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ABSTRACT 

Dielectric Barrier Discharge (DBD) plasma actuators for 
active flow control in the jet engine need to be tested in the 
laboratory to characterize their performance at flight operating 
conditions. DBD plasma actuators generate a wall-jet 
electronically by creating weakly ionized plasma, therefore 
their performance is affected by gas discharge properties, 
which in turn depend on the pressure and temperature at the 
actuator placement location. Characterization of actuators is 
initially performed in a laboratory chamber without external 
flow. It is usually impractical to simultaneously set engine 
pressures and temperatures in a chamber, and a simplified 
approach is desired. It is assumed that the plasma discharge 
depends only on the gas density. Other temperature effects are 
assumed to be negligible. Therefore, tests can be performed at 
room temperature with chamber pressure set to yield the same 
density as in engine operating flight conditions. Engine data 
was obtained from four generic engine models; 300-, 150-, and 
50-Passenger (PAX) aircraft engines, and a military jet-fighter 
engine. The static and total pressure, temperature, and density 
distributions along the engine were calculated for sea-level 
takeoff and altitude cruise, and the chamber pressures needed 
to test the actuators were calculated. The results show that 
testing has to be performed over a wide range of pressures 
from 12.4 to 0.03 atm, depending on the application. For 
example, if a DBD plasma actuator is to be placed at the 
compressor exit of a 300 PAX engine, it has to be tested at 12.4 
atm for takeoff, and 6 atm for cruise conditions. If it is to be 
placed at the low-pressure turbine, it has to be tested at 0.5 and 
0.2 atm, respectively. These results have implications for the 
feasibility and design of DBD plasma actuators for jet engine 

flow control applications. In addition, the distributions of unit 
Reynolds number, Mach number, and velocity along the engine 
are provided. The engine models are non-proprietary and this 
information can be used for evaluation of other types of 
actuators and for other purposes. 
 

NOMENCLATURE 
H  Altitude 
M  Mach number 
P  Static pressure 
R  Gas constant 
Rey  Reynolds number 
T   Static temperature 
V  Velocity 
X  Axial distance along the engine 
ρ   Density 
 
Subscripts 
c Conditions in chamber 
 
INTRODUCTION 

There is strong interest in active flow control techniques 
for applications in the jet engine, for example, to eliminate flow 
separation, improve efficiency or reduce noise [1]. Dielectric 
Barrier Discharge (DBD) Plasma actuators were proposed for 
active flow control of various flows, and the technology has 
been an active research area in the last decade. 

The main active flow control technique in aerodynamics is 
based on injection of small jets in a steady or unsteady manner 
into the flow. The small input creates a large global effect that 
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provides the desired flow improvement. DBD plasma actuators 
create a wall-jet by purely electronic means. The jet can be 
steady, or in unsteady mode by pulsing or modulating, and can 
be used for active flow control, similar to any pneumatically- or 
mechanically-generated jet. 

A DBD actuator is shown in Fig. 1. The actuator consists 
of a pair of thin conducting electrodes separated by a dielectric. 
Usually there is one exposed electrode and one covered 
electrode and the electrodes are offset. Typically, at 
atmospheric conditions, a high voltage (1 to 40 kV RMS), high 
frequency (1 to 20 kHz), signal is applied to the electrodes, 
creating localized weakly ionized gas plasma discharge on the 
surface near the edge of the exposed electrode. A typical 
discharge is shown in Fig. 2. 

The jet is generated in the plasma region via the 
electrohydrodynamic effect, a process of collisions between 
ions and neutral molecules in the plasma. The actuator 
construction is very simple, but the physical mechanisms 
involved are quite complex and include interactions among 
electrical fields, electrons, positively and negatively charged 
species, the electrodes, and the dielectric surface [2 to 4]. Gas is 
drawn from the surroundings to form a thin wall jet that is 
roughly parallel to the surface and directed away from the 
exposed electrode edge in the direction of the covered 
electrode, as visualized by experiments and computation [5 to 
7]. There is slight heating involved, but its effect on the jet is 
negligible. Other types of plasma-based flow control devices 
that generate localized intense heating [8] are not included in 
the scope of devices addressed in this paper. More detailed 
information and references on DBD actuators and their 
applications for aerodynamic flow control can be found in 
several review articles including [9 to 12]. 

