
Chapter 4 

Active Control of Stalled Airfoil Flow 

��
Systematical investigation on controlling the massive separation using single synthetic jet 
is carried out in this chapter. An NACA633-018 airfoil at stall angle of attack, whose 
performances are known from Chapter 3, is chosen to be excited. The influences of jet 
frequency, its intensity, and the location of excitation are discussed in turn. The numerical 
simulation is conducted using the RANS equations with the new modified k-ε model 
described and validated in Chapter 3. 

In Section 4.1, one can find the numerical setup and realization of the synthetic jet. In 
Section 4.2, the flow responses to the synthetic jet with the frequencies from 20 to 510Hz, 
which correspond to the Strouhal numbers from 0.1 to 3.1, are investigated. The influences 
of jet intensity and the location of excitation are discussed in Sections 4.3 and 4.4, 
respectively. Section 4.5 gives a brief summary. 

 

4.1 Numerical Setup 

In the context, the term “synthetic jet”  means that the jet is synthesized at a fluid boundary 
perpendicularly opened to the fluid through a small orifice. The fluid is alternately ingested 
and expelled through the orifice. The jet contributes no net mass. However, it does impart a 
net momentum to the fluid. The energy input can be made very low because the orifice is 
only a few millimeters wide. Therefore, it is quite interesting to investigate the possibility 
of controlling the stalled airfoil flow with this kind of jet technique. 

In this work, the same NACA633-018 airfoil at a Reynolds number of 5103×  as 

described in Chapter 3 is employed to investigate the excitation effect of the synthetic jet. 
There are several reasons. Firstly, the turbulence model is well validated for this airfoil. 
The flows at different angles of attack are calculated and compared with the experimental 
data. Good agreement has been found.  

Secondly, a systematic investigation of the acoustic excitation of the airfoil is available 
by Prof. Hsiao, as described in Chapter 1. It was observed by Hsiao’s group that there was 
a velocity fluctuation at the slot from where the internal acoustic excitation was conducted 
into the main flow field. In their research, the effective frequency can extend to over 
1000Hz. The amplitude of the velocity fluctuation is about 2.5m/s. They have proposed 
that the governing parameter is not the sound pressure intensity but the velocity fluctuation 
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generated by the loudspeaker. They have also found that the most effective position of 
excitation is near the separation location with the frequencies in the range of shear-layer 
instability frequency. If the frequencies of the acoustic disturbances coincide with the 
natural frequencies of the flow instabilities, the interaction is usually of highest effectivity. 
However, their argument is doubtful because there is theoretically little resonance 
possibility between the sound and the characteristic wave in the shear layer. The sound 
speed is much higher than the speed of the characteristic wave in shear layer. Detailed 
description of the experimental setup can be found in Chapter 1. 

This work is oriented to the investigation of the mechanism of single synthetic jet to 
the stalled airfoil flow. The synthetic jet is generated in a way similar to that is observed at 
the slot by Hsiao.[15] Additionally, it can also be verified whether the excitation of single 
synthetic jet has the same mechanism as the acoustic excitation. 

Based on the above reasons, the same NACA633-018 airfoil as used in the experiment 
of Hsiao is chosen for this work. 

The synthetic jet is numerically realized by placing an additional fluid channel. The 
fluid channel has a width of 1mm and a height of 1.3mm. It is perpendicularly connected 
with the airfoil surface from where the fluid is expelled and ingested. The expelling and 
ingesting of the jet are simulated through imposing the velocity at the channel boundary. In 
the current work, a step function of: 
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is chosen where ujet is the velocity component perpendicular to the boundary. U0 is the jet 
intensity (e.g. 15m/s or 2.5m/s) and φ the phase of excitation. The channel boundary is 
treated as an inlet and the velocity along the channel boundary is uniform. On the other 
two sides of the channel, wall boundary condition is imposed. 

The conditions of the main flow are set to be the same as those in Chapter 3. They are 
briefly summarized here again. The airfoil is 305 mm long and is set in the middle of the 
computational domain (see Figure 3.1). The incoming flow velocity is 15.5m/s and has a 
turbulence degree of 0.25%. The chord-based Reynolds number is 300,000. 

The computational domain for the main flow is discretized in a way similar to that 
drawn in Figure 3.1. Local refinement is made in the vicinity of the jet orifice, as shown in 
Figure 4.1. There are about 130,000 cells in the whole domain. 

