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Abstract  

In this paper we presented the results of 
experimental and computational research on the 
curvilinear channels with “synthetic” jet 
generator. The purpose of the experiments was 
to study effects of “synthetic” jets on flow 
characteristics in the channel. Collected data 
show decrease of the level of total pressure 
losses, depending on various “synthetic” jets 
generator parameters. In the calculation we 
used the high resolution large-eddy simulation 
method (LES) and found that calculated results 
match with experimental data. Besides, during 
calculation, we received additional turbulence 
properties of the flow, which are hard to 
measure experimentally. Also we investigated 
geometric and gas-dynamic properties in a wide 
range. 

1   Introduction  

The task of creating long-term, cost-effective, 
environmentally friendly aircraft can’t be 
performed without use of new technologies of 
flow management based on influence to the 
flow boundary layer passing through the engine 
or the ambient airfoil. The flow separation 
zones degrade the characteristics of transition 
channels and airfoil, for this reason the flow 
control is directed primarily at their elimination 
or reduction. The appearance of flow separation 
zones is a deterrent to reduce the longitudinal 
dimension of the transition channels. For this 

reason, the struggle with the flow separation 
give much attention. The passive methods of 
flow control as vortex generators can be used to 
deal with flow separation in the transition 
channel. Their simplicity are advantage, but 
they are not regulated, and always have an 
impact on the flow, regardless of whether there 
is the need. 

Active flow control is more promising, 
because the level of influence on flow can be 
adjusted as needed. The basic active methods of 
flow separation control are blowing into the 
boundary layer high energy gas, boundary layer 
suction and combinations of these methods. The 
feedback systems are possible to be created: 
activation and changes in the intensity of the 
devices will vary depending on the intensity of 
flow separation. These devices have an organic 
defect. They require a working body, which 
requires supply line into the zone of flow 
separation, and energy. Systems with a suction 
device require creating a low-pressure line and 
the exhaust air system. This increases the 
weight and dimensions of the mentioned 
systems. The systems with total zero net mass 
flux (ZNMF) of the working body is the more 
promising in use. The system of active flow 
control reduced to alternating clocks blowing 
gas from a closed cavity, followed by suction 
low energy flow from the channel. The cavity 
shall be disclosed only with the channel, so the 
total time the gas flux rate is zero. Formed by 
the operation of such devices jets are usually 
called "synthetic" and devices to create them are 

EXPERIMENTAL AND NUMERICAL RESEARCH OF 
UNSTEADY FLOW IN CURVILINEAR CHANNEL WITH 

ACTIVE FLOW MANAGEMENT USING      
“SYNTHETIC” JETS. 

 
Lyubimov Dmitry*, Makarov Alexey*, Potekhina Irina* 

*Central Institute of Aviation Motors, Russian Federation   
lyubimov@ciam.ru;keeper@ciam.ru;potekhina@ciam.ru  

 
Keywords: synthetic jets, active flow management, turbulence 



LYUBIMOV DMITRY, MAKAROV ALEXEY, POTEKHINA IRINA 

2 

called generators of “synthetic” jets (GSJ). GSJ 
can be compact and can be installed directly at 
the place of blowing synthetic jet. You do not 
need a special working body, the system 
becomes simpler, lighter and more compact, and 
it can still create a closed-loop system with 
feedback. 

On active control of turbulent flows 
separation a lot of attend because it have great 
practical significance of the problem to reduce 
and prevent flow separation. In [1] studied the 
effect of "synthetic" slits, its size and shape at 
the level of losses in the channel. Parameters of 
the synthetic jet in which the level of losses in 
the channel decreases were obtained. In work 
[2] examines the impact of "synthetic" jets on 
the flow around the airfoil. Numerically and 
experimentally shown that size of the separation 
zone on the back of the blade can be 
significantly reduced. In work [3] author  was 
calculated "synthetic" jets using the LES 
method. Effectiveness of  GSJ in transition 
channels at high speeds are shown, but there 
was no comparison with experiment. The 
authors of [4] was carried out an experimental 
study of the effect of "synthetic" jets at lower 
flow rates. 