The advantages of DBD actuators are that they are surface-
mounted, fully electronic, low power, high frequency-band 
devices. There are no moving parts, tubes, ducts or surface 
holes. Flexible operation is possible by controlling the input 
voltage and waveforms. DBD plasma actuators are particularly 
attractive for gas turbine and turbomachinery applications: 
They are thin, surface mounted, and do not require internal 
volumes or passages. Their construction can be made suitable 
for high temperature environment by choosing high-
temperature alloys for the electrodes and temperature-resistant 
ceramic materials for the dielectric. They can easily be 
integrated with futuristic engine components to be made of 
ceramics and composites.  

The majority of the research in DBD actuators area was 
focused on applications in external flows, particularly for wings 
and airframes, rather than on propulsion. But there have been 
important efforts directed to turbomachinery applications. 
There have been several successful experimental 
demonstrations of active flow control with DBD plasma 
actuators to eliminate low Reynolds number separation in Low-
Pressure Turbine flows [13 to 16], and to reduce effects of 
turbine tip leakage [17 to 20]. Those experiments were 
performed in wind tunnels or linear cascades at room 
temperature. 

DBD actuators need to be tested in actual flight conditions 
in order to be used as flow control devices in practical 
applications. Some flight tests were performed on air vehicles; 
on a small remotely controlled airship [21, 22], a full-size 
piloted glider [23], and a small UAV [24], but no tests have 
been performed in jet engines. The aerodynamic performance 
of the actuators needs to be characterized to prove that they 
have sufficient authority at the flow conditions at the location 
of their placement in the jet engine. In addition, the electrical 
performance, particularly the power consumption of the 
actuators, needs to be quantified, as it is needed for design of 
power supplies and for cost-benefit analysis of the flow control 
technology. This paper addresses the test conditions needed to 
characterize the actuators in the laboratory. 

The basic characterization in the laboratory is performed 
without external flow. The aerodynamic performance is 
characterized by measuring the velocity profile of the wall jet 
and/or the thrust generated by the actuator. The electrical 
performance is characterized by measuring the current, voltage 
and power. Most of the tests to date have been performed at 
room temperature and atmospheric conditions, but in order to 
simulate flight conditions the actuator has to be placed in a 
chamber with controlled temperature and pressure 
representative of the flow conditions in flight. A small number 
of tests are reported in the literature in chambers at room 
temperature and sub atmospheric conditions, with some 
conflicting results [25 to 32]. Tests at atmospheric altitude 
conditions have been performed in an environmental chamber 
[33], where temperature and pressure were varied 
simultaneously. These tests were mostly motivated by 
aerodynamics applications. Tests at above-atmospheric 
pressures at room temperature were reported in [34, 35] and 
provide information relevant to internal flow applications. 

The applications of interest here are in the jet engine, and, 
therefore, the actuator performance has to be tested in 
conditions that simulate the operating conditions in flight, at the 
location where the actuator is placed. But it is challenging to 
simultaneously replicate the pressures and elevated temperature 
conditions of the jet engine in a chamber. It is desirable to find 
a simpler approach to eliminate this technical complication. 
The question that arises is how to simulate the conditions in an 
operating jet engine in order to test the actuators. The answer is 
anchored in the physics of the DBD plasma and can simplify 
the testing. Because the principle of operation of DBD 
actuators depend on electrical discharges and on the associated 
force generation mechanisms, the performance of the actuator 
will be affected by the pressure, temperature and properties of 
the gas. It is assumed that for the range of temperatures in the 
jet engine, the gas density alone is the significant gas property 
influencing the performance of the actuator. Therefore the 
flight conditions can be simulated by matching the density in 
the laboratory. It is a simple idea that was not proposed before. 

