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1. Introduction

Plasma actuators can affect the aerodynamic flow over a body 
by imparting momentum to the surrounding air. Their ben-
efits for flow control include low mass, absence of moving 
parts, and high control bandwidth [1]. Plasma actuators can 
be broadly classified as either thermal, electrohydrodynamic 
(EHD) or magnetohydrodynamic (MHD). Thermal actuators 
include sparkjets [2] that simply provide rapid heating of the 
gas which indirectly imparts momentum to the flow through 
dilatational effects. EHD actuators such as the dielectric bar-
rier discharge (DBD) provide direct momentum transfer to the 
flow through electric field forcing of non-zero space-charge 

regions of the plasma, while MHD actuators rely on external 
or self-induced magnetic fields to realize Lorentz force 
momentum transfer to the flow.

For low-speed, atmospheric pressure aerodynamic flows, 
EHD actuation by DBDs has been widely studied for a 
variety of applications [3]. However, as shown by numerous 
experimental and supporting modeling studies, their perfor-
mance is limited by velocity saturation, force saturation, and 
performance variability resulting from charge deposition on 
the dielectric surfaces [4–6]. Consequently, experimental 
demonstrations of DBD actuators have been limited to low 
Mach number (<0.1) and Reynolds number regimes (<106) 
at atmosphere [7].
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Abstract
An experimental study was conducted on a magnetohydrodynamic plasma actuator consisting 
of two parallel, six inch long, copper electrodes flush mounted on an insulating ceramic plate. 
An electrical arc is generated by a  ∼1 kA current pulse at  ∼100 V across the electrodes.  
A self-induced Lorentz force drives the arc along the electrodes. The motion of the arc 
induces flow in the surrounding air through compression as well as entrainment, and generates 
a transient force, about  ∼4 ms in duration. Experiments were performed on a prototype 
actuator in quiescent atmospheric air to characterize the motion of the arc and the momentum 
transferred to the surrounding air. Measurements included transient force and total impulse 
generated by the actuator as well as the armature voltage and current. The arc shape and transit 
velocity were determined by high-speed imaging. A peak force of 0.4 N imparting an impulse 
of 0.68 mN-s was measured for a peak current of 1.2 kA. The force scaled with the square 
of the armature current and the impulse scaled linearly with the spent capacitor energy. The 
results provide insight into the mechanisms of body force generation and momentum transfer 
of a magnetohydrodynamic plasma actuator.
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Magnetohydrodynamic (MHD) plasma actuators have 
been proposed for control of high-speed flows, albeit at low 
pressures (Mach number 5–10, static pressure 1.4–5.5 kPa) 
[8]. More recently, our group proposed an MHD rail plasma 
actuator (RailPAc) suitable for atmospheric pressure flow 
actuation applications [9]. The RailPAc geometry (figure 1)  
comprises two parallel electrodes (rails) that are flush mounted 
on an insulating (ceramic) plate. The rails are connected to a 
pulsed power supply that can generate a high current (∼1 kA) 
at  ∼100 V for a short duration (∼ms). An electrical break-
down of the air gap between the rails creates an arc, or plasma 
armature. The plasma armature completes a current loop with 
current density ( j) that induces a magnetic field (B). As a 
result, the armature experiences a Lorentz force (FL) in the 
direction along the rails. The Lorentz force accelerates the 
plasma armature along the rails, and the motion of the arma-
ture induces flow in the surrounding air through a combina-
tion of compression and entrainment effects [9].

Past studies on RailPAc include both experimental char-
acterizations and numerical simulations to assess its poten-
tial for flow control applications. Pafford et al [9] tested 
a prototype RailPAc and measured an induced velocity of 
approximately 10 m s−1 at a Reynolds number of 0.45 mil-
lion. High-speed video taken by Pafford et al [9] revealed a 
highly complex transit of the plasma armature. Indeed, sev-
eral previous studies by authors have shown that a transient 
arc experiencing Lorentz force undergoes significant transfor-
mation in arc shape and arc root attachment characteristics 
depending on the discharge geometry and operation [10–12]. 
A satisfactory explanation for most important features of the 
transient moving arc in the RailPAc is possible only if the 
force and impulse characteristics of the arc are available in 
addition to the electrical characteristics and visible imaging 
of arc motion.

