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Abstract: Major factors affecting efficiency of plasma synthetic jet actuator (PSJA) are analysed based 

on a new discharge model in the present paper. The model couples the magnetohydrodynamics (MHD) 

equations with the resistor-inductor-capacitor (RLC) equations, and is able to resolve the 

time-dependent voltage fall on the sheath region and arc region, which is critical in analyzing energy 

loss in the heating process. This model is integrated into the commercial CFD software by a 

two-equation method. Results show that in a typical capacitive discharge at microsecond scale, the 

maximum energy loss is the sheath energy loss, which accounts for nearly half of the discharge energy, 

while the radiation loss is less than 5%. The discharge time is an important parameter for the PSJA 

efficiency. A short discharge time less than 1 microsecond will effectively reduce the sheath energy 

loss, while a longer discharge time will decrease the thermodynamic efficiency. 

Keywords: plasma synthetic jet actuator; energy efficiency; MHD; gas discharge model 

1 Introduction 

 The synthetic jet is a promising flow control method and a popular subject of many investigations. 

Based on a back-and-forth motion of a displacement object, the synthetic jet is easy to be generated. 

However, the moving component and its supporting components are relatively sensitive, and there is a 

general tendency to remove them and use a no-moving-parts instead. The first solution is to use the 

no-moving-part fluidic oscillator[1-5]. However, for the oscillator actuator, the gas supply is necessary. 

Another actuator is the plasma actuators, which makes use of discharge to accelerate the gas. The 

dielectric barrier discharge (DBD) plasma actuator and plasma synthetic jet actuator (PSJA) are two 

representatives. The DBD features two flat electrodes flush mounted on either side of a dielectric[6-8]. 

The PSJA consists of electrodes (anode and cathode) in a chamber with an orifice[9][10], as shown in 

Fig. 1. Different from DBD, the PSJA can generate high-speed jet, up to 100 m/s. In recent years, 

PSJA has shown promising capabilities in various applications such as control of shock wave/boundary 

layer interaction [11][12], shock wave manipulation[13][14] and flight control[15]. 

 

Fig. 1 The structure of the PSJA 

However, PSJA has been suffering from the drawback of low efficiency. The efficiency of PSJA 

was estimated toas 20-30%[16] by Haack. An even lower efficiency of 4-10% was measured by a laser 

displacement sensor[17] . Efficiency less than 5% was also reported in a few of numerical studies[18][19]. 

The present work is thus to identify the reasons causing such low efficiency.  
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 PSJA is an energy conversion device, which converts electric energy to jet mechanical energy. 

Following the energy flow of the PSJA operational cycle as shown in Fig. 2, the total efficiency 

consists of discharge efficiency, heating efficiency and thermodynamic cycle efficiency.  

 

Fig. 2 Energy flow diagram of the PSJA 

Substantial experimental and numerical works have been carried out to reveal the characteristics 

of the PSJA. In some early studies, the simplified model is widely used[20]-[24], where the heating 

process is ignored. The gas temperature in the PSJA cavity after discharge is calculated based on the 

constant volume heating theory. A model incorporating several heating power distribution laws by 

Taylor et al.[25] was later proposed to investigate the temporal and spatial influences of heating power 

distribution. However, the distribution laws were given based on experience and they are hard to be 

validated experimentally. Hardy et al.[26] included the resistor-inductor-capacitor (RLC) circuit model 

into the simulation by assuming the arc as a constant resistant. The ONERA group proposed a complete 

model of PSJA actuator, which contains more physical content, such as the real gas effect and discharge 

simulation. A more complex model coupled with RLC circuit was established by Dufour[27]. In this 

model, the electric field is assumed to be homogeneous and oriented in the axial direction of the arc. A 

similar model was proposed by Laurendeau et al.[28] recently, where the sheath resistance is assumed to 

be proportional to the arc resistance.  

Reviewing on the existing models, the simulation of the heating process is critical to the accuracy, 

however, the majority of simulations focus on jet characteristics. In the present work, a discharge 

model coupling the MHD model with the typical RLC circuit is proposed to analyze the energy loss. In 

this model, the electric filed is calculated by solving the potential conservation equation. The magnetic 

force induced by discharge current, the real gas effect, the sheath voltage fall, the radiation loss etc. are 

all taken into consideration. Based on this model, these energy loss factors are investigated in detail, 

including sheath energy loss, radiation loss, and energy loss in the heating process. At last, the 

influence of capacitance and inductance on the energy loss is discussed, and some suggestions for a 

higher efficiency PSJA is are proposed. 