Study of flow in a shorter diffuser channels 
with the use of "synthetic" jets is the goal of this 
work is. The combined computational-
experimental approach to the problem is a 
distinctive feature of this work. The experiment 
was performed which allowed a fairly limited 
information about the flow, parallel performed 
calculations using RANS / ILES method [5] 
made under the same parameters of the flow and 
channel geometry. During the comparison of 
calculation and the experiment conducted, 
which allowed verification of the numerical 
method. The parameters obtained in the course 
of the calculation to obtain experimentally 
difficult. For example it is the field of flow 
parameters in the channel, the level of 
fluctuations of flow parameters. A parametric 
study of the effect of GSJ in dependence of jets 
geometric and jets outflow mode was 
performed. The cases that could not be obtained 
in the experiment because of the model limiters 
are calculated. Further optimization of 
parameters such as location and frequency of 

the GSJ, the shape of the slit was made through 
the calculations. The data about GSJ with a 
phase difference between adjacent slits was 
obtained, which experimental model could 
generate. 

2   Experimental research. 

The experimental model is a curved 
channel with a height of 32 mm input, height of 
72 mm output, a width of 150 mm, length 200 
mm curved area. The jets were generated by 10 
slits 20x0.5 mm, located along the flow, the 
distance between the slits was 10 mm. The slits 
located on the upper wall of the channel at a 
distance 160 mm from the entrance. Power of 
the GSJ speaker was 80 watts. In the two slit 
lengths from the GSJ, in section A, has two full 
pressure combs - in opposite to the GSJ slits, 
and the second between the two slits. Combs 
showed a direct impact on the GSJ to profiles of 
total pressure and total pressure fluctuations 
near the wall. At the exit of the channel (350 
mm from the entrance to the channel - section 
B), to get the overall level of losses were placed 
uniformly set of 6x7 combs Pito. Schematic of 
the experimental model is shown in Fig. 1. 

The experiment studied the effect of GSJ 
on the flow at Mach number 0.1-0.7 at the 
entrance to the channel. The measurements were 
performed for three different capacities of the 
GSJ. Measurements showed that the velocity at 
the exit slit was approximately 35, 55 and 70 
m/s on the resonance frequency 150 Hz. Carried 
out measurements of the amplitude of the total 
pressure at the exit of “synthetic” jets with a 
fixed capacity and different frequencies of the 
generator. Emission band of the generator was 
50 - 700 Hz and a resonance in the band 100 - 
200 Hz (Fig. 2.). 

The relationships between various 
parameters GSJ were determined. The loss of 
total pressure was 0.65% at Mach number M = 
0.2, 3.2% for M = 0.4, 7.7% for M = 0.6. The 
loss begins to increase sharply with M>0.3, 
which is associated with an increase in 
separation flow at the upper wall of the channel. 
Profiles of total pressure and its fluctuations, as 
well as losses decrease in the channel 
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dependence of the frequency of GSJ obtained 
with different flow rates and frequency of 
"synthetic" jet.  

Complete elimination of flow separation is 
observed for the GSJ for M=0.2 with GSJ. 
Profiles of total pressure at the outlet of the 
channel are filling up. Static pressure increases 
and velocity at the outlet of the channel 
decreases. The optimal frequency of GSJ is 125 
Hz. The total pressure lossless at the outlet of 
the channel is reduced by 40%. 

Flow separation zone is significantly 
reduced at Mach 0.4 with GSJ (Fig. 3.). The 
position of the flow changes, due to the deep 
penetration of jets into the stream. In the 
absence of GSJ, core flow is shifted to one of 
the side walls of the channel. In the presence of 
GSJ the general level of the total pressure raised 
and the flow becomes more symmetric (Fig. 4.). 
The optimal frequency of GSJ was 275 Hz, it 
reduced the total pressure loss by 25%. 

Flow separation zone does not disappear 
completely at Mach 0.6 with GSJ. The static 
pressure increases slightly and flow velocity of 
channel output is reduced. The flow at the outlet 
of the channel when using the GSJ becomes 
more symmetric but not completely. The 
optimal frequency of GSJ was 225 Hz, which 
reduced the loss by 18%. 