The key performance metric of a flow control actuator is 
its control authority. This can be defined as the momentum 
transferred by the actuator to the surrounding air, which is 
equal to the impulse generated by the actuator. Studies on 
pulsed plasma devices that act on a similar time scale as the 
RailPAc (∼4 ms), such as pulsed DBD actuators [13] and 
MHD thrusters [14–16], have been limited to quantifying 

total impulse delivered. While impulse measurement gives the 
actuator control authority, the time history of the force applied 
to the surrounding air yields insight into the physical mech-
anisms. However, it is challenging to measure a small tran-
sient force due to contamination of the measurement by the 
structural response of the actuator supports. Several studies 
[17–19] have shown that the structural modes can be removed 
from the transient force measurement using deconvolution. 
This process uses an impulse response function to formu-
late an inverse problem that reconstructs the force from the 
structural response. However, the force measurements using 
deconvolution that have been reported in the literature are lim-
ited to large impact forces compared to that expected from the 
RailPAc.

The objective of this paper is to measure the transient force 
generated by a RailPAc. This measurement will be verified by 
an independent measurement of the total impulse. Correlation 
of the measured transient force with the time resolved elec-
trical measurements as well as the high-speed video of the arc 
transit will yield insight into the physical mechanisms of the 
operation of the RailPAc.

2. Physical principles

The Lorentz force accelerates the plasma armature along the 
rails (figure 2), resulting in compression of the air ahead of the 
armature and entrainment of air in its wake. The equation of 
motion of the armature is given by

+ = − −m x m x F F F¨ ˙ ˙a a L D S (1)

where ma is the armature mass, x is the position of the arma-
ture along the rails, FL is the Lorentz force, FD is the volu-
metric aerodynamic drag, and FS is a force that describes the 
drag due to proximity of the armature to the RailPAc surface. 
Note that the first term on the left-hand side is the acceleration 
term and the second is the ‘snowplow’ term, which accounts 
for the increase in mass of the armature as it pushes air along 
the rails [20]. Equation (1) can be rearranged as

− = + +F F m x m x F¨ ˙ ˙ .a aL S D (2)

The snowplow and the aerodynamic drag terms repre-
sent the force acting on the surrounding air. The inertial term 
describes the momentum gained by the plasma armature, 

Figure 1. Schematic illustrating RailPAc operation. Current 
density through the rails ( j) induces a net magnetic field (B) in 
the z-direction between the rails. The current density through the 
armature in the y-direction couples with (B) to impart a Lorentz 
force (FL) in the x-direction.

Figure 2. The balance of forces acting on the plasma armature in 
x-direction (direction of transit). The component of Lorentz force 
in x-direction (FL) accelerates the armature. The armature motion 
induces flow by compression and entrainment of the surrounding 
air. The armature experiences aerodynamic drag (FD) and surface 
drag (FS) that reduces armature transit velocity.
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which is comprised of both ionized air and ablated species 
from the rails [21]. Thus, the right hand side of equation (2) 
provides a direct measure of the RailPAc control authority. 
The total force on the left hand side of equation (2) is the reac-
tion force, FR, experienced by the RailPAc support structure, 
i.e. the test stand to which it is mounted. The actuator control 
authority can be found by integrating the measured transient 
force in time.

The Lorentz force in equation (2) can be analytically found 
either from the energy conservation of RailPAc circuit or by 
solving the MHD equations [22]. The impulse generated by 
the Lorentz force can be expressed in terms of the power 
dissipated in the circuit. Let us first define a new coordinate 
system that is fixed at the center of the armature (figure 2). 
The x-direction of this coordinate system is along the direc-
tion of transit and the y-direction is along the direction of j in 
the armature. Recall that the Lorentz force is defined over the 
armature volume V as

∫= ×F j B Vd .
V

L (3)

Evaluation of the integral in equation  (3) requires a full 
description of B field around the RailPAc rails, however, a 
number of simplifying assumptions can be made. First, the 
rails are treated as an ideal conductors of infinite length, 
spaced a distance d apart. Second, the armature has a finite 
length δ along the x-direction and a height ha in the z-direction 
above the RailPAc surface. Third, a uniform current density of 
magnitude j acts solely along the y-direction. Finally, a mag-
netic field of magnitude Bz exists in the z- direction between 
the rails. With these assumptions, equation (3) simplifies to