The new modified turbulence model described in Chapter 3 is adopted. The near-wall 
flow region is resolved by the Launder-Sharma Low-Reynolds-number modification. The 
convective fluxes are approximated by SMART scheme. The pressure-velocity coupling is 
solved by SIMPLE method and the time is advanced by implicit Euler method. In 
simulating the procedure of different frequencies of excitation, the time step is kept in the 
order of 10-4, so that there are at least 20 discrete time steps in each period of excitation. 
The computational accuracy for velocity components and the pressure is 10-5. 
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Fig. 4.1. Locally refined computational grid for simulating the synthetic jet 

 

 

4.2 Influence of Jet Frequency 

In this Section, the study of flow response to the frequency of excitation of the synthetic jet 
is carried out. The simulated frequencies range from 20 to 510Hz. The intensity of the 
synthetic jet is kept 15m/s in Section 4.2. It is 0.97 non-dimensionalized by the free stream 

velocity. They correspond to the Strouhal numbers ( ∞= ufCSt αsin ) from 0.1 to 3.1. In 

this section, the results of excitation will be presented in frequency order. 

 

4.2.1 Vortex-Shedding Frequency 

It is necessary to begin with the vortex-shedding frequency of the airfoil flow because it is 
one of the dominating frequencies. Owing to the coexistence of the shear-layer frequency 
fshear and the natural shedding frequency fv in the flow field, the unforced flow must be a 
highly nonlinear multi-frequency system. For the airfoil flow, the shear-layer frequency is 
usually of several hundreds of hertz and the vortex-shedding frequency some dozens. The 
frequency of shear-layer instability is difficult to capture in the numerical simulation 
because the time step may filter out the fluctuations of that level. However, the average 
effect can be obtained. 

The vortex-shedding frequency is obtained from the Fast Fourier Transformation (FFT) 
on the velocity history at the point P in the wake, as shown in Figure 4.2(a). The velocity 
history is obtained from the time-dependent computation. Figure 4.2(b) gives the obtained 
energy spectrum of velocity. 
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(a)                                         (b) 

Fig. 4.2. Description of (a) point location and (b) FFT analysis result 

 
 
A peak between 35 and 37Hz can be observed where the vortex-shedding frequency of 

the flow may lie. Another peak lies between 68 and 70Hz. It is less energetic and is 
considered to be the higher harmonic component. The vortex-shedding frequency 
corresponds to the Strouhal number of about 0.2. 

 

4.2.2 Synthetic Jet of 20Hz 

The synthetic jet has enough time in each period of excitation to influence the global flow 
structure if the frequency of excitation is lower than fv, as the acting time of the single 
expelling or ingesting is relatively long. In the expelling phase, a large separation region 
will be generated downstream of the orifice. The separation can extend to the mid portion 
of the airfoil. In the ingesting phase, the main flow can remain unseparated far downstream. 
It is, therefore, reasonable that the synthetic jet has great influence on the global flow 
structure when the frequency of excitation is low. Figure 4.3 depicts the flow pattern 
obtained under the excitation of 20Hz where Te is the period of excitation. 
 

    

(a) t = 0.25Te            (b) t = 0.5Te            (c) t = 0.75Te            (d) t = 1Te 

    

(e) t = 1.25Te            (f) t = 1.5Te            (g) t = 1.75Te            (h) t = 2Te 

Fig. 4.3. Flow pattern from synthetic jet at 20Hz and 15m/s 
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It can be observed from the Figure 4.3 that the flow is characterized by the large 

separation generated in the expelling phase and the disappearance of reverse flow near the 
orifice in the ingesting phase. The dimension of the vortex structure upon the upper surface 
of the airfoil is comparable with that of the unforced airfoil. Instantaneous flow 
reattachment is possible, e.g. at 1.25Te. The macroscopic response frequency fr of the main 
flow is half the frequency of excitation. 

Figure 4.4(a) gives the normalized lift Cl*  and drag Cd*  curves in one flow period Tf. 
They are normalized by their corresponding values obtained without active control. Figure 
4.4(b) is the average pressure distribution on the airfoil surface. Under the frequency of 
excitation of 20Hz, the average lift and drag are increased by 100% and 17%, respectively. 
The average lift benefits mainly from the average suction peak at the leading edge of the 
airfoil. At the instants when the upper surface vortices are attached, i.e. at 1.5Te, the 
normalized lift can reach a maximum of about 2.5. Besides, the curves for the lift and drag 
have large undulations. The mean square roots for the lift and the drag coefficients are 
0.218 and 0.110, respectively. 

