and investigated a
number of different momentum coefficients (pressure ratio). Their results indicated that the
airfoil with CFJ had the maximum lift of 2.2 times greater than that for the baseline airfoil.
They replicated their experiments using numerical methods, where there was a good agreement
between the results for the lift coefficient. However, the stall AoA was predicted by numerical
method 3◦ higher than its experimental value. Wells et al. (2006) conducted some experiments
to investigate the effect of the injection slot size on the lift coefficient, drag coefficient and stall
angle. To that end, experiments were carried out for two different sizes of the injection slot
of 0.0065 and 0.013 times the airfoil chord length for the airfoil NACA 0025. For the same
angle of attack, their results revealed that the airfoil with a smaller injection slot had a better
performance of increasing the stall angle and maximum lift. However, the airfoil with a larger
injection slot had a more enhanced performance of reducing the drag. Therefore, to obtain the
same lift, an airfoil with a smaller injection slot consumes lower energy than an airfoil with a
larger injection slot. In order to examine the effect of suction on the performance of CFJ airfoil,
Zha et al. (2007) simulated two NACA 0025 airfoils at the same Reynolds number of 3.8·105 and
with the same injection slot of 0.0065 times the wing cord where one airfoil had a suction slot
of 0.0196 times the wing chord length and with the other without the suction slot. This study
showed that the suction slot on the suction side of the CFJ airfoil offered a better performance
compared to the mode with only injection where the suction was supplied by the engine intake.
Their numerical results demonstrated that the lift coefficient and stall AoA increased for both
the airfoils such that the airfoil without the suction slot stalled at the angle of 39◦ while the other
airfoil experienced it at the angle of 43◦. Dano et al. (2010, 2011) experimentally studied the
performance of CFJ for an airfoil fabricated at Miami University for three different momentum
coefficients, and explained the reasons for lift enhancement, drag reduction and an increase in the
stall angle. Abinav et al. (2016) in a numerical study performed comparison of the performance of
NACA 6409 baseline airfoil and the CFJ airfoil with varying positions of injection and suction
slots. Zhang et al. (2018a,b) conducted a numerical study to explore the effects of CFJ on
NACA 0012 airfoil with a flap. They obtained the optimum flap length and investigated the
effects of CFJ at a few momentum coefficients and calculated their corresponding aerodynamic
performances. Lefebvre et al. (2016) conducted an experimental and numerical study to assess
the effects of CFJ on NACA6415 airfoil for a range of the Mach number from 0.03 to 0.4 at a
constant momentum coefficient of 0.8 and for an AoA range of 0◦ and 30◦. Their results showed
that as the Mach number increased due to compressibility effects, the maximum lift coefficient
increased. Up to the Mach number of 0.3, there were negligible variations in the drag, and the
pressure coefficient was reduced. However, at the Mach number of 0.4, the drag and pressure
coefficients drastically increased due to the emergence of shock and a substantial increase in the
entropy. Furthermore, other studies have been conducted on the effects of CFJ on a cylinder, wing
and airfoil (Hossain et al., 2015; Mirhosseini and Khoshnevis, 2016; Lefebvre et al., 2016; Ethiraj,
2017; Zhang et al., 2018a,b; Yang and Zha, 2018a,b; Satyajit and Rathakrishnan, 2018; Ren and
Zha, 2018).

In the present study, we simulate a 2D flow to investigate the effects of CFJ on NACA
0025 airfoil based on the Reynolds number increment. This investigation is carried out at five
different Reynolds numbers of 5 · 104, 7.5 · 104, 105, 1.5 · 105, and 3 · 105 and four different
momentum coefficients of 0.03, 0.06, 0.09, and 0.13 for an AoA range of 0◦-20◦. The present
paper is aimed at evaluating the CFJ performance by changing the Reynolds number and jet
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momentum coefficient and comparing all the states with the baseline airfoil. Moreover, the
optimum value of the momentum coefficient is also calculated at each angle.

2. Mathematical and numerical formulation

In this Section, the numerical procedure used to compute the unsteady, viscous and incompress-
ible flow is described.