∫=
δ

δ

−
F h jd B xd .a zL

/2

/2
 (4)

The magnetic field is given by Ampere’s law

∇× =B jμ .0 (5)

The boundary condition for equation (5) can be found by 
noting that the rails conduct current from the pulsed power 
supply upto the armature. We therefore assume no current 
exists in the rails in the x-direction for δ>x /2, which leads 
to zero induced magnetic field for δ>x /2, neglecting end 
effects. Thus, a suitable boundary condition for equation (5) is

( )δ =B /2 0.z (6)

With the boundary condition and equation  (5), it can be 
shown that Bz within the armature decreases linearly from 

δ= −x /2 to δ=x /2. By using the definition of current den-
sity and the solution to equation (5), the Lorentz force can be 
expressed as

µ
= = ′F

d

h
i L i

1
2

1
2a

L
0 2 2 (7)

where µ0 is the permeability of free space, i is the armature 
current, and ′L  is the inductance gradient, which is assumed 
to remain constant.

The impulse generated by the Lorentz force can be obtained 
by integrating equation (7) over the transit time of the arma-
ture (Tt)

∫= ′J L i t
1
2

d .
T

L
0

2
t

 (8)

Here, we note that the electrical power dissipated by the 
RailPAc armature and circuit is given by

∫∆ =E R i td .
T

0

2
t

 (9)

Assuming constant inductance gradient and combined cir-
cuit and plasma resistances (R), the impulse generated by the 
Lorentz force is directly proportional to the electrical power 
dissipated.

= ∆
′J L

E
R

1
2

.L (10)

3. Experimental methods

A prototype RailPAc (figure 3) was constructed by flush 
mounting a pair of rails to an insulating ceramic plate. The 
two parallel copper rails measure 152 mm long, 12.7 mm wide 
(w), and 0.56 mm thick. The rails are spaced 12.7 mm apart 
(d ). To initiate the arc, a 0.127 mm diameter aluminum fuse 
wire is stretched across the gap between the rails and taped 
to the rail surfaces at a location 25 mm away from one end of 
the rails. The location of the initiation wire and the rail length 
limits the maximum transit distance ( L) to 127 mm. The fuse 
wire is used to initiate the plasma armature consistently at the 
same location. The lead wires cross over at a location near the 
attachment point to the rails. The lead wire attachment side of 

Figure 3. A top view of the RailPAc prototype. The arc propagates along the x-direction. The z-axis is oriented out of the page. The rails 
here are separated by a distance d  =  12.75 mm, have a width w  =  12.7 mm and are 152 mm long. The distance from initiation to muzzle is 
L  =  127 mm.
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the rails is referred to as the breech and the opposite end as 
the muzzle.

The prototype is connected to a pulse forming network 
(figure 4) consisting of a capacitor bank, series inductor, and 
trigger circuit. The capacitor bank, comprised of six electro-
lytic capacitors (Sprague Powerlytic 36DX), is charged to var-
ious initial voltages (up to 250 V) with a Xantrex XHR 600 dc 
power supply. The initial capacitor voltage controlled the total 
energy discharged to the RailPAc. The silicon controlled recti-
fier (SCR) blocks current flow when its gate voltage is pulled 
to the ground. Once the capacitors are charged, the SCR gate 
voltage is pulled up to 5 V to initiate the plasma armature. The 
SCR shorts one rail to the ground and a large current from the 
capacitor conducts through the fuse wire. This current vapor-
izes the fuse wire into an ionized conductive channel, and the 
plasma armature is formed.

The circuit in figure 4 can be modeled as a series RLC cir-
cuit with total resistance R equal to the sum of component 
resistances (∼0.1 Ω) and the armature resistance (∼0.05 Ω). 
The circuit inductance increases by a small value (<0.1% of 
fixed inductance) due to the transit of the armature along the 
rails. The natural frequency of the prototype circuit was cal-
culated without considering the changes in the rail inductance 
and was found to be 105 Hz, corresponding to a half cycle 
duration of approximately 5 ms.