 

     
(a)                                           (b) 

Fig. 4.4. (a) Normalized lift and drag in one flow period and (b) average pressure distribution on airfoil 

surface with synthetic jet of 20Hz and 15m/s 

 
 
The effect of the synthetic jet on the flow structure can be obtained through 

investigating the energy spectrum of velocity. Figure 4.5 gives the FFT result at the point P 
in the wake as shown in Figure 4.2(a). The dashed line depicts the energy spectrum of the 
unforced flow that was already shown in Figure 4.2(b). The solid line stands for the result 
from the velocity field obtained under the excitation of 20Hz. Lower frequencies from 10 
to 100Hz are of higher spectrum energy when the flow is excited. It implies that the flow 
or vortex motions with different frequencies of movement coexist in the wake. The 
momentum and energy exchange among these structures leads to extra losses of the flow. 
In this sense, the excitation of 20Hz cannot regulate the flow structures. 
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Fig. 4.5. Energy spectrum of velocity in wake with excitation of 20Hz and 15m/s 

 

 

4.2.3 Synthetic Jet of 34Hz 

The response frequency fr of the main flow changes to be fe/3 if the frequency of excitation 
has a value near the natural vortex-shedding frequency. Given here is the result of 
excitation of 34Hz. Flow pictures are shown in Figure 4.6, in which some flow characters 
similar to those of 20Hz can be found. Instantaneous reattachment is also possible, e.g. at 
1.75Te. The flow is characterized by periodic occurrence and shedding up of the large 
separation region on the upper surface. 
 

    

(a) t = 0.25Te            (b) t = 0.5Te            (c) t = 0.75Te            (d) t = 1Te 

    

(e) t = 1.25Te            (f) t = 1.5Te            (g) t = 1.75Te            (h) t = 2Te 

    

(i) t = 2.25Te            (j) t = 2.5Te            (k) t = 2.75Te            (l) t = 3Te 

Fig. 4.6. Flow pattern from synthetic jet at 34Hz and 15m/s 
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(a)                                           (b) 

Fig. 4.7. (a) Normalized lift and drag in one flow period and (b) average pressure distribution on airfoil 

surface with synthetic jet of 34Hz and 15m/s 

 
 
The normalized lift and drag from the excitation of 34Hz are drawn in Figure 4.7(a) 

and the average pressure distribution in Figure 4.7(b). The average Cl*  is increased by 
72%, the average drag Cd* by 2%. They are about 20% less than those from the excitation 
of 20Hz. It illustrates that shortening the time interval of single excitation period may 
reduce the negative influence of the jet. The mean square roots of lift and drag coefficients 
are 0.189 and 0.082, respectively. 

A rich energy spectrum of velocity at the point P in the wake is illustrated in Figure 4.8. 
Similar to the result shown in Figure 4.5, the frequencies from 10 to 100Hz are of higher 
spectrum energy. The flow loss may be large because of the coexistence of the disordered 
motions in the field. It is, therefore, to say, that under this frequency of excitation, the main 
flow structure cannot be well rearranged. 

 

 

Fig. 4.8. Energy spectrum of velocity in wake with excitation of 34Hz and 15m/s 
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4.2.4 Synthetic Jet of 60Hz 

The flow pattern under the excitation of 60Hz is shown in Figure 4.9. Under such a 
frequency, the flow has qualitative similarity with that obtained by the excitation of 20 or 
34Hz. However, the influence region of the synthetic jet is decreased. The separation 
region downstream of the jet orifice occupies only the front half of the airfoil. The 
macroscopic flow frequency is fe/2. 

 

    

(a) t = 0.25Te            (b) t = 0.5Te            (c) t = 0.75Te            (d) t = 1Te 

    

(e) t = 1.25Te            (f) t = 1.5Te            (g) t = 1.75Te            (h) t = 2Te 

Fig. 4.9. Flow pattern from synthetic jet at 60Hz and 15m/s 

 
 
Under the frequency of excitation of 60Hz, the average lift Cl*  is increased by 65%. 

The average drag Cd* is reduced by 3%. The lift and drag curves that are shown in Figure 
4.10 are similar to those under 34Hz (in Figure 4.7). The mean square roots for lift and 
drag coefficients are 0.153 and 0.062, respectively. 