The outline of this paper is as follows. First, information is 
provided on pressure, temperature, density, velocity, Mach 
number and unit Reynolds number distribution along the 
stations of four typical jet engines. This information is derived 
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from non-proprietary models of engines used in system analysis 
studies by NASA. These models include cycle, flow path and 
sizing. Then, by setting the chamber pressure at room 
temperature, the density is matched to the operating conditions 
in flight. The range of the needed chamber pressures was 
calculated. It depends on the placement of the actuator, and the 
results are presented for the four typical engines at takeoff and 
cruise conditions. This information is useful to serve as a 
guideline for testing requirements of DBD plasma actuators at 
engine flight conditions. The engine information documented 
here, which is often hard to find in publically available sources, 
is useful for evaluation of other types of actuators as well as for 
other purposes. 
 
JET ENGINE DATA SOURCE—ENGINE MODELS 

The engine models used in this study were developed 
based on information available in open literature and empirical 
estimates. Cycle analysis was performed with the Numerical 
Propulsion Simulation System (NPSS) code [36, 37], providing 
performance parameters such as thrust, component pressure 
ratios, and velocities, temperatures, and pressures at each 
engine station. Aeromechanical analysis and estimates of 
engine and component weights were calculated using the 
Weight Analysis of Turbine Engines (WATE) code [38], which 
also provides a flow path schematic of the engine. Engine 
models were developed for a total of four generic engine types: 
300-, 150- and 50-passenger (PAX) aircraft engines, and a 
military jet-fighter engine. The models are a good 
representation of actual engines. The primary engine 
parameters of thrust, weight, overall pressure ratio, and bypass 
ratio are listed in Table 1 and the schematic of each engine is 
shown in Fig. 3. The axial coordinates of the components 
outflow planes are listed in Table 2. 

Engine conditions were calculated at the inlet and exit 
planes of the various engine components. Variable gas 
thermodynamic properties were used in the calculations. Data 
was acquired for two engine operating conditions: sea-level 
takeoff and altitude cruise at 35,000 ft. Data for the 50 PAX 
engine is also shown for an additional cruise altitude of 
65,000 ft, as this type of engine is also used for high flying air 
vehicles. Figures 4 to 7 show the following parameters for each 
engine: static and total (stagnation) pressure, temperature, and 
density, unit Reynolds number, Mach number, and velocity. 
Ideal gas conditions were assumed. For all data shown, the 
flight Mach numbers are M = 0.8 at cruise and M = 0 at takeoff. 
Figure 6(d) for the 50 PAX engine also shows the unit 
Reynolds number for cruise Mach numbers of M = 0.5, 0.6, and 
0.8 at altitude of 65,000 ft. The figures show the variation of 
the various parameters as a function of the axial distance X 
along the engine. An annotated schematic of the engine 
accompanies every figure to help in identification of the various 
stations. 

There is more data presented than is strictly needed for 
development of the subject test conditions. The motivation for 
including the extra data is to make it available to the research 

community because it is hard to find non-proprietary actual 
engine data. The engine data presented here is unrestricted and 
can be used for other purposes. 
 
TEST CONDITIONS FOR DBD PLASMA ACTUTORS 

Several assumptions are used to develop the test conditions 
in laboratory experiments in quiescent environment (no flow) 
in a chamber:  
 
(a) The effect of temperature and pressure on plasma kinetics 
and chemistry is ignored. This assumption is reasonable for the 
range of temperatures in the jet engines, and is further 
discussed below. 
(b) The effect of temperature on the electrical properties of the 
actuator, particularly on the capacitance of the dielectric, is 
negligible. The capacitance variation was calculated by [33], 
and was shown to be small. 
(c) Actuator heat generation is negligible. This assumption is 
based on experimental observations for the range of power and 
voltages applied to conventional DBD plasma actuators.  
(d) Gas composition effects are ignored. There is a small effect 
of the composition of the atmosphere variation with altitude 
mainly due to variation of the oxygen/nitrogen ratio [32]. 
Potentially there may be an effect due to the presence of 
combustion products in the areas of the engine downstream of 
the combustors. For simplicity these effects are assumed to be 
insignificant.  
(e) Gas thermodynamic properties are constant (except in the 
engine model data calculations). 
 