Experiments were performed to capture high-speed video 
of the armature transit, and to measure the rail voltage, rail 
current, transient force and total impulse generated by the 
RailPAc.

3.1. High-speed imaging

Two high-speed cameras were used to observe the arma-
ture shape. A Phantom V5 camera was mounted above the 
RailPAc prototype to determine armature root positions, 
velocity, and acceleration. A Phantom Miro M-310 camera 
was mounted on the muzzle side, to capture the frontal view 
of the armature and determine the armature height (ha). High 
f -stop lenses (  f /22) and small exposure times (1 µs) were 
used to reduce image saturation from the plasma intensity. 
The armature root positions were determined by locating the 
region of highest intensity along the anode and cathode rail 
edges.

3.2. Electrical measurements

The electrical measurements were conducted with a voltage 
probe and a Rogowski coil. The National Instruments cDAQ-
9172 data acquisition system with NI-9215 BNC expansion 
boards sampled the electrical signals at 60 kHz. A Rogowski 
coil, secured between the cathode and the SCR, measured 
the time rate of change of armature current. This signal was 
numerically integrated to obtain the current versus time wave-
form. The voltage across the capacitor was measured using 
a 1/1000 signal attenuator probe. The energy change in the 
capacitor and the peak current during the RailPAc was com-
puted based on the electrical measurements. These results 
were compared to the force and impulse measurements to 
assess the scaling laws.

3.3. Force measurements

The transient force of the prototype RailPAc was measured on 
a test stand approximating a single degree of freedom (SDOF) 
structure. For an accurate measurement without contamina-
tion by the structural response, the natural frequency of the 
test stand must be much higher than the bandwidth of the 
impulsive forcing. However, the increased stiffness required 
for the high natural frequency would result in poor force sen-
sitivity. Therefore, in a practical test setup, the measurement 
will consist of the transient force as well as the structural 
response of the test stand. In our experiments, the time his-
tory of the unknown force is deconvoluted from the known 
test stand response [17]. Recall that the response of a SDOF 
structure to an arbitrary forcing f (t) is given by the convolu-
tion integral

( ) ( ) ( ) ( ) ( )∫ τ τ τ= − =y t g t f g t f td * .
t

0
 (11)

The response y(t) can be the displacement of the test stand, 
or, when multiplied by a constant calibration factor, the force 
measured by loadcells on which the structure is mounted. In 
equation (11), g(t) is the unit impulse response of the structure 
given by

( ) ( )
ω

ω= ζω−g t
m

t
1

e sin
d

t
d

eq

n (12)

where meq is the equivalent mass of the structure (in this case, 
the test stand), ωd and ωn are damped and undamped natural 
frequencies, and ζ is the damping ratio. The unit impulse 
response function, is found experimentally by applying a 
known impulse using an instrumented impulse hammer, and 
measuring the test stand response. Inoue et al [17] proposed 
that a good estimate of the unit impulse response function 
can be obtained by Fourier deconvolution if an exponential 
window function is applied to the measured response. The 
exponential window is defined as

= γ−w t e .e
t( ) (13)

The optimal γ for a signal without noise is π T2 /  [23], 
where T is the total duration of the response measurement. 
For noisy signals, a smaller γ gives better results [17]; for this 

Figure 4. An electrical schematic of the pulse forming network. 
The switch (S) is opened after the capacitor bank (C) is charged. 
At trigger time (t  =  0), a 5 V signal is applied to the SCR, a large 
current discharges through the fuse wire and a plasma armature is 
formed between the rails.

Anode

Cathode
SCR

S

L

V
250V

C
21mF

110 µH

0V

5V
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paper, γ π= T0.4 /  was chosen. The test stand response can be 
derived with a known force and unit impulse response func-
tion by discretizing the integral in equation  (11) to obtain a 
system of linear equations

∑ α= −
=

y n f k g n k
k

N

k
0

( ) ( ) ( ) (14)

where αk are the weights of a chosen quadrature method and 
n is the index of discrete samples. If the sampling interval is 
small, Riemann quadrature can be used to simplify the expres-
sion with α = 1k  for all k. The linear equations describing the 
convolution operator can then be written in matrix form as

=y Gf . (15)

