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Abstract - This thesis presents a detailed study of co-
flow jet (CFJ) technologies as they are applied to a 
typical symmetrical airfoil, NACA 0025, at low 
subsonic speeds and Suction airfoil technologies 
which is derived from CFJ airfoil concept. 
Computational analysis and investigation is 
conducted on conventional airfoil, which acts as 
reference values for the performance comparison of 
Suction airfoil and CFJ airfoil.  

The Suction airfoil mechanism employs a 
low pressure source which removes some amount of 
air along the span at the trailing edge and keeps the 
flow attached on the airfoil further more than the 
conventional airfoil. Using the conventional airfoil, 
the Suction airfoil is designed and analysed for 
different suction velocity coefficients and its 
performance is checked with the conventional airfoil. 

The CFJ mechanism employs high pressure 
air injected along the span at the leading edge while a 
low pressure source removes the same amount of air 
along the span at the trailing edge. The jet produced 
along the upper surface of the airfoil mixes with and 
makes the free stream flow attached to jet flow, 
resulting in increased stall margin.  

The NACA 0025 is modified into CFJ airfoil 
and subjected for computational analysis with 
different injection velocity coefficients and their 
respective suction velocities. Computaional results are 
examined to understand the flow pattern of the co-
flow jet airfoil using the velocity vectors and are 
compared with flow patterns of conventional airfoil. 
 
Keywords- Co-Flow Jet airfoil, Suction airfoil,  
Injection velocity coefficient, Suction velocity 
coefficient, Flow pattern. 

 

I. INTRODUCTION  
In the modern times the trend is shifting 

towards wanting to get more by expending the least 
in a walk of life. But engineers have been following 
this philosophy for many centuries. In engineering 
this philosophy is called efficiency. In aero 
Industry, one among the efficiency increasing 
process is Flow Control Method. 

Flow control (FC) is the most promising 
route to break through the conventional 
aerodynamic design limit and bring dramatic 
performance improvement to aircraft. When a high 

lift airfoil flow control technique is developed, 
three primary issues need to be considered:  

1) Effectiveness  
2) Energy efficiency, and  
3) Ease of implementation. 

First, the FC method should provide a 
substantial improvement in aerodynamic 
performance, which may include lift enhancement, 
drag reduction, and stall margin increase. Second, 
the FC method should not require significant 
energy expenditure. Otherwise, the penalty may 
outweigh the benefit for the whole aircraft system. 
Third, the FC technique should not be too difficult 
to implement.  

One such idea is the co- flow jet airfoil. 
The CFJ airfoil achieves three effects 
simultaneously in a radical manner: lift 
augmentation, stall margin increase, and drag 
reduction. The CFJ airfoil performance 
enhancement is much more significant than all 
other flow control methods. The energy 
expenditure of the CFJ airfoil is low, and the CFJ 
airfoil concept is straightforward to implement. The 
CFJ airfoil is designed as a replacement for the 
conventional high lift devices like the leading edge 
slats and the trailing edge flaps. The use of 
conventional high lifting devices has high weight 
penalty. 

In the CFJ airfoil concept, an injection slot 
near leading edge and a suction slot near trailing 
edge on the airfoil suction surface are created. A 
small amount of mass flow is withdrawn into the 
airfoil near the trailing edge (TE), pressurized and 
energized by a pumping system inside the airfoil, 
and then injected near the leading edge (LE) in the 
tangential direction to the main flow. The turbulent 
shear layer between the main flow and the jet 
causes strong turbulent diffusion and mixing under 
severe adverse pressure gradient, which enhances 
lateral transport of energy from the jet to main flow 
and allows the main flow to overcome severe 
adverse pressure gradient and remain attached at 
high angel of attack (AoA). The high energy jet 
induces high circulation and hence generates high 
lift. The injection slot should be located as close to 
the leading edge as possible, but should be located 
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downstream of the suction peak. This is to make 
use of the adverse pressure gradient after the 
suction peak to enhance the wall jet mixing with 
the main flow. 