The main assumption is that the gas density number is the 
only parameter that governs the physical process of the jet 
generation by the plasma discharge. A process of collisions 
between ions and neutral molecules create the forces that result 
in the jet. The collisions are governed by the mean-free-path 
and the number of molecules in a unit volume. Therefore, with 
the assumptions listed above, the gas density in laboratory tests 
should be the same as the density at the application flight 
conditions.  

Assessment of the validity of these assumptions and 
possible subsequent refinements is a subject of future work. 
With these assumptions, the main factor affecting the jet 
generation dependence on pressure and temperature is captured 
by considering only the density, therefore, the conclusions 
provide at least a very good approximation.  

Validation of the assumption that temperature affects only 
the density is not trivial. It is known that some of the reactions 
between different charged molecules and electrons in the 
plasma are temperature dependent. Usually the dependence is 
weak except for the temperature dependence of electron 
attachment processes, which can be significant above 1800 °R 
(1000 K). It seems that the only practical approach to assess the 
full effect of temperature and pressure on the momentum 
transferred to the fluid is to use numerical simulation of the 
DBD plasma actuator at different densities and pressures. This 
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simulation is challenging and is planned to be performed in the 
future. The authors are not aware of any reported work on this 
topic. 

The assumption that the temperature affects only the 
density is very reasonable for temperatures under 1800 °R 
(1000 K). The open question is if it is significant at higher 
temperature levels. If it turns out that there is divergence from 
this assumption at all, it is expected to affect the calculated test 
conditions only for applications in the combustion chamber and 
the high-pressure turbine, which are at temperatures higher the 
1800 °R, as seen from Figs. 4 to 7.  

The chamber pressure and temperature to yield the same 
density as in flight is calculated as follows. 

The gas density in the laboratory test chamber should be 
the same as the density at the application flight conditions, 
 

ρ=ρc  
 
where subscript c indicates conditions in the chamber. 
Assuming an ideal gas with constant R,  
 

RTP /=ρ  
 
the following relationship is obtained 
 

( )c
c TT

PP
/

=  

 
where 
 
Pc, Tc, ρc – Laboratory chamber pressure, temperature, and 
density. 
 
P, T, ρ – Static pressure, temperature and density at flight 
conditions. 

The chamber pressures were calculated from the engine 
model data for the four generic engines. In the calculations sea-
level pressure was 17.7 psi. Sea-level temperature was 545.7 °R 
(29.8 °C). This was also the value of the chamber room 
temperature. The results are displayed in Fig. 8. 
 
DISCUSSION 

The results show that the test chamber pressure varies 
greatly, from sub-atmospheric to above atmospheric pressures, 
depending on the operating conditions and location of the 
placement of the actuator in the engine. For example, if a DBD 
plasma actuator is to be placed at the inlet to the high pressure 
turbine for the 300 PAX engine, it has to be tested at 6 atm if it 
is intended to operate at sea-level takeoff conditions, and at 
2.9 atm if it is intended to operate at 35,000 ft cruise. If it is to 
be used in the exit of high-pressure compressor duct (burner 
inlet) it has to be tested at 12.4 atm at takeoff conditions, and at 
6.2 atm at 35,000 ft cruise conditions. If it is to be used at the 
low-pressure turbine exit, it has to be tested at 0.5 atm for 

operation at takeoff and at 0.2 atm at cruise. If the actuator is to 
be placed on the low-pressure turbine of the 50 PAX engine 
flying at 65,000 ft, its performance has to be tested at a very 
low chamber pressure of 0.03 atm. 

Note that the calculations are based on conditions at the 
inflow and outflow planes of the various engine components. 
The calculated points are connected with straight lines. Further 
modification is needed to account for local flow conditions 
inside the component. For example, in turbomachinery there 
are inter-row and inter-stage variations, and in inter-blade 
passages there is acceleration or diffusion or even shock waves 
that will modify the results. Those local modifications are not 
included in this study and are left for future work. 

Note also that the results shown in Fig. 8 display the 
chamber pressures based on total (stagnation) as well as static 
conditions in the engine. The reason that the results 
corresponding to total condition are shown is that the total 
conditions are equal to static condition at locations where the 
velocity is zero, corresponding to placement of the actuator at 
locations such as the leading edge of a turbine or compressor 
airfoil. As can be seen in the figure, the differences are not 
large. 

