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Introduction 

In the aerodynamic configuration design 
of hypersonic vehicles it should be provided 
maximum of total pressure recovery coeffi-
cient and flow uniformity at the air-breather 
inlet at minimal drag force. 

As usual the maintaining of required air 
compression achieving with the head part 
shape choice, also shape may be changed by 
“heat action”. 

It was shown in [1,2] that the bulk thermal 
energy supply in the flow upstream the scram-
jet intake allows to reduce drag force and in-
crease the total pressure recovery coefficient. 
Obvious disadvantages of such heat supply are 
difficulties of practical realization and decrease 
of air mass flow through the air-breather. 

Usual way of the air mass flow through 
the intake increase is application of additional 
sidepieces for air flow confinement and pre-
vention air flow spreading upstream the inlet. 
This leads to the significant drag force in-
crease. Sidepieces at the bottom of hypersonic 
flying vehicle head part may be reduced or 

replaced with the thermal energy release as 
heat lines on the vehicle surface. 

It is necessary to provide heat supply not 
in the air flow that come to the intake, but 
provide the “effective shape correction” with 
heat supply without deterioration of intake 
characteristics. 

In the paper new combined approach of 
the hypersonic vehicle flow enhancement us-
ing the thermal energy release as heat lines 
induced by electric arc discharge is proposed. 

Sliding electric arc discharge as a mean of 
the aircraft trajectory control has been pro-
posed in [3]. The electric discharge sliding 
from one electrode to another on a semicon-
ducting surface and terminating by arc dis-
charge generating a shock wave in the sur-
rounding air. A shock wave generating by slid-
ing electric arc discharge at the aircraft surface 
modifies the character of the surface flow and 
produces force to aircraft trajectory control. 

A material at the surface of which the dis-
charge is generated may be carbon, сarbon-
containing ceramics and some other semicon-
ductors has been shown in [3]. 
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Experimental Installation and Numerical 
Method 

The excitation of discharge was realized 
by the breakdown of spark gaps between elec-
trodes and the surface of a semiconductor 
graphite rod located in measuring section of 
low-pressure chamber perpendicular and in 
the direction of shock tube axis. The dis-
charge gap was situated “flush” to the lower 
part of measuring section perpendicular or in 
the direction of shock tube axis. 

The evolution of electric discharge in high 
speed flow behind the shock wave was imaged by 
the shadow and interference photography tech-
niques using a system consisted of an IAB-458 
shadow device, an optical interference device and 
SFR high-speed camera. Modified OGM-20 ruby 
laser had been used as the light source. 

In the numerical part of investigation in-
take flow and drag force characteristics at the 
hypersonic vehicle were estimated.  

Parabolized Navier-Stokes equations sys-
tem was used for the flow simulation. Effec-
tiveness of the system concerned the fact of in 
the case of inviscid steady supersonic flows 
with dominant direction 3D flows simulation 
come to 2D task solution with effective explicit 
scheme application. Restriction on the longitu-
dinal step is dictated by the task physics. Num-
ber of dimensions reduction is the favorable fac-
tor having the crucial sense in the most of the 
cases. So the simulation of inviscid steady su-
personic flows with dominant direction in com-
plex configurations may be carried out more 
fast, easy and accurate with spatial march ap-
proach. Development of such approach with the 
taking into account of local subsonic regions 
namely boundary layers yielded so called 
“parabolized” branch of computational fluid 
dynamics. Parabolized system contains all 
components of Euler's equations and boundary 
layer equations. Hence it allows to describe su-
personic regions of inviscid flow and boundary 

 

Fig. 1. 1 – high pressure chamber, 2 –diaphragm, 3 – low pressure chamber, 4 – control section, 5 – pressure gauge, 6 – 
dielectric section, 7 – visualization section, 8 – discharge gap, 9 – end section.The interelectrode gap width was equal to 
60 mm. The storage bank with a capacitance of 50 mkF was used. The initial voltage was varied in the range from 2.6 

to 3.35 kV. The low-pressure chamber was filled with air at initial pressures of 0.09 – 1 atm. The experimental installa-
tion schematic is presented in Figs.1, 2 

  
Fig. 2. Discharge gap arrangement along the flow (top), across the flow (bottom) 1 –negative electrode, 2 –

semiconductor rod, 3 – positive electrode, 4 –electrodes output 
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layers with some simple procedures. This sys-
tem is obtained from the full Navier-Stokes sys-
tem by the truncation of the components re-
sponsible for the diffusive transport along the 
march direction. As the Х coordinate (dominant 
direction) flow direction is choosing. 