The suction is a necessary process as long 
as a flow control method uses jet injection. The jet 
suction momentum will generate penalty to the 
drag and lift. For CFJ airfoil, the suction occurs on 
the airfoil suction surface. For an airfoil with 
injection only such as a CC airfoil, the suction 
occurs by taking the air from freestream. The 
control volume analysis indicates that the CFJ 
airfoil avoids the ram and captured area drag of the 
airfoil with injection only. The measured 
performance of the CFJ airfoil has already included 
the suction penalty, which is offset by the 
significant circulation enhancement. Compared 
with the airfoil with injection only, the CFJ airfoil 
with both injection and suction yields stronger 
mixing, larger circulation, more filled wake , higher 
stall angle of attack, less drag, and more efficient 
energy expenditure. 

The suction airfoil concept is derived from 
the general concept of Co-Flow Jet (CFJ) airfoil. In 
the Co-Flow Jet airfoil, one of the major two 
activities is SUCTION. Using this suction concept 
a baseline airfoil can be modified into suction 
airfoil. A suction slot is made near the trailing 
edge. A small amount of mass flow from the main 
flow is withdrawn into the airfoil near the trailing 
edge (TE). The suction of the airfoil causes a local 
vacuum to be produced at the suction slot. This 
leads to the relatively high pressure gases near the 
leading edge to move to the trailing edge to fill this 
vacuum. This leads to the flow being attached 
throughout the upper surface of the airfoil. 

These systems are mechanical based 
systems and employ heavy hydraulics, metallic 
push arms and hinges, and also the actuators which 
move the surfaces. Also since these are mechanical 
systems, it has many complex moving parts which 
if not maintained properly leads to failure. But the 
Suction airfoil employs the use of aerodynamic 
properties to improve the lift generated by the 
airfoil. The Suction airfoil concept is 
straightforward to implement. 

 

II. CFJ AIRFOIL AND SUCTION AIRFOIL 
GEOMETRY 
The airfoils geometry simulated in this paper are 
CFJ airfoil and suction airfoil which is a part of 
CFJ airfoil. Initially a conventional airfoil is taken 
i.e. in this paper NACA0025 airfoil is taken. The 
nomenclature of CFJ airfoil is in the format of 
CFJ4DIG-INJ-SUC, where the 4digits describes the 
conventional NACA airfoil from which the CFJ 
airfoil is derived. The INJ describes the injection 
slot size in percentage of chord and similarly SUC 
describes the suction slot size. The chord length of 

airfoil is taken as 0.15m. In this study, the CFJ 
airfoil geometry is taken as CFJ0025-065-196, 
where 065 is the percentage of injection slot size 
with respect to chord i.e. 0.65% and 196 is the 
percentage of suction slot size with respect to chord 
i.e. 1.96%. The location of the suction slot is at 
7.11% of chord from the leading edge and suction 
slot location is at 83.18%. 

The conventional airfoil is modified into 
Suction airfoil. The nomenclature of Suction airfoil 
is a part of CFJ airfoil. The nomenclature of CFJ 
airfoil will be in the format of CFJ4DIG-INJ-SUC. 
The suction airfoil geometry is taken as CFJ0025-
000-622, 000 is the injection slot size that is zero 
injection slot size and 622 is the percentage of 
suction slot size with respect to chord i.e. 6.22%. 
The location of the suction slot is at 74.88% of 
chord from the leading edge.  
  Both the CFJ airfoil suction airfoil is 
meshed using GAMBIT software. The boundary is 
created around the airfoil where the airflow is 
subjected. The mesh is designed as CH model 
where it contains a semi-circular curve in the front, 
which acts as inlet and two horizontal lines above 
and below the airfoil which is known as farfield. 
The vertical line behind the airfoil and is known as 
outlet. This airfoil along with boundary is meshed. 
The mesh is structured mesh, type is QUAD and 
interval size is 0.001. 

 
Fig. 1 Conventional NACA0025 airfoil. 

 

 
Fig. 2 suction airfoil. 
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Fig. 3 CFJ airfoil. 

 

 
Fig. 4 Modified CFJ airfoil. 

 

III. ANALYSIS IN FLUENT   
The analysis of the NACA0025 airfoil is 

made using FLUENT software. The governing 
equations are the Reynolds averaged 2D 
compressible Navier-Stokes (RANS) equations. 
The 2-D double precision method is selected. The 
above mesh is imported in FLUENT and the input 
values are given. The pressure based second order 
upwind scheme is used. The k-epsilon turbulence 
model with integration to the wall and pressure 
gradient effect is employed. The full turbulent 
boundary layer assumption is used. The material in 
the domain is air with atmospheric density.  