2 Simulation model setup 

This model includes two sub models, a MHD model[29]-[32] and a RLC electrical model. The two 

sub models are connected with two variables, the voltage across the plasma region and the discharge 

current. The voltage across the plasma region consists of two main parts, the sheath voltage fall and the 

arc column voltage fall. In previous models, the arc column voltage fall is calculated based on the 

discharge current and the plasma resistance. In addition, the arc column resistance is obtained by 

integration method, which assumes that the electrical conductivity is independent on the axial direction, 
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and only changes along with the radial direction. Actually, in plasma region, the electrical conductivity 

distribution depends on the axial length. In this paper, the voltage across the plasma region is 

calculated by solving the potential conservation equation, which avoids the inaccuracy induced by 

calculating the plasma resistance. What’s more, this model is easy to be applied to complex geometry 

structures. 

2.1 Model establishment 

2.1.1 Basic assumptions 

To establish this simulation model, some assumptions must be made. 

A. The flow induced by arc discharge is axial symmetric. No sensible gains in model accuracy are 

reported when a more computational expensive three-dimensional approach is adopted[33]. 

B. The plasma meets local thermodynamic equilibrium (LTE) condition in the entire domain, so all 

the domain possesses the same temperature. Based on an energy balance equation, the evolution of 

the electron temperature and neutral particle’s temperature with the pressure in arc discharge are 

plotted in Fig. 3. It is observed that plasma and air can be considered as fluid with same 

temperature, when the pressure is larger than 10 kPa. Therefore, the discharge in atmospheric 

pressure meets the LTE condition. 

 

Fig. 3 Evolution of the electrons and heavy particles’ temperature with the pressure 

C. The plasma is optically thin and radiation loss is modeled by a net emission coefficient. This is one 

of the simplest and most widely used methods for evaluating radiation loss in thermal 

plasma[34][36]. 

D. Property parameters of the plasma are functions of the gas temperature and pressure, which is 

widely used in the arc simulation[18][28]. 

E. The sheath voltage contains two parts, the anode fall and the cathode voltage fall. Based on the 

results of Zhou[37], the cathode voltage fall is fitted as the function of the discharge current. The 

function is expressed as equation (1), and the fitting results are plotted in Fig. 4. The anode voltage 

fall is supposed to be proportional to the cathode voltage fall. The proportional coefficient is set as 

0.3, based on the results of Hemmi[38]. So the voltage across the plasma region up is indeed the sum 

of the calculated voltage difference ua,c between the cathode and the anode based on MHD model 

and the voltage fall on sheath, which is calculated by equation (2). 

  0.5882

c  22.64exp 0.273  11.62u I    (1) 

 
c ,1.3p a cu u u   

(2) 

 



 

 

Fig. 4 Evolution of the voltage fall on sheath with the discharge current 

2.1.2 MHD model 

Based on the above assumptions, the transport equations in axisymmetric coordinate system can 

be written as follows. 

Mass conservation equation: 

 
    0r

x r

v
v v

t x r r


 

  
   

  
 (3) 

Axial and radial momentum conservation equations: 
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Energy conservation equation: 
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Potential conservation equation: 
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Axial and radial vector potential conservation equations: 
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(7) 

In the above equations, ρ and p denotes density and pressure respectively; v represents the velocity, 

vx and vr stands for the axial and radial velocity respectively; E is the internal energy; h stands for the 

enthalpy; κeff represents the thermal conductivity; εn denotes the net emission coefficient, which is 

obtained from [39] for one atmosphere, and values for other pressures are got by multiplying the ratio 

of local pressure to one atmosphere pressure[40]; kb stands for Boltzmann constant; e is the elementary 

charge, σ represents the electrical conductivity. Bθ is the magnetic field, which is calculated by equation 

(8); the current density components jx and jr can be deduced from the potential, as equation (9). 
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(9) 

To solve these conservation equations, the gas state equation must be added. The calculated 

results of Angola et al. are used[41]. Based on these fitting equations, the thermodynamic and transport 

properties of high temperature equilibrium air plasma can be calculated in a wide range of pressures 

(0.01-100 atm) and temperatures(50-60000 K). Main results are plotted in Fig. 5. 