Additional insights can be gained from the distribution of 
the unit Reynolds number. Usually low unit Reynolds number 
may indicate flow separation. For example, it is known that 
there is a flow separation problem on the low pressure turbine 
(LPT) at altitude. Those locations are good candidates for 
implementation of active flow control. However, those 
locations are also characterized by low density, requiring the 
plasma actuator to be tested at low chamber pressures. DBD 
plasma actuators may suffer from loss of performance as the 
pressure is decreased (note that there are insufficient and 
conflicting results in published literature). Therefore, laboratory 
testing is critical to establish that the DBD actuators can 
perform adequately under those conditions. 

It is important to note that in the field of weakly ionized 
plasma research, laboratory experiments were traditionally 
performed in a vacuum chamber at room temperature. It 
therefore became common in that field to specify the chamber 
pressure as an experimental parameter. This may have led to 
habitually considering the pressure, rather than the density, as 
the relevant parameter. 
 
CONCLUSIONS 

Data on flow conditions in four generic jet engines was 
presented, and because it is non-restricted, the data is useful for 
various applications related to formulating test conditions of 
flow control devices placed in different engine components. 
The data was used to develop test conditions for 
characterization of DBD plasma actuators in a chamber at room 
temperature. The underlying assumption is that the 
performance of DBD actuators depends only on the density and 
that all other temperature-related effects are negligible at the 
temperature range existing in the jet engine. Based on this 
assumption and the engine models data, the pressure needed to 
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be set in the test chamber to simulate operating conditions in 
the engine was calculated. The pressures vary with the 
placement of the actuator in the engine, the type of engine, and 
the flight operating conditions. There is a wide spread in the 
pressure range, depending on the specific application, and can 
vary from 12.4 to 0.03 atm for the four engine models and 
flight conditions considered. 
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Table 1. Parameters of four engine models. 
 

Engine  Thrust Weight OPR BPR 

 At Sea-level static Bare Engine Overall Pressure Ratio Bypass 
Ratio 

 (lbf) (lb) At Sea-level At 35k ft At 35k ft 

300PAX 86,700 18,400 37.8 45.7 8.3 

150PAX (future) 23,400 5,100 33.5 42.0 14.3 

50PAX 7,600 1,300 23.5 28.4 5.3 

Military 18,500 3,800 33.4 33.6 0.4 
 

 

 

Table 2. Axial coordinates of engine model components. 
 

300 PAX 150 PAX 50 PAX Military 

X, 
in. 

Component 
outflow plane 

X, 
in. 

Component 
outflow plane 

X, 
in. 

Component 
outflow plane 

X, 
in. 

Component 
outflow plane 

Core Core Core Core 
–60 Ambient –45 Ambient –20 Ambient –20 Ambient 
0 Inlet 0 Inlet 0 Inlet 0 Inlet 
24 Fan 15 Fan 6 Fan 22 Fan 
24 Splitter 15 Splitter 12 Duct 25 Duct 
26 Duct 15 Duct 46 HPC 56 HPC 
46 LPC 28 LPC 48 Duct 60 Duct 
59 Duct 39 Duct 55 Burner 69 Burner 

110 HPC 65 HPC 58 HPT 77 HPT 
111 Duct 66 Duct 59 Duct 78 TDuct 
120 Burner 73 Burner 71 LPT 86 LPT 
129 HPT 77 HPT 86 Mixer 95 Mixer 
138 Duct 84 Duct 103 Nozzle 106 Duct 
181 LPT 100 LPT Bypass 146 Augmentor 
188 Duct 103 Duct –20 Ambient 190 Nozzle 
212 Core Nozzle 115 Core Nozzle 0 Inlet Bypass 

Bypass Bypass 6 Fan –20 Ambient 
–60 Ambient –45 Ambient 71 Duct 0 Inlet 
0 Inlet 0 Inlet 86 Duct 22 Fan 
24 Fan 15 Fan    86 Duct 
24 Splitter 15 Splitter    95 Mixer 
59 Bypass EGV 30 Bypass EGV       
95 Duct 47 Duct       

149 Bypass Nozzle 86 Bypass Nozzle       
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