 

     
(a)                                           (b) 

Fig. 4.10. (a) Normalized lift and drag in one flow period and (b) average pressure distribution on airfoil 

surface with synthetic jet of 60Hz and 15m/s 
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The energy spectrum of velocity at the point P is shown in Figure 4.11. It can be 

observed that the frequencies from 10 to 100 Hz are excited up in the wake. The 
coexistence of these frequencies in the flow reflects the disordered motions of the flow. 
Although there are excess energy losses in the wake, the whole drag is reduced slightly. 

 

 

Fig. 4.11. Energy spectrum of velocity in wake with excitation of 60Hz and 15m/s 

 
 
From the above discussion it can be deduced that the synthetic jet influences the main 

flow field through the vortex downstream of the orifice generated by the alternative 
expelling and ingesting of the synthetic jet. The dimension of the vortex or the contained 
fluid mass is an important factor to the global flow structure. The dimension of the vortex 
is determined by the frequency of excitation of the synthetic jet. The lower the frequency 
of the synthetic jet is, the larger the vortex size could be. At frequencies lower 

than αcosCufc ∞=  (in the current case of 53Hz), instantaneous flow reattachment onto 

the upper surface is possible. The averaged lift can be increased considerably. But the flow 
structure cannot be well reconstructed as the disorder of the motions is excited up. 
However, the average drag can be reduced by several percents when the frequency of 
excitation is near fc. 

 

4.2.5 Synthetic Jet of 78Hz 

The flow pattern resulting from the excitation of 78Hz is shown in Figure 4.12. In 
comparison to the results depicted before, the large separation is divided into several small 
recirculating regions by the synthetic jet. On the front half of the airfoil, separation bubbles 
with full reattachment are realized. The reattachment can decrease the effective angle of 
attack of the airfoil and therefore, improve the aerodynamic performance of the airfoil. The 
separation region downstream is constructed by two or three recirculating regions. They 
are small in size and rotate clockwise. The reverse streamlines from the lower airfoil 
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surface cannot reach the leading edge of the upper surface. The global flow has a 
frequency of fe/3. 

 

    

(a) t = 0.25Te            (b) t = 0.5Te            (c) t = 0.75Te            (d) t = 1Te 

    

(e) t = 1.25Te            (f) t = 1.5Te            (g) t = 1.75Te            (h) t = 2Te 

    

(i) t = 2.25Te            (j) t = 2.5Te            (k) t = 2.75Te            (l) t = 3Te 

Fig. 4.12. Flow pattern from synthetic jet at 78Hz and 15m/s 

In comparison with the results presented in Figures 4.7 and 4.10, the Cl*  and Cd* 
values change little for the excitation, as shown in Figure 4.13. They behave similar in 
each period of excitation. The mean square roots for lift and drag coefficients are 0.039 
and 0.026, respectively. They are of the lowest level.  

 

     
(a)                                           (b) 

Fig. 4.13. (a) Normalized lift and drag in one flow period and (b) average pressure distribution on airfoil 

surface with synthetic jet of 78Hz and 15m/s 
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It indicates that the flow structure on the rear half of the airfoil does not contribute 

considerably to the integral quantities of the airfoil flow, i.e. the lift and the drag. Instead, 
the flow character on the front half of the airfoil is the dominating factor. Owing to the 
reattachment of the separation region downstream of the jet orifice, a good aerodynamic 
performance of the airfoil can be obtained. Under the frequency of excitation of 78Hz, the 
average lift of the airfoil is increased by 39%, while the average drag is reduced by 22%. 
The lift-to-drag ratio reaches the most optimal status. 

 

 

Fig. 4.14. Energy spectrum of velocity in wake with excitation of 78Hz and 15m/s 

 
 
The energy spectrum of velocity from the excitation of 78Hz on the point P is 

presented in Figure 4.14. The flow is reorganized by the synthetic jet in such a way that 
only two frequencies between 20 and 50 Hz are excited up. These frequencies are less 
energetic, which implies that the exchange procedure of momentum and energy among the 
flow structures is limited. Therefore, the flow losses can be reduced obviously. 

 

4.2.6 Synthetic Jet of 102Hz 

Similar flow structures to those of 78Hz can be obtained if the frequency of the synthetic 
jet is slightly increased. Given in Figure 4.15 is the flow pattern resulting from the 
excitation of 102Hz. The separation bubbles can be retained to the front half of the airfoil. 
Downstream, they mix into the large separation region and are not able to reattach. The 
flow near the trailing edge behaves more like that in the unexcited case. The global flow 
frequency is fe/2. 