    

       (a) Specific heat                (b) Thermal conductivity 

     

         (c) Viscosity                 (d) Electric conductivity 

Fig. 5 LTE properties of plasma gas at different pressure and temperature 

2.1.3 Resistor-inductor-capacitor (RLC) electrical model  

 In a very short time step, the voltage across the plasma region can be assumed to be constant. The 

spark discharge circuit can be regarded as a typical RLC circuit, as shown in Fig. 6. The time dominant 

model of discharge circuit is established, as shown below. 

 

Fig. 6 Simplified discharge circuit 
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In this equation, u(t) is the voltage across the capacitor; R is the total resistance of wire and 
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equivalent series capacitor resistance; us is the voltage across the plasma region, which is calculated by 

equation (2); C is the capacitance, L is the wire inductance. 

2.2 Model solution 

2.2.1 Solution method 

To solve this model, commercial software FLUENT is adopted. The computation mesh created 

with ANSYS ICEM is fully structured. The computation domain is shown in Fig. 7. As the electrode 

radius is larger than the electrodes gap distance, the sphere electrode can be simplified as parallel plate 

electrode. Considering the high turbulence produced by discharge heating, RSM turbulence model is 

adopted, which has been validated to produce more accurate results than other models[42]. The potential 

conservation equation, axial and radial vector potential conservation equations are solved using 

user-defined scalar (UDS) approach offered by FLUENT software. User-defined functions are adopted 

to calculate some necessary parameters appearing in the equations, such as Bθ, jx, jr and so on. The gas 

thermal state model is established using the real gas model offered by FLUENT. Considering the 

compressibility of plasma flow, the coupled algorithm is adopted and the numerical scheme is implicit 

in time with the time step size set as 1 ns. To capture the shock wave, the second upwind discretization 

is used in pressure terms, momentum and energy equations.  

A B

CD
Symmetry 

axis

Electrode boundary

Air

boundary

Electrode boundary

 

Fig. 7 Computation domain 

2.2.2 Boundary conditions 

The boundary conditions used in two dimensions are given in table (1), where k is the thermal 

conductivity of electrode material; T is the temperature at the electrode internal surfaces; T0 is the 

temperature of the external surfaces of the sidewalls, which is assumed to be approximately the 

environmental temperature (300K); d is the thickness of the electrodes.  

Table 1 Boundary conditions for the 2D arc model  

 

The current density is difficult to be calculated accurately. The current density distribution Ji on 

cathode electrode surface must satisfy the equation (11), where Ai is the area of the boundary elements. 

For an axial symmetry configuration, this condition can be expressed as equation (12). So the general 

solution of this condition is given in equation (13). In this paper, the coefficient αi is given by equation 

(14), where σr is the electrical conductivity of plasma region element near the cathode, ra is the cathode 

spot radius, which varies with the charge current. In this paper, the cathode spot radius ra is calculated 

by equation (15), which is a fitting function from the research results of Zhou and Heberlein[37]. The 

fitted results are plotted in Fig. 8. 
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Fig. 8 Cathode spot radius at different discharge currents 

2.2.3 The two-equation solving method 

Since the physical process of the anode and cathode is different, the boundary type of potential 

conservation equation for the anode and cathode must be different. In the MHD simulation, potential 

boundary type of the anode electrode is a zero potential condition, while the cathode electrode is a 

current density condition. In the traditional arc simulation, the polarity of the electrode is fixed. But for 

the capacitive discharge simulated in this paper, the polarity of each electrode depends on the current 

direction. So the potential type at the electrode boundary changes alternately between zero potential 

condition and current density condition. But the boundary type can’t change automatically based on 

discharge current in the commercial CFD software. When the simulation starts, the boundary type must 

be chosen between a value condition (a potential value) and a flux condition (a current density). To 

solve this deficiency, a two-equation method is put forward to solve the potential conservation 

equation. 