The relative effectiveness of GSJ decreases 
with increasing Mach number (Fig. 5.). The jets 
which at a flow rate M = 0.2 reduces the 40% of 
pressure losses, for M = 0.6 removes only 18% 
of the pressure losses. Excessive power increase 
at low speeds reduces the effectiveness of the 
GSJ, and at certain frequencies may increase the 
losses. This indicates that there is exists a 
maximum of efficiency at a given power GSJ. 
The absolute values of reduction total pressure 
loss increases with increasing Mach number 
(Fig. 6.). At the M=0.1-0.2 jets with speed 35 
m/s are the most effective. At the M=0.3-0.5 jets 
with speed 55 and 70 m/s are the most effective. 
The highest efficiency is observed when the 
number of Mach 0.6. The pressure losses 
decrease with increasing power GSJ, which 
indicates that the limit has not yet been reached. 
At M=0.7 GSJ fully enters into the flow 
separation zone, which can not be eliminated, 
and its efficiency drops. 

Assume that the total pressure increase at 
the outlet of the channel is directly proportional 
to the total enthalpy change of the flow. Total 
enthalpy was calculated from the velocity at the 
channel inlet. Happened that at M>0.3, the 
enthalpy increase to greater than the power of 
the GSJ (Fig. 7.). This is because the effect of 
"synthetic" jet is not just about energy supply, 
but also in the aerodynamic effects on the 
stream. According to the electrical efficiency of 
GSJ is 15%, and thus the real power of 
"synthetic" jet does not exceed 10W. 

The greatest effect of the synthetic jet with 
speed 75 m/s is achieved at M = 0.6. This can be 
explained by the fact that at higher flow velocity 
in the channel requires synthetic jet with higher 
energy. Also, it may be associated with a 
change in flow separation zone position in the 
channel. The dependence of the total pressure 
lossless at the exit of the channel from the 
amplitude and frequency of the synthetic jet is 
complex. The losses with increasing frequency 
of synthetic jets decrease. For some power of 
GSJ observed the maximum of performance. 
The deviation from the optimum power level 
increases the total pressure losses. 

"Synthetic" jet positive impact on low-
frequency pulsations of the total pressure. 
Changes is observed in the flow structure rate of 
several seconds, associated with the change of 
the flow core position, the formation and 
breakdown in the flow of large eddies. When 
GSJ turn on the general stability of flow 
increases, low-frequency pulsations disappear. 

3   Computational research. 

At the present paper to describe the flow we 
used a combined RANS/LES-method [5], which 
allows to describe separation zone with 
reasonable accuracy at moderate computational 
charges. With this approach, flow near the walls 
is calculated using the method of time-
dependent RANS, and far from them - using 
LES. Using the combined RANS / LES method 
improved the accuracy of calculation of 
separated flows in the diffuser channels [6,3]. 
There are examples of the use of different 
variants of the direct numerical simulation to 
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calculate the "synthetic jets" to control flow 
separation. In the papers [3,7,8,9,10,11,12] 
different variants of combined RANS/LES 
methods, including method for calculation of 
turbulent flows in curved diffusers with 
different separation flow were used in the 
calculation. The calculation results obtained 
using the RANS/ILES method [5], the effect of 
synthetic jets in a channel with area ratio 1.7 
and Mach number at the input of about 0.6 is 
presented in [13]. Paper[14] include a 
comparison of these calculations with 
experiment for the same channel. A good 
agreement between calculation and experiment 
was obtained in terms of total pressure loss at 
the outlet of the channel and in terms of the 
influence of the synthetic jets parameters on 
flow in the diffuser. 
To perform the calculation of turbulent flow 
separation in the diffuser channels was used a 
modified version of the research code JET3D, 
described in [5]. A distinctive feature of the 
code is the use of low-diffusive high fifth-order 
scheme to approximate the convective terms in 
the Navier-Stokes equations and turbulence 
model. In conjunction with the special form of 
writing the difference equations that makes it 
possible to perform calculations with high 
accuracy on relatively rough grids, even with a 
large non-orthogonality and non-uniformity of 
the grid. A typical mesh in the longitudinal 
section of the channel is shown in Fig. 8. Grid 
poins were unevenly distributed. The grid was 
condensed to the walls of the channel. In the 
longitudinal direction  the similar to the uniform 
smallest grid was in the conical part of the 
channel. Non-uniform in the longitudinal 
direction grid was used in the straight sections 
of the channel. The maximum step was near the 
input and output sections. In the rough grid area 
and around the walls of the channel flow is 
described using the method of time-dependent 
RANS - URANS with turbulence model of 
Spalart-Allmaras and in the separated flow 
zone, where were used small mesh using the 
implicit LES with subgrid model ILES. 