2.1. Governing equations

The integral formulations for mass and momentum conservation are represented as follows
∮

∂Ω

ρV dS = 0
∂

∂τ

∫

Ω

W dΩ +

∮

∂Ω

J dS = 0 (2.1)

where Ω is the control volume bounded by the closed surface ∂Ω, ρ is the fluid density, V denotes
the contravariant velocity defined as the velocity normal to the surface element dS, W is the
vector of the so-called conservative variables and J denotes the sum of convection and diffusion
fluxes expressed as
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V ≡ v · n = nxu+ nyv

(2.2)

with nx and ny being the components of the outward facing unit normal vector of the surface ∂Ω,
µ and µt are the laminar and turbulent viscosity, respectively. Also, the SST-k-ω model is used
to simulate the turbulent flow.

2.2. Mesh generation and boundary conditions

In this paper, CFJ is constructed at the suction surface of the baseline NACA 0025 airfoil
to produce a jet tangential to the main-flow. The applied computational domain is depicted in
Fig. 1. To solve the flow solution, a C-type structured grid is used. Figure 2 shows the applied

Fig. 1. Computational domain and applied boundary conditions around the NACA 0025 airfoil

mesh to solve the flow. As it can be observed, the nodes possess an appropriate perpendicular
to one another. To investigate grid independency of the computational domain, meshes with
different numbers of cells are evaluated, and their results are compared with each other. Figure 3
shows a comparison between the results of meshes with 578× 61, 601× 71, and 626× 71 nodes
for the CFJ airfoil velocity profile with a momentum coefficient of 0.05 for the angle of 5◦ and
at the Reynolds number of 105, at a distance of 0.47 times the chord length from the leading
edge. The mesh with 626 × 71 node is selected for the conducted computations.
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Fig. 2. The grid used in flow computations and location of the CFJ on the airfoil

Fig. 3. Comparison of the velocity profile for different computational grids

3. Results and discussion

3.1. Code validation study

Before using the present solver to analyze the problem, it is necessary to test the validity of
the flow solver. Experimental data obtained by Zha et al. (2006) were used to evaluate solver
ability for the configuration NACA 0025 and CFJ0025-65-196 at the Reynolds number of 3.8·105.
Figure 4 depicts the results of this comparison. As it can be observed that there is an acceptable
agreement between numerical and experimental results.
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Fig. 4. Comparison of drag polar for the present solver and experimental data (Zha et al., 2006)

Fig. 5. Effects of CFJ on streamlines and pressure coefficient contours for AoA = 10◦ at Re = 105:
(a) baseline airfoil, (b) CFJ Cµ = 0.03, (c) CFJ Cµ = 0.06
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Fig. 6. Comparison of lift coefficients between the baseline airfoil and the CFJ with different Cµ levels
at (a) Re = 5 · 104, (b) Re = 7.5 · 104, (c) Re = 105, (d) Re = 1.5 · 105, (e) Re = 3 · 105

3.2. Evaluation of CFJ performance on aerodynamic coefficients

By implementing the CFJ on NACA 0025 airfoil, the performance of this active control
method on aerodynamic coefficients is assessed at five Reynolds numbers. This evaluation is
carried out for different jet momentum coefficients of 0.03, 0.06, 0.09, and 0.13 in an AoA range
of 0◦-20◦.

Figure 5 illustrates contours of the pressure coefficient and streamlines at the angle of 10◦

for both the baseline and CFJ airfoils at the Reynolds number of 105 with two momentum
coefficients of 0.03 and 0.06. As it can be observed, a large vortex is created at the trailing edge
of the baseline airfoil. Once the flow is separated, an increase in the momentum coefficient of
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the CFJ causes an increase in the turbulence of the injection jet mixing zone. By increasing the
momentum of the flow, which is created due to applying CFJ with the momentum coefficient
of 0.03, the separation is delayed to some extent and the vortex decreases in size. By increasing
the momentum coefficient to 0.06, the required energy remains the boundary layer attached,
and thus the separation is eliminated.
Figure 6 shows the lift coefficient for the baseline airfoil and CFJ airfoil at five investigated