The Boundary conditions for the models 
are given as follows: The inlet is given as velocity-
inlet type and velocity is 35m/s. The farfield is 
given pressure-farfield type. The airfoil is given 
wall type.  The outlet is given pressure-outlet type. 
For the CFJ airfoil another two conditions i.e 
injection slot which is given as velocity-inlet type 
and suction slot with velocity-inlet type where we 

give velocity in negative direction. For suction 
airfoil there will be a suction slot where it is given 
velocity-inlet type with negative velocity. 

 

IV. RESULTS AND DISCUSSIONS 
The simulation is made for three different cases 
with freestream Mach number as 0.1 and the 
Reynolds number based on chord is 380k. The free 
stream velocity is 35 m/s. The results are given for 
three cases. 

1. The Computational analysis for 
conventional NACA0025 airfoil. 

2. The Computational analysis of modified 
suction airfoils. 

3. The Computational flow visualization of 
Co-Flow Jet airfoil. 
 

CASE I: The Computational Analysis For 
Conventional NACA0025 Airfoil. 
The NACA0025 AIRFOIL with chord length 
0.15m is designed and meshed as mentioned above 
and subjected for analysis. The analysis is carried 
for different angle of attack till it stalls. It is noticed 
that the airfoil is stalling at 200 angle of attack with 
coefficient of lift 0.95 and coefficient of drag -
0.231. The coefficient of lift and coefficient of drag 
with different angle of attacks are listed in Table. 1. 
The velocity contours of conventional airfoil are 
shown below: 

 
Fig. 5 Velocity contour of NACA0025 airfoil at α=150. 

 
Table. 1 Coefficient of lift and coefficient of drag for NACA0025. 

Angle of 
attack 
(degrees) 

0 3 6 9 12 15 20 

Coeff. Of lift 9.57e-6 0.214 0.706 0.666 0.841 0.921 0.956 

Coeff. Of drag 0.0124 0.00195 -0.036 -0.0846 -0.144 -0.195 -0.231 
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Fig. 6 Velocity contour of NACA0025 airfoil at α=200. 

In the above two velocity vectors , the flow pattern 
which is passing around the airfoil can be clearly 
seen. at 150 aoa the flow started to separate near the 
trailing edge and in 200 aoa the flow is mostly 
separated, beyond 200 aoa the flow completely 
separates and stalls. 

 
CASE II: The Computational Analysis Of Modified 
Suction Airfoils. 
The modified suction airfoil with chord length 
0.1975m is subjected for analysis with different 
velocity coefficients. The freestream Mach number 
is 0.1 and the Reynolds number based on chord is 
498k. The suction velocity coefficient is defined as 
the ratio of the suction velocity to the freestream 
velocity. 
 
Suction Velocity coefficient (β) = Suction velocity  

                     Free stream velocity 
 
The velocity contours with different suction 
velocity coefficient β are given below: 

 
Fig. 7 Velocity contour for suction airfoil with β=0.714 and 

AOA= 270. 
The velocity contours are for different 

angle of attacks in ascending order are shown 
below. As the flow comes from inlet and passes 
over the suction airfoil in an angle, the following 
velocity variations takes place on the surface of 
suction airfoil. The different colors in images 
shows variation in pressure which is given in the 
color bar on left side of each picture. 

 

 
Fig. 8 Velocity contour for suction airfoil with β=0.714 and 

AOA= 280. 
 
For the suction velocity coefficient β=0.714, the 
suction airfoil is subjected for analysis with 
different angle of attacks. It is observed that 270 
AOA the suction airfoil is stalling and the flow is 
completely separating at 280 AOA. So the stalling 
angle here is 270 and the maximum CL at stalling 
angle is 2.39. 
 

 
Fig. 9 Velocity contour for suction airfoil with β=0.952 and 

AOA= 290. 
 