The inverse problem to solve for the transient force from 
the measured response and the unit impulse response function 
is given by

= −f G y.1 (16)

Ideally, equation (16) is sufficient to reconstruct the applied 
force from the measured test stand response. However, any 
noise in the measured response will result in large oscilla-
tions in the deconvoluted force [19]. The effect of noise on 
deconvolution can be minimized by using regularization, 
which imposes additional constraints on the inverse problem. 
Hansen [18] used Tikhonov regularization to stabilize decon-
volution by minimizing the residual ε given by

| | | |ε λ= − +Gf y f .2 2 2 (17)

The constant λ in equation (17) is called a Tikhonov filter 
factor. Tikhonov regularization solves the deconvolution 
problem in a least squares sense with λ = 0 giving the least 
squares formulation. A suitable choice of λ can smooth out 
the effect of noise without distorting the desired signal. The 
process used to determine an optimal λ value and validate the 
deconvolution procedure can be found in the appendix A.

The RailPAc prototype was placed on the force measure-
ment stand (figure 5), consisting of an Aluminum honeycomb 
plate mounted on a pair of linear guides, attached to a load cell 
(Omegadyne LCMFD-20N) on each end. These load cells can 
measure  ±20 N with nonlinearity less than 3 mN. The linear 
guides constrain the motion of the test stand to the direction 
of the armature transit, such that the test stand acts as a SDOF 
structure. Two load cells were used to increase the stiffness 
of the test stand so that it has a natural frequency at  ∼300 

Hz. The loadcell signals measured from this test stand were 
deconvoluted to obtain the transient force.

3.4. Impulse measurements

The total impulse generated by the RailPAc was measured in 
a seperate experiment to verify the measured transient force. 
The test stand to measure total impulse must have a very low 
natural frequency so that its oscillation time period is much 
longer than the duration of the applied transient force. In this 
case, the transient force can be treated as an ideal impulse. For 
a lightly damped structure, the applied impulse J and max-
imum displacement of the test stand are linearly proportional

ω=J m ymax .deq ( ) (18)

The constants, meq and ωd, in equation (18) can be found 
from the test stand mass and the period of damped oscil-
lation. The RailPAc was mounted on a low natural fre-
quency folded pendulum test stand and the total impulse 
was obtained by measurement of the test stand deflection. 
Figure 6 shows a schematic of the test setup. The rigid links 
act as pendulums, and the hinges are comprised of copper 
flexures that also serve as electrical connections to the rails. 
The two pendulums are connected by an aluminum hon-
eycomb panel with the RailPAc prototype mounted on its 
surface. A low inductance gradient coaxial cable connects 
the rails to the copper flexures. The pendulums constrain the 
motion of the test stand along the direction of the armature 
transit. The displacement of the test stand is measured with 
a capacitive displacement sensor (capaNCDT 6110 CS05) 
with a measurement range of 0.5 mm and 75 nm resolution. 
The test stand has a damped natural frequency of 0.73 Hz 
and ζ of 0.012.

Figure 5. Force test stand designed to measure transient force in 
x-direction. The RailPAc prototype is mounted on linear guides and 
the test stand displacement is measured using two load cells.

Figure 6. (a) Schematic and (b) picture of the impulse test stand. 
The pendulums are coupled via a rigid link. The RailPAc prototype 
is mounted on the link and the displacement of the test stand, y(t), 
due to RailPAc force is measured using a capacitive displacement 
sensor.

J. Phys. D: Appl. Phys. 48 (2015) 425204
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The equivalent mass of the test stand meq is given by [24]

= + +m
I

L

I

L
m.u

u

l

l
eq 2 2 (19)

The moments of inertia of the upper and lower pendulums, 
Iu and Il, were computed by approximating the components 
as rectangular cuboids with ±9.00 0.01 cm in length (Lu and 
Ll) and ±0.70 0.01 cm in thickness rotating about their ends. 
The uncertainty associated with the length is the sum of the 
uncertainty in pivot location of the flexures and measurement 
error. The uncertainty associated with the combined RailPAc 
prototype and rigid link mass (m) is 0.1 g based on the meas-
urement error. The resulting equivalent mass of the test stand 
was ±610 3 g. The meq and ωd values gives impulse test stand 
calibration factor of ±2.8 0.2 mN-s mm−1. The impulse test 
stand calibration was verified by applying a known impulse 
(using the instrumented impulse hammer) and measuring the 
resulting test stand displacement.