At present, the majority of the commercial CFD software offers interface to solve the user-defined 

conservation equation. In the software, one conservation equation is regarded as an equation to be 

solved. To solve boundary type alternating process, a two-equation method is put forward. The core of 

this method is that one conservation equation is divided into two sub-equations to solve. The boundary 

conditions of the two equations are different. Only one result solved by the two equations is chosen as 



 

the accurate results based on some additional conditions. 

In order to solve the anode and cathode alternating process, two user-defined conservation 

equations about the potential conservation equation is set in the commercial CFD software, and two 

different potential boundary condition types are set. But only one result is chosen as the truereal 

potential field, which is determined by the discharge current. 

2.2.4 Initial condition 

Air breakdown is a complex process, which is not considered in this discharge model. This 

simulation starts just after breakdown of the air between the electrodes, using the conditions at the end 

of the breakdown as the initial conditions. The initial plasma diameter is taken as 0.5 mm, and the 

plasma temperature is set to 8000 K. At t=0, the velocity and the density of all the grids are taken as 0 

m/s and 1.17 kg/m3, respectively. Besides, the corresponding pressure is calculated by using the gas 

thermal state equation. 

2.3 Model validation 

To validate the simulation model, an experiment system is built, as shown in Fig. 9. A capacitive 

power supply is connected to electrodes. A DC power supply (0-10kV) is adopted to charge the 

capacitor. To ensure the discharge energy is only the energy stored in the capacitor. A large current 

limiting resistor (10 MΩ) is adopted. The capacitance and the breakdown voltage determine the 

discharge energy. To improve the accuracy of the experimental data, the discharge electrodes are made 

of two stainless steel spheres. The diameter of the sphere is up to 25mm, larger than the electrode gap 

distance. The two steel spheres are fixed on two micro positioning systems (sensitivity 1 μm), 

respectively. The voltage and the current isare measured by a high-voltage probe (Tektronix, P6015) 

and a current probe (Pearson, 6600), respectively. Measurement points have been illustrated in Fig. 9. 

An oscilloscope (Tektronix, DPO4014) is used to display and record the data. In this experiment, the 

capacitor is 2.2 nF, the inductance is 1.01 μH, the total value of wire resistance and equivalent series 

capacitor resistance is 0.84 Ω. The resistance is obtained by an impedance analyzer (Agilent 4285A). 

 

Fig. 9 Experiment system 

SupposedAssuming that the arc resistance kept unchanged in one oscillation period, the 

time-independent arc resistance can be calculated based on discharge current, as equation (16). The 

m ( )I n  presents the maximum /minimum current in the nth oscillation period. Based on calculated 

time-independent arc resistance using the simulation model, the average resistance in an oscillation 

period is calculated based on equation (17). As shown in Fig. 10, the calculated results show a good 

agreement with the experiment results. 
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Fig. 10 Model validation 

In the entire discharge process, the plasma resistance changes dramatically. In the initial discharge 

stage, a sharp drop is shown. During the zero-crossing of the AC current, the resistance increases 

quickly. What’s more, as the resistance increases in the later discharge stage, the decay factor increases. 

As a result, the oscillation vanishes quickly. This typical phenomenon in the discharge process is well 

caught by the simulation model. 

3 Simulation results and analysis 

 As a critical process during the working cycle of the PSJA, the discharge process plays a key role 

on the efficiency of the PSJA. Based simulation results, the influence of sheath energy loss, radiation 

loss, and thermodynamic energy loss is studied below. Based on these results, some design advices on 

PSJA are given. 

3.1 Sheath energy loss 

 In the previous discharge simulation, it has been confirmed that the sheath dissipates the majority 

of the energy[27][28]. To strengthen understanding, the quantitative analysis of sheath energy loss and the 

relationship with the discharge time are made. 

In this MHD-RLC discharge model, the voltage fall of sheath region and the arc column is shown 

in Fig. 11 with a 2.2 nF capacitor. Before 500 ns, the voltage fall of arc column is larger than that of 

sheath region. But soon after, the voltage fall of the arc column decreases. Meanwhile, the voltage fall 

of sheath region changes a little. The current density for these two regions is equal. So the energy 

consumed in these two regions is proportional to the voltage fall of these two regions. The energy-loss 

coefficient of the sheath region is 41%, which is calculated by equation (18).  