Integral conservation laws in Decart co-
ordinate system will be:  

 ( ) ( )( )∫∫ =++++ 0dxdydxdzdydz VV GGFFE
rrrrr

 

Integration is carrying out on the surface 
of the volume under consideration. Vectors E, 
F and G correspond Euler’s equations, vec-
tors Fv, and Gv describe viscous tensions: 
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here u, v, w – components of velocity vector 
V
r

 along the coordinate axes x, y, z, V – veloc-
ity vector module, ρ – density, P – pressure, 
h – specific enthalpy. Here µ is responsible for 
dynamic viscosity coefficient, Pr – Prandtl 
number, Rе – Reynolds number. vF

r
 and vG

r
 

vectors of viscous tenses are of next form: 
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In the presented relationships µ′ = 2µ/3, 
second viscosity is supposed to be zero. Sys-
tem contains five scalar conservation laws 
and binds six values under consideration 
(three components of velocity vector, density, 
pressure and intrinsic energy). For the system 
closing it is necessary to use the equation of 
thermodynamic gas properties – equation of 
state. Gas considered to be ideal and obeys 
Klapeyron’s law: P = ρRT (R – gas constant, 
Т – temperature).  

System under consideration is X-
hyperbolic-parabolic only in the case of super-
sonic longitudinal velocity component. It al-
lows march computation from section to sec-
tion (along X coordinate) downstream. Pres-
ence of subsonic regions in the flow requires 
special regulating procedures. Most using ap-
proach is the second component of E vector 
presenting as E2 =ρu2 + ωp, where ω - some 
function of local Mach number calculated from 
longitudinal velocity component (Mx = u/c, с – 
sonic velocity). Choice of ω = (Mx)2 in sub-
sonic (ω ≡ 1 in the case of Mx > 1) regions pro-
vides march calculation stability. 

Results 

Figures 3, 5 and 7 illustrate the devel-
opment of sliding electric arc discharge in 
the flow behind the front of a shock wave 
formed in air at initial pressure P0 = 1.0, 
0.25, 1.0 atm and shock wave velocity 560, 
721, 577 m/s (Mach number М0=1.63, 2.1, 
1.7), respectively. In these cases the initia-
tion voltage U0 was equal to 2.5, 2.6, 2.0 kV, 
respectively. Discharger was arranged across 
the shock tube axis. 



SESSION 2.2: PLASMA INTERACTION AND FLOW CONTROL 

 4

Cinegramms on Fig. 3 and Fig. 5. show the 
stable development of sliding electric arc dis-
charge in the flow behind the front of a shock 
wave. The high-velocity air flow under some 
conditions does not significantly influence to 
closure of the discharge gap but distorts the 
form of energy-release area. On Fig. 5 is shown 
plasma cord was blown off by air flow. The arc 
is distorted in transverse air flow extending in 
its direction. However, sliding electric arc dis-
charge is stable developed in these conditions. 

The comparison of cinegramms, made in 
condition rest-air and high speed air flow, 

shows that main difference is concluded in dis-
tortion usually symmetrical and close to cylin-
drical form of the shock wave front, generated 
by linear discharge, and the drift of the front 
and plasma cloud downstream on the air flow. 

Cinegramm on Fig. 7 illustrates devel-
opment of plasma formation in critical condi-
tion, when does not occur closing an electrode 
by plasma contact. Plasma cord was blown 
off by air flow and did not arrive opposite 
contact. Electrical arc of short circuit was not 
generated in this case. 

Frame 1 Frame 2 
 

  
Frame 3 Frame 4 

  
Frame 5 Frame 6 

Direction of the air flow left to right. 
Direction of the current is perpendicular to the picture plane and the air flow. 

Fig.3. The stable development of sliding electric arc discharge behind the front of a shock wave formed in air (P0=1.0 
atm, М0=1.63) 
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Fig.4. Current and pressure time histories in the cases of 
stable (a) and unstable (b) sliding discharge formation 

Fig.4a) illustrates the stable initiation of 
sliding electric arc discharge. The current 
measurements and frame recording of the 
process have shown that the time of stable 
electric arc discharge development can be 
subdivided into two successive stages. The 
first is the initiation and propagation of 
streamer from one electrode to another. The 
second is the shortening of the spark gap by 
plasma channel and the development of arc 
discharge. In the first stage the initial current 
determined by the rod conductivity and the 
given initial voltage U0 increases as the dis-

charge front slides along the rod reaching the 
value of ~1.5–2⋅I0. The drastic current in-
crease and fall of the voltage are caused by 
arc forming when closing electrode by plasma 
cord occurs in the second stage. The main part 
of spark energy is released in the arc dis-
charge stage. The released energy forms in-
tense cylindrical compression wave. 

The main feature of sliding discharge is a 
gap which is wider in 1–2 orders of magni-
tude than that in the air. It results in greater 
part of electric energy transition into shock 
wave due to the involvement of greater mass 
of air into plasma discharge cord forming 
compared to an ordinary spark discharge. 

Fig. 4b) illustrates the unstable initiation 
of sliding electric arc discharge. In case of un-
stable initiation of discharge the current and 
voltage evolution occurs smoothly without 
drastic change. Since the stage of the electric 
arc forming is absent and plasma cord does 
not reach one another. Electrical arc is not 
generated in this case and discharge energy 

  
Frame 1 Frame 2 

  
Frame 3 Frame 4 

Direction of the air flow left to right. 
Direction of the current is perpendicular to the picture plane and the air flow. 