Modeling of experimental operating 
modes of GSJ which capacity depends on 
frequency (Fig. 2) was the purpose of 
calculations. The amplitude of "synthetic" jets 

selected close to observed in experiment. It 
should be noted that there were some 
differences between conditions of experiment 
and calculations. Mach number in experiment 
was fixed and not dependent on frequency of 
GSJ. At calculations pressure difference was 
fixed for all modes and is equal to 4200 Pa. The 
Mach number in the channel changed owing to 
change of level of losses of a total pressure 
depending on frequency of “synthetic” jets.  

Before comparison of results 
calculations with experimental data it is 
necessary to make some remarks. The sector of 
channel considered in calculation was in the 
width 20мм with a periodicity condition on 
walls while the tested channel was width 150 
mm. The flow structure in the channel wasn't 
symmetric (Fig. 4.), that couldn't be found in 
calculation. The computational grid was 
constructed so that a step in the longitudinal 
direction in the output section of the channel 
was not enough to resolve small turbulent 
eddies. This led to what is on the bottom wall 
formed flow separated "laminar" zone, which is 
somewhat distorted the results and led to an 
increased level of total pressure losses in the 
section where made the experimental 
measurements of total pressure. In addition, the 
rate of synthetic jets depending of frequency is 
also evaluated approximately. 

Fig. 9 contained the distribution of the 
relative level of decrease total pressure loss 
(1.0-σ)/(1.0-σ0),%, depending on the frequency 
of GSJ. The data obtained by calculations using 
RANS/ILES match with experimental data at a 
frequency f<200 Hz. Possible reasons for the 
differences already described above. We think 
that at high frequencies are set too low velocity 
amplitude of “synthetic” jets. 

The data provided in Fig. 11 were obtained 
at a GSJ frequency of 150 Hz and the jets 
velocity of 70 m/s. Velocity at the channel inlet 
in the experiment was fixed at M=0.3. Velocity 
in the calculations was different, without GSJ 
M=0.33, with GSJ M=0.37. There is good 
agreement with the level of total pressure 
pulsations. Flow separation in the calculation 
stronger because of the higher speeds. To 
compensate for the strengthening of the 
separation flow caused by the increase in flow 
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rate, the section was moved 15 mm closer to the 
entrance. Graphs better match for a location and 
level (Fig. 12). 

Detailed comparison calculations with 
experimental data for the channel on the same 
modes showed good adequacy of the calculation 
method used for such flows. This made possible 
to take the next step and significantly extend the 
range of investigated parameters GSJ. Modes 
that can’t get in experiment were calculated. Jets 
with high velocities, large frequencies and 
amplitudes have been investigated. Parameters 
such as position and velocity angle of the slits of 
GSJ. 

The optimal mode for flow with M = 0.6 
was found. The losses in the channel decreased 
by 51% at a frequency 400 Hz and GSS jet 
velocity 80 m/s. With these parameters, the 
effectiveness of GSJ decreases with any change 
in the frequency and speed of GSS. This 
indicates that optimal control management on 
the flow existed. Similar conclusions were 
obtained from the experimental data for lower 
flow speeds. The positive effect on M=0.8 was 
found only at a speed of GSJ 150 m/s. This can 
be explained that at high speed and kinetic 
energy of the flow required for the effects 
"synthetic" jets with more energy. 

We investigated the effect of phase 
difference of “synthetic” jets to flow parameters 
and efficiency of the impact the jets. The 
changed parameters of "synthetic" jets ranged 
within the following limits: amplitude - 50-200 
m/s, the frequency - 100-200 Hz, the phase 
difference between neighboring  jets - 0-180º. 
All other parameters remained unchanged. 