 
Fig. 10 Velocity contour for suction airfoil with β=0.952 and 

AOA= 300. 
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For the suction velocity coefficient β=0.952, the 
suction airfoil is subjected for analysis with 
different angle of attacks. The velocity bubbles are 
dragged towards the tail and entering into suction 
slot. Because of this the flow is further streamlined 
than in conventional airfoil and stall is delayed. 
The stalling angle in this case is 29o. After this 
angle the flow is separated and stall happens. The 
maximum CL at stalling angle is 2.7. 
 
 

 
Fig. 11 Velocity contour for suction airfoil with β=1.428 and 

AOA= 320. 
 

 

 
Fig. 12 Velocity contour for suction airfoil with β=1.428 and 

AOA= 330. 
 

Here are the clear visuals of flow pattern 
of airfoil and suction on it are shown. The suction 
velocity coefficient at which this case is analysed is 
β=1.428. The flow is not separated till 32o AOA 
and is separating at 33o AOA. The stalling angle is 
32o. The maximum CL at stalling angle is 3.26. 

The coefficient of lift and coefficient of drag with 
different angle of attacks for suction airfoil at 
different suction velocity coefficients are listed 
below in Table. 2, Table. 3, Table. 4. 

 

 

Table 5.2 CL and CD values of suction airfoil with β=0.714. 

Angle[deg] 0 10 20 25 26 27 28 

CL 0.1154 1.0199 1.7058 2.1077 2.2965 2.3958 1.2788 

CD 0.0071 -0.0868 -0.3391 -0.5638 -0.6648 -0.7262 -0.2409 

 
Table 5.3 CL and CD values of suction airfoil with β=0.952. 

Angle[deg] 0 10 20 25 28 29 30 

CL 0.1351 0.7875 1.7913 2.2881 2.5923 2.7013 2.0876 

CD 0.0056 -0.0768 -0.3535 -0.6243 -0.8150 -0.8772 -0.0332 

 
Table 5.4 CL and CD values of suction airfoil with β=1.428. 

Angle[deg] 0 10 20 30 31 32 33 

CL 0.6132 1.2910 1.9782 2.9686 3.0085 3.2661 2.9048 

CD 0.0166 -0.1060 -0.3808 -0.9868 -1.0081 -1.1123 0.0717 
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The performance of suction airfoil with different 
velocity coefficients are compared with the 
performance of conventional airfoil and discussed 
below: 
 

 
Fig. 13 Variation of CL with AOA for all suction airfoils and 

NACA0025 airfoil. 

The coefficient of lift for suction airfoil 
with different suction velocity coefficients are 
plotted above. With high suction velocity 
coefficient the stall condition is delayed. The CL 
maximum is increasing with increase in suction 
velocity coefficient. For Suction velocity 
coefficient of β=1.428 the CLmax is 3.26 whereas for 
conventional airfoil the CLmax is 0.95. 
 

 
Fig. 14 Variation of CD with AOA for all suction airfoils and 

NACA0025 airfoil. 

The coefficient of drag for suction airfoil with 
different suction velocity coefficients are plotted 
above. With high suction velocity coefficient the 
stall condition is delayed. The CD near the stall is 
decreasing with increase in suction velocity 
coefficient. For Suction velocity coefficient of 
β=1.428 the CDmin is -1.11 whereas for conventional 
airfoil the CDmin is -0.23. 
 

CASE III: The Computational Flow Visualization 
Of Co-Flow Jet Airfoil. 
The modified Co-flow Jet airfoil with chord length 
0.15m is subjected for analysis with different 
injection velocity coefficients. The freestream 

Mach number is 0.1 and the Reynolds number 
based on chord is 380k. The injection velocity 
coefficient is defined as the ratio of the injection 
velocity to the freestream velocity. 
 
Injection Velocity coefficient (χ)=Injection velocity                                        

                     Free stream velocity 
 

The flow pattern of CFJ airfoils are shown 
at different angle of attacks using velocity contours. 
As the flow comes from injection slot and passes 
over the CFJ airfoil and is sucked in to suction slot, 
the following velocity variations takes place on the 
surface of CFJ airfoil. The different colors in 
images shows variation in velocity which is given 
in the colour bar on left side of each picture. The 
velocity contours with different injection velocity 
coefficient χ are given below: 

 
Fig. 15 Velocity contours for CFJ airfoil with χ=2.857 and 

AOA=450. 