 

  

Fig. 11 Voltage history of sheath region and arc column  
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As shown from Fig. 11, the sheath energy loss increases with the discharge time. Calculated by 

equation (17), the sheath energy loss coefficient versus discharge time is obtained, which is shown in 

Fig. 12. By the least squares fit, this relationship can be expressed as equation (19). Therefore, if the 

discharge time can be reduced by a quick switch, the sheath energy loss decreases by exponential law. 

For example, along with the discharge time reduced to 100 ns, the sheath energy loss decreases to only 

7%. This result is similar with that of Zhu Y.[43], which has shown that the deposited energy decreases 

with increase of the voltage rise time. The increase of voltage rise time leads to the increase of 

discharge time. 

 
 0.3778exp 9.291E5 0.4182t       (19) 

 

Fig. 12 The time-dependent sheath energy loss coefficient 

 With different capacitance and inductance, the sheath energy loss is different, which is shown in 

Fig. 13. With the increase of the inductance and the capacitance, the energy loss coefficient increases. 

The inductance determines the energy deposition speed. With the increase of inductance, the energy 

deposition speed decreases, prolonging the discharge time. As a result, the sheath energy loss 

coefficient increases. With the increase of capacitance, the energy stored in the capacitor increases. 

When the energy deposition speed keeps unchanged, longer discharge time is necessary. Naturally, the 

sheath energy loss coefficient increases as well. 



 

     

(a) Influence of the inductance        (b) Influence of the capacitance 

Fig. 13 The sheath energy loss coefficient with different capacitance and inductance 

3.2 Radiation loss 

 Based on the Plank radiation law, the thermal radiation power is proportional to 4th power of the 

temperature. The temperature in the plasma would increase up to 10000K. Thus, the thermal radiation 

can’t be ignored. The radiative loss with different capacitance and inductance is shown in Fig. 14. The 

radiation loss power increases when the capacitance increases and the inductance decreases. The 

radiation loss energy can be calculated by computing the integral of the radiation loss power. The 

radiation loss coefficient is defined as equation (20). The calculated results are plotted in Fig. 15. The 

difference of the radiation loss coefficient for different capacitances is not significant. Only when the 

inductance increases, the radiation loss coefficient decreases. However, comparing with the sheath 

energy loss coefficient, the radiation loss coefficient is small, which agrees with the simulation results 

of Dufour[18]. 

       

(a) Variation with capacitance        (b) Variation with inductance 

Fig. 14 The variation of radiative loss with different capacitance and inductance 
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(a) Evolution with the capacitance        (b) Evolution with the inductance 

Fig. 15 Evolution of radiation loss coefficient for different capacitance and inductance  



 

3.3 Thermodynamic loss 

It is known that the discharge process is the source of heating. Based on the thermodynamic theory, 

compared with the constant pressure heating process, the constant volume heating process is more 

efficiency to increase the mechanical energy of the gas. 

The polytropic index is used to identify the heating process, which is calculated by equation (21), 

where the subscript 1 stands for the initial state. The initial pressure and density are 1 atm and 1.17 

kg/m3
 in this paper. As plasma ohm heating is determined by gas electric characteristics, the plasma 

ohm heating region is defined as the region where the gas electric conductivity is larger than 10 S/m. 

Then, the average density and pressure in the heating region can be calculated by equation (22), where 

A is the fluid field region. The polytropic index history is presented in Fig. 16. In the entire energy 

deposition process, the polytropic index increases quickly and stays to 0 at about 100 ns. That is to say, 

the energy deposition process transfers from a constant volume heating process to a constant pressure 

heating process quickly. 
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Fig. 16 Polytropic index history 

 Actually, the true heating region is just a small region between the electrodes, which only 

occupies a small part of the PSJA chamber volume. Therefore, the heating process is in an open 

environment. Nevertheless, owing to the air inertia, if the energy deposition process is quick enough, 

the air will not have enough time to expand. In Fig. 17, the pressure contour, density contour and 

heating region at different time step are presented in order, from the left to the right. As the gas 

breakdown occurs, the arc center presents a high pressure state. Then a strong shock wave forms. The 

shock wave is a strong compression wave, where the density is larger than that of the ambient gas. As 



 

the shock wave moves, the density of the plasma region decreases. That is to say, since then the heating 

process can’t be seen as a constant volume heating process. The heating process has transferred from 

constant volume heating process to constant pressure heating process. Since then, the majority of the 

deposed energy is transferred to gas thermal energy instead of mechanical energy. 