Level of total pressure losses at the outlet 
of channel changed non-monotonically from the 
phase difference from 0 to 180 and the 
frequency of the jet. In most cases greater 
efficiency is observed when the phase difference 
is 45 º (Fig. 12). The level of total pressure loss 
reduction is 21%. The maximum reduction of 
losses achieved when frequency is 150 Hz and 
the phase difference is 0º. The least efficiency 
of "synthetic" jets corresponds to the phase 
difference 90º. The increase of jets velocity 
amplitude from 50 m/s to 200 m/s decreased 
monotonically level of total pressure losses in 
the channel from 19% to 35%. Increasing 

"synthetic" jets frequency reduced the total 
pressure losses non-monotonic. It maximum 
was observed at a frequency of 150 Hz. The use 
of "synthetic" jets not only influence to a 
decrease total pressure losses, but also affects to 
distributions of averaged parameters and the 
level of turbulent fluctuations of these 
parameters at the channel. Unevenness of the 
time averaged static pressure decreases in the 
presence of "synthetic" jets. 

4   Summary. 

Combined experimental and numerical 
research of "synthetic" jets influence on the 
flow in the channel was carried out. It was 
experimentally proved that the level of total 
pressure losses in the channel can be reduced by 
half. RANS/ILES method allows investigating 
the influence to flow characteristics position, 
frequency and amplitude of the synthetic jets, as 
well as the phase difference of the neighboring 
jets. Comparison of numerical simulation results 
and experimental data in a wide range of 
parameters "synthetic" jets showed good 
correspondence of this calculation method for 
such flows. We found that for all flow modes 
the synthetic jets improved the characteristics of 
the channel. It caused by that "synthetic" jets 
reduce or completely eliminate the flow 
separation zone on upper wall of the channel. 
Flow modes in the channel and the parameters 
of GSJ that could not be obtained 
experimentally have been investigated 
numerically. We found that the level of total 
pressure losses can be decreased by half for 
flows with Mach number < 0.6. Not-in-phase 
jets study showed that almost all the 
investigated modes are useful not-in-phase jets. 
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Figures  

Fig. 1. Description of the experimental model. 
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Fig. 2. The dependence of power density from 
frequency. 
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Fig. 3. Distribution of the total pressure values 
in the various sections of the channel at M=0.4. 
1 – sections B, without the GSJ; 2 – sections B, 
with enabled GSJ; 3 – sections A, without the 
GSJ; 4 – sections A, with enabled GSJ. 
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Fig. 4. Distribution of the total pressure values 
at 10 and 20 mm from the channel's upper wall 
at M=0.4. 1 - 10 mm from the channel's upper 
wall without the GSJ; 2 - 10 mm from the 
channel's upper wall with enabled GSJ; 3 - 20 
mm from the channel's upper wall without the 
GSJ; 4 - 20 mm from the channel's upper wall 
with enabled GSJ. 
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Fig. 5 The level of reduction of total pressure 
loss relatively base level, depending on the 
Mach number for three different GSJ velocities. 
1 - 35 m/s, 2 - 55 m/s, 3 - 70 m/s. The frequency 
was chosen from the condition of maximum 
efficiency. 
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Fig. 6. The total pressure losses in the channel 
depending Mach number. 1 - without GSJ, 2 - 
with enabled GSJ. 
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Fig. 7. The increase in total enthalpy flux with 
using generator "synthetic" jets depending Mach 
number. 
 

 
Fig. 8. The computational grid. 
 

 
Fig. 9 Dependence of relative reduction of 
losses of a total pressure layer (1.0-σ)/(1.0-σ0), 
%,  in section B:Х=350мм from frequency of 
GSJ. Calculations have Mach number tips. 
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Fig. 10. The levels of pressure fluctuation in 
section A. 1 - experiment without GSJ, 2 - 
Experiment with GSJ, 3 - Calculation without 
GSJ, 4 - Calculation with GSJ. S is the distance 
from the upper wall of the channel. 
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Fig. 11. The levels of pressure fluctuation in 
section A-15mm. 1 - experiment without GSJ, 2 
- Experiment with GSJ, 3 - Calculation without 
GSJ, 4 - Calculation with GSJ. S is the distance 
from the upper wall of the channel. 
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