 
Fig. 16 Velocity contours for CFJ airfoil with χ=2.857 and 

AOA=550. 

The CFJ airfoil is analysed at injection velocity 
coefficient χ=2.857. From the velocity contours 
above, it is observed that the jet flow on the upper 
surface of airfoil is dragging the velocity bubbles 
towards the tail and going inside suction slot, 
keeping the flow attached without separation. At an 
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angle of 450 the flow started to separate at trailing 
edge and at AOA 550 the flow is almost separated. 
Beyond this angle, the flow is fully separated. 

 

 
Fig. 17 Velocity contours for CFJ airfoil with χ=2.142 and 

AOA=450. 

 
Fig. 18 Velocity contours for CFJ airfoil with χ=2.142 and 

AOA=500. 

A Jet flow with injection velocity 
coefficient χ=2.142 is injected from injection slot. 
It is passing over the upper surface and entering 
into suction slot, along with that this flow is 
dragging the main flow velocity bubbles rare 
wards. Because of this the flow is further 
streamlined then in conventional airfoil and stall is 
delayed. The stalling angle in this case is 450. After 
this angle the flow is separated and stall happens. 

The analysis is further continued by 
changing the injection velocity coefficient. A series 
of cases are made with increasing the angle of 
attack. The process continued till the airfoil reaches 
its stall condition. Out of all few best observed are 
shown below in Fig. 19 and Fig. 20. 

 

 

 
Fig. 19 Velocity contours for CFJ airfoil with χ=1.428 and 

AOA=250. 

 
Fig. 20 Velocity contours for CFJ airfoil with χ=1.428 and 

AOA=400. 

The CFJ airfoil is analysed at injection velocity 
coefficient χ=1.428. The Jet flow is injected from 
injection slot. It is passing over the upper surface 
and entering into suction slot, along with that this 
flow is dragging the main flow velocity bubbles 
rare wards. Because of this the flow is further 
streamlined then in conventional airfoil and stall is 
delayed. At the AOA 400 the flow is almost 
separated. Beyond this angle, the flow is fully 
separated. 

V. CONCLUSION 
Initial study has been conducted on the 

conventional airfoil NACA0025, the values of 
coefficient of lift and stall angle have been found as 
0.95 and 200 at their maximum values. These have 
been used to evaluate the performance of the 
suction airfoil and CFJ airfoil. 

On subjecting the conventional airfoil which is 
modified into suction airfoil, form the analysis it 
was observed that: 

• Coefficient of lift is increased by 343% 
with suction velocity coefficient β=1.428 
and with stall at 320 AOA. 
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• Coefficient of lift is increased by 284% 
with suction velocity coefficient β=0.952 
and with stall at 290 AOA. 

• Coefficient of lift is increased by 251% 
with suction velocity coefficient β=0.714 
and with stall at 270 AOA. 

It can be concluded that, as the suction velocity 
coefficient increases, the coefficient of lift 
increases and the angle of stall increases. This is 
due to the flow being re-attached at the trailing 
edge caused by the very low pressure zone due to 
suction which causes the relatively high pressure 
upper surface flow to attach itself to the airfoil. 

 On subjecting the conventional airfoil 
which is modified into Co-Flow Jet airfoil, form 
the analysis it was observed that: 

• The stalling angle is at 550 Angle of 
Attack with injection velocity coefficient 
χ=2.875. 

• The stalling angle is at 450 Angle of 
Attack with injection velocity coefficient 
χ=2.142. 

• The stalling angle is at 400 Angle of 
Attack with injection velocity coefficient 
χ=1.428 

It is observed from the above results that, with 
increase in injection velocity coefficient, the flow 
separation is delayed. For a given chord length, the 
injection velocity coefficient can vary with in a 
certain range. If the injection velocity coefficient is 
beyond the range, it de-stabilizes the pressure and 
velocity distribution around the airfoil. The 
modification near the suction slot has improved the 
flow performance at the trailing edge by reducing 
turbulence. But the modification at the suction slot 
causes flow separation occurs at low angles of 
attack due to pressure difference between the upper 
and lower surface of airfoil. 
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