4. Results

4.1. High-speed imaging

High-speed video was used to characterize the motion of the 
plasma armature. As shown in figure 7, the armature under-
goes various stages of transit. At the initial stage of transit 
(t  =  0.1 ms), the armature can be described as a single filament 
arc. As the current through the armature increases, the arma-
ture increases in intensity (t  =  0.9 ms) and begins to transit 
along the rails. The muzzle view shows the armature height 
during this stage of transit. The armature continues to transit 
and reduces in luminosity and height due to reduction in the 

armature current. At t  =  13 ms, the armature extinguishes. 
The images show that a region of diffuse plasma vapor sur-
rounds the armature. This vapor is distinguishable from the 
armature by the change in intensity between the armature 
region and the vapor. It has been shown by Parker [25] and 
Ray [21] that the plasma vapor does not conduct current 
across the rails. Thus, the armature height, ha, was determined 
from the muzzle view by neglecting the vapor region and only 
considering the height of the armature. This height is shown 
in figure 8. While the vapor extends to a maximum height of 
6 cm from the rail surfaces at t  =  2.5 ms, the armature height 
on average was  ∼2 cm. The armature height was calculated 
based on the intensity cutoff at 95% of maximum intensity 
value. The average height was found from the initial 4 ms of 
transit, during which most of the armature motion occurred. 
The height estimate demonstrate that the plasma armature 
interacts with a large volume of the surrounding neutral air.

As shown in figure 8, the transit characteristics of cathode 
and anode roots are different. While the cathode root transits 
smoothly along the rails, the anode root moves by sporadic 
jumps. The anode root attaches to the rail surface until it jumps 
to a new position closer to the cathode root. This difference 
in cathode and anode root motion has been documented by 
several authors [10–12, 26] who also observed the anchoring 
behavior of the anode root.

The difference in the root motion is explained by the pro-
cesses required to extract electrons and ions to sustain the arc. 
In the cathode region, the extraction of electrons is driven by 
Schottky emission [11], which imposes both local electric 
field ( ×4 107 Vm−1) [27] and electrode surface tempera-
ture requirements for the existence of cathode root in a new 
location. The field enhanced thermionic emission decreases 
the work function required (4.7 eV to 4.4 eV) to sustain the 

Figure 7. Images of the plasma armature transit. Selected views for t  =  0.1 ms, 0.9 ms, 1.8 ms, 2.5 ms, and 13 ms referenced from the 
discharge initiation are shown. The muzzle view provides the vertical dimension of the armature, while the top view shows the location of 
the armature along the rail. The rectangles indicate the outlines of the rails.

J. Phys. D: Appl. Phys. 48 (2015) 425204
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armature current, allowing the cathode root to easily transit 
from one location to another.

On the other hand, the extraction of ions from the anode 
region requires evaporation of heavier species. Study by 
Lindmayer showed that the motion of anode root is influ-
enced by the heavy ion evaporation [26]. The temperature 
requirement for heavy ion evaporation is higher than the 
extraction of electron. Indeed, the RailPAc anode showed 
marked evaporation of rail material at the anode root loca-
tions. It is evident from the rail topology that the electrode 
surface temperature required for the vaporization is localized 
at the anode root and is not present elsewhere on the anode 
surface. Thus, the anode root is anchored to a particular loca-
tion to achieve the required temperature condition and its 
motion requires a secondary breakdown to occur at a new 
location on the anode.

The secondary breakdown is initiated by the increase in rel-
ative distance between the anode and cathode roots. Because 
the armature resistance scales linearly with the armature 

length, the voltage drop between cathode and anode increases 
due to the lengthening of the armature [28–30]. At certain 
critical voltage, the anode root forms at a new location near 
the cathode root to minimize the armature resistance. Since 
the anode movement requires a breakdown of gap close to the 
cathode location, the motion appears as disparate jumps.