Fig. 5. The stable development of sliding electric arc discharge behind the front of a shock wave formed in air 
(P0 = 0.25 atm, М0 = 2.1) 
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release time exceeds in 5 times and more the 
stable regime discharge time. 

Critical conditions of sliding electric arc 
discharge initiation on the flow Mach number 
at the discharge gap across and along the flow 
are presented in Fig.6. 

Head part configuration is new experi-
mental configuration developed in CIAM 
(Fig. 8). Bottom surface is two-step wedge 
with the angles of 3.5° and 7.38°. Length of 
first step is 2.1 m. Whole length of head part 
is equal to 3.48 m. Flight Mach number was 
equal to 7, attack angle was equal to 4°. 

 

Fig. 6. Critical conditions of sliding electric arc dis-
charge initiation 

  
Frame  1 Frame 2 

  
Frame 3 Frame 4 

  
Frame 5 Frame 6 

Direction of the air flow left to right 
Direction of the current is perpendicular to the picture plane and the air flow 

Fig. 7. The unstable development of sliding electric arc discharge behind the front of a shock wave formed in air 
(P0 = 1.0 atm, М0 = 1.7) 
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Fig. 8. Head part with heat release regions 

Heat is suggested to be releasing in the 
two linear regions on the vehicle head part 
provide the effect on the airflow incoming to 

the air-breather same as additional sidepieces. 
This prevents the flow diffluence and provides 
air pressure and mass flow higher than without 
intake flow additional control. “Heat action” 
changes the effective shape of vehicle head 
part. In the simulation heat of 2% from total 
flow enthalpy releases in two linear regions on 
the head part bottom surface were considered. 
Regions were arranged parallel to the flow. 

Table 1 

Gas parameters at the air-breather enter 
without and with heat release (HR) 

 w/o HR with HR
Pressure 7.4 7.54 
Total pressure recovery 0.755 0.705 
Сx 1.59 1.52 

 

Fig. 9. Results of numerical simulation. Mach numbers distribution (top) and streamlines (bottom) without (left) and 
with (right) on-body heat release 
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One can see that in the absence of heat 
energy release the air-flow is spilling from 
the head part bottom to the sides and don’t 
reach the air-breather. In the case of heat 
energy release in the aforementioned re-
gions shock wave configuration preventing 
the air-flow diffluence is forming on the 
head part bottom. Air-flow restricted by the 
heat energy release regions reaches the air-
breather (Table 1). 

Conclusions 

Stable initiation of sliding electric dis-
charge was observed at initiation voltage 
U0 > 2 kV in the case of discharger arrange-
ment along the shock tube axis in the flow 
behind the shock waves of Mach numbers 
ranged from 1.3 to 3.4. In this case the direc-
tion of plasma streamer propagation from one 
electrode to another (streamwise or counter-
streamwise) didn't affect on discharge initia-
tion dynamics. 

If discharger is arranged across the tube 
axis the critical regimes of discharge evolu-
tion are detected, plasma cord was blown off 
by air flow and possibly did not arrive oppo-
site electrode. 

Stable initiation of sliding electric dis-
charge was observed at initiation voltage 
U0 > 2.5 kV at all shock wave Mach numbers. 
Critical conditions of sliding discharge initia-
tion without generation electric arc and with-
out occurrence of shock wave were obtained 
in the range of initiation voltage 
2 kV < U0 < 2.5 kV and at initial pressures 
P0 ≥ 0.5 atm and shock wave Mach numbers 
1.5 < M0 < 2. For the initial pressure of shock 
tube of 0.25 atm unstable discharge at initial 
voltage of U0 = 2.1 kV and shock wave Mach 
number of M0 ≈ 2.8 was observed. At very 
strong shock waves (M > 2.8) there is stable 
initiation of sliding electric discharge at initia-
tion voltage of U0 < 3.0 kV. 

The most important factor affecting slid-
ing electric discharge is the initial voltage or 
field strength on discharger. 

The second factors are initial pressure 
and the temperature affecting electric strength 
of the gas. Reduction of the pressure and in-
creasing of the temperature promote propaga-
tion of sliding electric discharge.  

The shock wave velocity effect is ambigu-
ous. Increase of shock wave velocity brings on 
the one hand to increase the pressure and ve-
locities of the flow, and speed force of the dense 
gas blows off the arc. On the other hand in-
creasing of the temperature of the air flow with 
increase the shock wave velocity reduces the 
electric strength of the gas and promotes stabil-
ity of sliding electric arc discharge. 

Thermal energy release makes possible 
to enhance the intake characteristics (static 
pressure increase of 2%) at flight Mach num-
ber of 7 and the supply of 2% of total flow 
enthalpy. The head part drag force is reduc-
ing for 4.5%. 
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    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [800 800]
  /PageSize [612.000 792.000]
>> setpagedevice