  

Fig. 17 Pressure density contours and heating region at different time step 

3.4 Influence of the energy deposition speed 

 As discussed above, the thermodynamic cycle efficiency is not a constant, but will decrease with 

the heating time. If the influence of the energy deposition speed on the efficiency is analyzed coupled 

with the thermodynamic cycle efficiency, more information about the low efficiency of PSJA is 

obtained. 

 Actually, the energy deposition speed is not constant as well. The energy deposition power history 

versus different groups of capacitance and inductance is shown in Fig. 18, which is calculated by 

equation (23). When the inductance keeps constant, the energy deposition power history at the initial 

time is almost the same. As the capacitor increases, the maximum power increases only a little. The 

main difference induced by large capacitor is the energy deposition speed at the later stage. In detail, 

when the capacity increases, the deposited energy at the initial stage doesn’t increase significantly. But 

the deposited energy at the later stage increases significantly. That is to say, the majority of the 

increased energy deposited in a constant pressure heating process. Naturally, the efficiency decreases. 

When the capacitance keeps unchanged, with the increase of inductance the energy deposition power 

decreases quickly, which is harmful to the efficiency. 

 This phenomenon agrees well with the research results of A. Belinger’s group[44]. The inductive 

power discharge has higher discharge efficiency, can deposit more energy into the air, but produces 

weaker synthetic jet,comparing with the capacitive discharge. To the capacitive discharge, the 

inductance of the circuit has similar effect on the performance of PSJA. The lower the inductance is, 

the higher efficiency is.  
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Fig. 18 Time-dependent heating power for different capacitance and inductance  

  In summary, similar as the previous research, the efficiency would decrease with the increase of 

the capacitance. The reason is not just the arc column resistance decreases with the increase of 

capacitance. The low thermodynamic efficiency is another important reason. When the capacitance 

increases, more energy releases in the later stage of the discharge process. At this time, the heating 

process has nearly transferred to a constant pressure heating process, which has low thermodynamic 

cycle efficiency. These factors aggravate the decrease of efficiency. So the capacitance should choose a 

low value. When the capacitance is fixed, the value of the inductance should be as low as possible. 

What’s more, if the discharge time can be controlled by a quick solid-state switch, the energy efficiency 

can be improved greatly. 

4 Conclusions  

 In this paper, an arc discharge model is established, which couples MHD equations with the RLC 

circuit equations. To improve the model accuracy, the magnetic force induced by discharge current, the 

real gas effect, the sheath voltage fall, the radiation loss etc. are taken into consideration. Based on the 

simulation results, the characteristics of transforming electrical energy to mechanical energy are 

studied. The main conclusions are as follows. 

During the process of discharge energy transforming to the gas thermal energy, the sheath energy 

loss coefficient ranges from 40% to 60%, while the radiation loss coefficient is less than 5%. The 

sheath energy loss coefficient is not constant. With the decrease of the discharge time, the sheath 

energy loss decreases by exponential law. When the discharge time reduced to 100 ns, the sheath 

energy loss coefficient reduces to less than 10%. 

The thermodynamic efficiency is not constant as well. With the increase of discharge time, the 

heating process changes from a constant volume heating process to a constant pressure heating process, 

causing the thermal efficiency decreases.  

In the capacitive discharge process, the inductance plays a determinant role on the energy 

deposition speed, and the capacitor coupled with the voltage determines the energy stored in the 

capacitor. With the increase of capacitance, the energy increases. However, the majority of the 

increased energy deposits in a constant pressure heating stage, which is characterized by low 

thermodynamic cycle efficiency. The energy deposited in the constant volume heating stage doesn’t 

increase linearly. The characteristic aggravates the low efficiency of the discharge with large 

capacitive. 

 In this paper, only the discharge process of the PSJA is studied. In the future, the entire working 



 

process of the PSJA will be studied and more characteristics about the energy efficiency would be 

researched. 
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