The curves of Cl*  and Cd* are given in Figure 4.16(a). They change slightly during the 
excitation. The FFT analysis in Figure 4.16(b) shows that the motions at lower frequency 
in the flow field are also successfully suppressed. 
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(a) t = 0.25Te            (b) t = 0.5Te            (c) t = 0.75Te            (d) t = 1Te 

    

(e) t = 1.25Te            (f) t = 1.5Te            (g) t = 1.75Te            (h) t = 2Te 

Fig. 4.15. Flow pattern from synthetic jet at 102Hz and 15m/s 

 
 

     

(a)                                           (b) 

Fig. 4.16. (a) Normalized lift and drag in one flow period and (b) energy spectrum of velocity in wake with 

excitation of 102Hz and 15m/s 

 

 

4.2.7 Synthetic Jet of Higher Frequency 

If the synthetic jet is composed at a frequency higher than 200Hz, the main flow structure 
will be less influenced. The synthetic jet can only provide a small separation bubble to the 
main flow. Its size and the contained flow masses are small in comparison with the 
dominating large separation. The flow quantities, including the dimension of the large 
separation and the frequency of the vortex shedding, remain nearly unchanged. Figure 4.17 
gives the flow pattern obtained from 204Hz. 
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(a) t = 0.5Te             (b) t = 1Te              (c) t = 1.5Te            (d) t = 2Te 

    

(e) t = 2.5Te             (f) t = 3Te              (g) t = 3.5Te            (h) t = 4Te 

  

(i) t = 4.5Te             (j) t = 5Te 

Fig. 4.17. Flow pattern from synthetic jet at 204Hz and 15m/s 

 
 

    

(a) t = 1.5Te             (b) t = 3Te              (c) t = 4.5Te            (d) t = 6Te 

    

(e) t = 7.5Te             (f) t = 9Te              (g) t =10.5Te            (h) t =12Te 

  

(i) t =13.5Te             (j) t =15Te 

Fig. 4.18. Flow pattern from synthetic jet at 510Hz and 15m/s 
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Figure 4.18 gives the flow pattern obtained from the excitation of 510Hz. The 
separation bubble downstream of the orifice is even smaller than that in Figure 4.17. The 
curves for the normalized lift and drag are shown in Figure 4.19(a). They are increased by 
16% and 5%, respectively. Figure 4.19(b) gives the energy spectrum of velocity. The 
overall flow irregularity is excited up again. 

 

     

(a)                                           (b) 
Fig. 4.19. (a) Normalized lift and drag in one flow period and (b) energy spectrum of velocity in wake with 

excitation of 510Hz and 15m/s 

 
 
The lift and drag coefficients obtained from different frequencies of excitation, together 

with their mean square roots, are summarized in Table 4.1. L/D is the lift-to-drag ratio of 
the airfoil. 

 
 Cl Cd L/D Clmsr Cdmsr 

0 0.665 0.279 2.38 --- --- 

20 1.322 0.326 4.06 0.218 0.110 

34 1.141 0.284 4.02 0.189 0.082 

52 1.113 0.270 4.12 0.155 0.069 

60 1.098 0.270 4.06 0.153 0.062 

78 0.922 0.219 4.21 0.039 0.026 

90 0.924 0.218 4.23 0.037 0.026 

102 0.884 0.225 3.94 0.035 0.025 

156 0.854 0.255 3.35 0.033 0.027 

204 0.856 0.271 3.16 0.037 0.033 

300 0.719 0.266 2.71 0.038 0.035 

400 0.737 0.283 2.61 0.045 0.040 

510 0.755 0.289 2.62 0.059 0.054 

Tab. 4.1. List of resulting aerodynamic performance with and without synthetic jet 
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Figures 4.20 and 4.21 are the distribution of pressure coefficient and velocity vector 

obtained from the frequencies of excitation of 20 and 78Hz, respectively. The jet intensity 
is 15m/s. The instants of 0.25, 1.25 or 2.25Te are in the expelling phase, while 0.75, 1.75 or 
2.75Te are in the ingesting phase. 

It can be observed that the distributions of pressure coefficient and velocity vector near 
the orifice at the same ingesting or expelling instants are similar. They depend little on the 
frequency of excitation. At the expelling phase, there is no separation in the jet channel. 
When the fluid is ingested into the channel, a recirculating region appears inside the 
channel and a local low pressure is formed near the orifice. It indicates that the dominating 
parameter to the effect of the excitation should be the acting duration of the expelling and 
ingesting of the synthetic jet, that is, the frequency of the excitation. 