Reynolds numbers with various momentum coefficients. Regarding the fact that stall occurs at
lower angles of attack for smaller momentum coefficients, the lift coefficient first increases and
then decreases after a specific angle. By increasing the momentum coefficient due to delaying
the stall angle, this lift reduction is observed in a higher AoA. These phenomena can be seen
in Figs. 6-8. They are associated with the lift coefficient at different Reynolds numbers. That
is to say, according to Fig. 6a, that lift reduction occurs at the angle of 5◦ for the momentum
coefficient of 0.03 that is identical to that for the baseline airfoil while it occurs at the angle
of 15◦ for the momentum coefficient of 0.06. For higher values of momentum coefficients in the
angle range investigated in this paper, there is no occurrence of stall, and the lift coefficient does
not decrease. According to Figs. 6b-6e, similar behavior for the lift coefficient can be observed
at other Reynolds numbers.
By increasing the lift coefficient at higher angles of attack, due to vertical velocity increase,

the drag coefficient also grows. According to Fig. 7 which illustrates changes in the drag coeffi-
cient at different Reynolds numbers, the difference of the drag coefficient between the CFJ airfoil
and the baseline airfoil is large at first implying that applying CFJ at small angles of attack
causes a significant increase in the drag coefficient. As the angle of attack increases, the drag
coefficient experiences a descending trend such that it reaches a lower value at the angle of 20◦

than that for the baseline airfoil. Furthermore, it can be observed in the diagrams that at all
Reynolds numbers and for most of the angles, the drag coefficient increases as the momentum
coefficient reaches 0.09. However, for the momentum coefficient of 0.13, it reaches a value lower
than that for the momentum coefficient of 0.06.
To better understand the effects of the CFJ, we investigate the effect of flow control over

the lift to drag ratio. Figure 8 depicts the lift to drag ratio at different Reynolds numbers. The
performances of the CFJ airfoil show its sensitivity depending on momentum coefficients and
Reynolds numbers, for which and for any angle of attack an optimum momentum coefficient
is achieved. To get a better comparison, Table 1 is prepared to give the optimum momentum
coefficient for each angle at the investigated Reynolds numbers. The results reveal that for small
angles of attack before the occurrence of stall, a small moment coefficient leads to higher efficiency
and better performance of the airfoil, while high values of the momentum coefficient produce
inappropriate results. Therefore, there is a maximum value of the jet momentum coefficient
which when exceeded decreases the system performance. As it can be observed in Table 1, at
all investigated Reynolds numbers, the optimum value of the momentum coefficient is obtained
at 0.03 for angles of attack of 0◦ and 5◦ while various amounts are obtained at angles of attack
of 10◦-20◦.

Table 1. Optimal momentum coefficient at each angle of attack

AoA Re = 5 · 104 Re = 7.5 · 104 Re = 105 Re = 1.5 · 105 Re = 3 · 105

[deg] Cµ Cl/Cd Cµ Cl/Cd Cµ Cl/Cd Cµ Cl/Cd Cµ Cl/Cd

0 0.03 6.03 0.03 5.69 0.03 5.9 0.03 6.5 0.03 7.2

5 0.03 11.22 0.03 11.97 0.03 12.1 0.03 12.7 0.03 13.7

10 0.13 9.09 0.13 9.4 0.13 9.8 0.13 10.3 0.13 11.3

15 0.09 10.56 0.06 11.9 0.13 13.3 0.06 11 0.06 14.1

20 0.13 10.74 0.13 11.3 0.13 11.7 0.13 11.4 0.13 12.48
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Fig. 7. Comparison of drag coefficients between the baseline airfoil and the CFJ with different Cµ levels
at (a) Re = 5 · 104, (b) Re = 7.5 · 104, (c) Re = 105, (d) Re = 1.5 · 105, (e) Re = 3 · 105

4. Conclusion

The present study investigates the effects of the modern active flow control method over a
NACA 0025 airfoil. This method was proposed by Zha and Paxton (2004) as the CFJ which
included two slots of injection and suction on the suction side of the airfoil. The performance of
this flow control has been numerically investigated at five Reynold numbers of 5 · 104, 7.5 · 104,
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Fig. 8. Comparison of Cl/Cd between the baseline airfoil and the CFJ with different Cµ levels at
(a) Re = 5 · 104, (b) Re = 7.5 · 104, (c) Re = 105, (d) Re = 1.5 · 105, (e) Re = 3 · 105

105, 1.5 · 105, and 3 · 105 for a few momentum coefficients in the AoA range of 0◦ to 20◦. To
that end, the Reynolds-averaged Navier-Stokes equations have been solved for a 2D compressible
and unsteady flow using a domestic computer program and the SST-k-ω turbulence model. The
results reveal that for small angles of attack before the occurrence of stall, a small moment
coefficient leads to higher efficiency and performance of the airfoil, while high values of the
momentum coefficient produce inappropriate results. Therefore, there is a maximum value of
the jet momentum coefficient which when exceeded decreases the system performance.
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