 

         
 

         
 

         
 

         
 

Fig. 4.20. Pressure distribution and velocity vector from synthetic jet at 20Hz and 15m/s 
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Fig. 4.21. Pressure distribution and velocity vector from synthetic jet at 78Hz and 15m/s 
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Because the jet channel is connected to the airfoil surface with sharp edges, 

recirculating flow region will be formed both upstream and downstream of the orifice 
when the fluid is blown into the main flow. The flow separation upstream of the orifice is 
several millimeters long. 

When the fluid is inhaled from the main flow, a separation region is formed inside the 
jet channel. The onset of the separation downstream of the orifice may be delayed for a 
distance as part of the stalled masses has been eliminated. 

The flow masses generated through the synthetic jet are very small. Their momentum 
exchange with the main flow is also quite limited. Therefore, the momentum exchange 
should not be the crucial factor to the result of the excitation. The main flow field is 
determined by the development of the separation downstream of the orifice, which depends 
on the frequency of excitation. The average lift benefits from the average suction peak of 
the pressure. The lower the frequency of excitation is, the larger the suction peak in the 
vicinity of the orifice may shape. 

 

4.2.8 Conclusion 

It can be concluded from the above discussion that the synthetic jet is effective in 
controlling the stalled airfoil flow. The large separation region on stalled airfoil cannot be 
completely removed by the synthetic jet. But instantaneous reattachment is possible. A 

characteristic frequency for the excitation is αcosCufc ∞= , a time scale for the main 

flow passing through the airfoil in flow direction. 
The stalled airfoil flow is sensitive to the frequency of excitation. The flow structure 

varies greatly from the unforced one if the frequencies of excitation are smaller than the 
characteristic frequency. Under such frequencies, the instantaneous flow reattachment on 
the suction side of the airfoil may be possible. The average lift can be increased 
considerably. However, the average drag is also increased. The mean square roots for the 
lift and the drag coefficients are higher. The disorder of the flow is excited up. The flow 
structure cannot be well reorganized. This enhances the momentum and energy exchange 
and leads to extra losses. 

The separation bubble periodically generated by the synthetic jet can reattach at the 
mid portion of the airfoil if the jet frequency has a value between 1.5 and 2 times the 
characteristic frequency. The reattachment of the separation bubble decreases the effective 
angle of attack of the airfoil and therefore, the aerodynamic performance of the airfoil is 
improved. The average lift can be enhanced by about 40%, while the average drag can be 
reduced by 22%. The mean square roots for lift and drag coefficients are of lower level. 
The flow structure is well reorganized so that the momentum and energy exchange in the 
flow field is suppressed. 

At frequencies higher than four times the characteristic frequency, the synthetic jet has 
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less influence on the macroscopic flow structure. A small separation bubble is formed near 
the orifice and it merges directly into the main separation region as the bubble contains 
only a small amount of fluid masses. The flow has no reattachment on the suction side any 
more. The massive separation of the flow is not improved. The introduction of the 
synthetic jet has little influence on the overall flow features, including the dimension of the 
large separation region and the vortex-shedding frequency. The airfoil lift can benefit 
several percents from the negative pressure near the orifice. However, the drag can be also 
increased slightly because of the enhanced mixing. 

The response of the main flow to the excitation seems to be continuous. The synthetic 
jet influences the main flow through the separation region downstream of the orifice whose 
development is determined by the frequency of excitation. The size of the region decreases 
with the increase of the frequency. With proper frequencies of excitation, the flow structure 
can be well rearranged and the flow losses can be reduced. 

 

4.3 Influence of Jet Intensity 

From the above discussion one can find that the flow pattern may be well reconstructed by 
the synthetic jet and the drag can be reduced by 22% if the frequency has a value between 
1.5 and 2 times the characteristic frequency. The separation downstream of the orifice 
plays a crucial role to the effect of the excitation. It is natural that one asks whether the jet 
intensity has any influence on the flow. 

In this section, the effect of jet intensity is investigated and discussed. The jet velocity 
is kept 2.5m/s, which is different from the value of 15m/s in the preceding section. Other 
computational conditions and numerical accuracy remain unchanged. 

Given in Figure 4.22 is the flow pattern resulting from the excitation of 34Hz. 
Comparing with Figure 4.6, one can find that no qualitative difference exists between the 
two results. In Figure 4.22, the vortex downstream of the orifice is smaller in size than that 
one in Figure 4.6 and the size of the reverse flow region on the rear half of the airfoil is 
larger. This is because less fluid masses are involved in the excitation of the synthetic jet at 
2.5m/s.  

Figure 4.23 gives the comparison of the flow picture and pressure distribution between 
the two investigated jet intensities (15m/s and 2.5m/s). Figures 4.23(a) and (c) are in the 
same expelling instant. It can be found that the separation bubble downstream the orifice is 
generated in both cases. In case of 2.5m/s, the separation bubble does not reattach. It 
connects directly to the downstream reverse flow. The separation bubble in case of 15m/s 
reattaches onto the surface at 20% chord position and downstream, the flow separates 
again. 
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(a) t = 0.25Te            (b) t = 0.5Te            (c) t = 0.75Te            (d) t = 1Te 

    

(e) t = 1.25Te            (f) t = 1.5Te            (g) t = 1.75Te            (h) t = 2Te 

    

(i) t = 2.25Te            (j) t = 2.5Te            (k) t = 2.75Te            (l) t = 3Te 

Fig. 4.22. Flow pattern from synthetic jet at 34Hz and 2.5m/s 

 

 

       
(a) t = 2.25Te, 2.5m/s                            (b) t = 2.75Te, 2.5m/s 

       
(c) t = 2.25Te, 15m/s                            (d) t = 2.75Te, 15m/s 

Fig. 4.23. Comparison of flow pattern and pressure distribution between jet intensities of 2.5m/s and 15m/s 
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Figures 4.23(b) and (d) are flow pictures in the same ingesting instant. In the case of 

2.5m/s, the stalled fluid in the vicinity of the orifice cannot be totally removed and a 
tertiary separation is formed; while in the case of 15m/s, the reverse flow is nearly 
removed as more fluid can be inhaled into the jet channel. No tertiary separation occurs. 
The downstream reverse flow at the mid portion of the airfoil is smaller in size in 
comparison with that of 2.5m/s. Higher negative pressure is obtained with the jet of 15m/s. 

The comparison of the average pressure distribution on the airfoil surface is shown in 
Figures 4.24. The results are from the excitation of (a) 34Hz and (b) 60Hz. The dotted lines 
are the results from the unforced flow field. Under both frequencies of excitation, the 
synthetic jet of 15m/s can form a larger negative pressure field in the vicinity of the orifice 
than the jet of 2.5m/s. Therefore, the lift of the airfoil can be improved more from the 
synthetic jet of high intensity. 

 

               

(a)                                           (b) 

Fig. 4.24. Average pressure distribution on airfoil under excitation of (a) 34Hz and (b) 60Hz 

 
 
Drawn in Figure 4.25 are the curves of normalized lift and drag obtained from the 

excitations of two jet intensities. The abscissa is the jet frequency and the ordinate is the 
normalized lift in 4.25(a) or drag in 4.25(b). They are normalized by the unforced lift and 
drag, respectively.  

 

    
(a)                                           (b) 

Fig. 4.25. (a) Normalized lift and (b) drag to frequency 
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It can be observed that firstly, the lift and drag excited by both jet intensities have 

similar tendency in respect to the frequency. Secondly, the jet of higher intensity has larger 
efficient frequency range in terms of drag reduction. The efficient frequency can be 
extended to 200Hz with the jet of 15m/s, whereas for the jet of 2.5m/s, the drag cannot be 
reduced any more if the jet frequency is higher than 150Hz. Thirdly, the extent of the 
variations of lift and drag is larger with intensive jet. 

It can be concluded from the above discussion that a weak jet is also effective to 
influence the stalled flow. The large separation region cannot be removed completely by 
the synthetic jet of low intensity, either. But the flow can be regulated in certain extend.  
The lift and drag responses of the flow are similar in tendency with those obtained from the 
jet of higher intensity. The weak jet is less efficient as the drag is decreased by maximally 
8%. It proves that the jet intensity can influence the extent of the variations of lift and drag 
of the airfoil. It has little influence on the frequency range in which the maximal drag 
reduction is reached. This range depends mainly on the main flow velocity and the chord 
length of the airfoil. 

Figures 4.26(a) and (b) collect the variations of lift and drag coefficients to the 
frequency of acoustic excitation from the experimental data in Shyu, in which the same 
airfoil was employed under the same flow conditions and the oscillatory velocity generated 
by the loudspeaker measured at the orifice was 2.5m/s.[40] From the results it can be 
observed that the acoustic excitation has wider range of efficient excitation than the 
synthetic jet. The lift of the airfoil can be increased by about 50% and the drag can be 
reduced by about 40% when the frequency of acoustic excitation is up to 600Hz. With 
about 1000Hz of excitation, the airfoil lift can still be slightly increased and the drag 
retains about 10% lower than that in the uncontrolled case. In comparison, the synthetic jet 
of 2.5m/s can reduce the airfoil drag by maximally 8%. It can be identified from the effects 
of both methods of excitation that the mechanism of the synthetic jet in controlling the 
separated airfoil flow is different from that of the acoustic excitation. The synthetic jet is 
less efficient. 
 

     
(a)                                           (b) 

Fig. 4.26. Variations of (a) lift and (b) drag coefficient to frequency of excitation, from Shyu[40] 
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4.4 Influence of Jet Location 

In this section, the study of the influence of the jet location is carried out. The synthetic jet 
is placed at 5% chord with the jet intensity of 15m/s. Other computational conditions are 
remained the same as those in Section 4.2. The frequency of 78Hz, at which the drag can 
be reduced by 22% when the jet is located at 1.25% chord, is chosen. Figure 4.27 gives the 
flow pattern. 

 

    

(a) t = 1Te              (b) t = 2Te              (c) t = 3Te             (d) t = 4Te 

    

(e) t = 5Te              (f) t = 6Te              (g) t = 7Te             (h) t = 8Te 

    

(i) t = 9Te              (j) t =10Te              (k) t =11Te             (l) t =12Te 

 

(m) t =13Te 

Fig. 4.27. Flow pattern from synthetic jet at 78Hz and 5% chord 

 

 

The flow pattern seems to be a combination of flow phenomena appearing from the 
excitation of different frequencies of the jet located at 1.25% chord. In the first four 
pictures, separation bubbles on the front half of the airfoil can be found. They are similar to 
the results shown in Figure 4.12. In the next pictures, the features of the flow field are 
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similar to the results from lower frequencies of excitation. 
Figure 4.28(a) gives the normalized lift and drag histories. The average lift and drag are 

increased by 62% and 4%, respectively. Figure 4.28(b) presents the energy spectrum of 
velocity at the point P whose location is shown in figure 4.2(a). The flow does not reach an 
optimal status because the disordered flow motions are excited up. 
 

     
(a)                                           (b) 

Fig. 4.28. (a) Normalized lift and drag in one flow period and (b) energy spectrum of velocity in wake 

with excitation of 78Hz at 5% chord 
 
 

It can be concluded from the above discussion that the effect of excitation by the 
synthetic jet depends also on the location from where the jet is expelled and ingested. The 
excitation located at 5% chord is less effective than that at 1.25% chord of the natural 
separation point. It seems that there is certain coupling procedure between the natural 
instabilities and the disturbance from the synthetic jet. The coupling procedure can be of 
most efficient when the excitation locates at the natural separation point on the airfoil 
surface. The frequencies of the shear-layer instability are difficult to capture because it is 
usually several hundreds of hertz for an airfoil flow. However, its average effect can be 
well obtained. 

 

4.5 Closure 

In this chapter, systematical numerical investigation on the influence of a synthetic jet on 
stalled airfoil flow is conducted in order to find out the possibility of the synthetic jet to 
suppress the massive separation and the dominating aerodynamic mechanism. 

The massive reverse flow on a stalled airfoil cannot be completely removed using the 
synthetic jet. But its aerodynamic performance can be improved. When the frequency of 

excitation has a value between 1.5 to 2 times the characteristic frequency αcosCufc ∞= � 



Chapter 4. Active Control of Stalled Airfoil Flow 71 

the separation bubble on the suction side can extend to the mid portion of the airfoil and 
the results of excitation can be most efficient. Under these frequencies of excitation, the 
flow is well reorganized. The drag can be reduced by maximally 22%. At frequencies 
lower than fc, both the lift and drag are increased. When the frequencies of excitation are 
higher than four times fc, the flow field is little influenced. 

The frequency range of most efficient excitation seems to depend only on the main 
flow parameters. The change of jet intensity has less influence on this range. But the extent 
of the variations of lift and drag relate closely to the jet intensity. 

Furthermore, another important factor to the result of excitation is the jet location. The 
excitation can be most optimal when the jet is located at the natural separation point on the 
airfoil surface. It seems that certain coupling procedure exists between the natural 
instabilities and the disturbance from the synthetic jet. 