If the armature current path is approximated as a straight 
line between the armature roots, it can be shown that the cur-
rent path is not aligned with the y-axis after t   =  1 ms. In other 
words, the current path is not perpendicular to the rails and 
is rotated by an angle θ from the y-axis. Based on the rail 
spacing d and armature root locations (xc and xa), θ can be 
approximated as,

θ = −⎜ ⎟⎛
⎝

⎞
⎠

x x
d

arctan .c a (20)

Due to the jumps in the anode root transit, the cathode root 
position was differentiated numerically to obtain the transit 
velocity, u. A peak velocity of 56 m s−1 was obtained with the 
armature dissipating at x/L  =  0.75.

4.2. Electrical measurements

The electrical measurements (figure 9) show a peak cur-
rent of 1.2 kA for an initial capacitor voltage of 250 V.  
A large current pulse (∼kA) occurs before 5 ms, corre-
sponding to the duration of the armature transit and the half 
period of the RailPAc circuit. Comparison of the transit 
velocity and armature height in figure  8 and the armature 
current in figure  9 reveals a similarity in the velocity and 
armature height with respect to the current waveform. The 
discontinuities in i td /d  shown in figure 9 correspond to the 
anode root jumps observed in figure 8. While the anode jumps 
allow the plasma armature to exist for a longer duration, the 
armature exhibits little to no motion along the rails after the 
half period cycle of the RailPAc circuit. The capacitor dis-
charged from Vc  =  250 V to 100 V, such that only a portion 
of the capacitor energy was used for the RailPAc operation. 

Figure 8. (a) Position of the armature root on the cathode side (xc) and anode side (xa). The transit velocity (u) is found by numerical 
differentiation of xc. (b) Armature height (ha) normalized by rail gap (d ). Height was determined by outlining the arc shape with 95% of the 
peak armature intensity.

Figure 9. Measured armature current (i) and capacitor voltage (Vc).
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The capacitor energy expenditure, ∆E, was 560 J, or 85% of  
the initial capacitor energy, E0.

4.3. Force measurements

The measured transient force generated by the RailPAc was 
compared to the theoretical Lorentz force (figure 10) calcu-
lated using equation  (7), where ′L  was calculated using the 
average armature height (2 cm). While the assumption of 
constant armature height is not reflective of the physcial phe-
nomenon, this simplifying assuption was used by Hariswaran  
et al [31] to sucessfully simulate the RailPac transit. Note that 
the armature transit excites a higher frequency (transverse 
bending of honeycomb platform) mode at 2.5 kHz. This was 
filtered out from the test stand response using a third order 
polynomial Savitzky–Golay filter with 101 bin size, before 
reconstructing the transient force.

The theoretical Lorentz force in figure  10 matches the 
transient force until ∼t 1 ms, after which the theoretical force 
overpredicts the measured force. The discrepancy begins 
when the arc roots no longer transit together (figure 8). Recall 
that when the cathode root transits ahead of the anode root, 
the component of current density along the y-direction scales 
by θcos . If the magnetic field between the rails is assumed 
to be uniform along the z-direction, then the Lorentz force, 
as defined in equation (7), must also scale by θcos . The cor-
rected theoretical prediction, θF cosL , accounting for the 
armature orientation closely matches the measured force. 
Note that there are several assumptions inherent in the theo-
retical model that are not satisfied in the experimental setup. 
First, the study by Mercier et al [12] showed that the current 
path between the electrodes is not always linear. Second, the 
plasma armature after the initial acceleration may not be in 
local thermal equilibrium. These two effects directly contra-
dict the uniform current density and armature shape assump-
tions needed to derive equation (7) and may account for some 

of the discrepancies between the theoretical prediction and 
measurement.

The theoretical and measured forces suggest that most of 
the momentum transfer occurred before t  =  4 ms. The velocity 
and transit characteristics in figure 8 corroborate this observa-
tion since all of the armature motion also occurred before this 
time. On the other hand, the electrical measurements (figure 9) 
show that the capacitor bank continues to discharge energy to 
sustain the armature well after 4 ms. While the energy expend-
iture up to this point results in a large momentum transfer to 
the surrounding quiescent air, the subsequent energy expendi-
ture results in little or no momentum transfer. Therefore, the 
energy expenditure of RaiPAc can be reduced by stopping its 
operation at  ∼4 ms without a substantial penalty to the actu-
ator control authority.

4.4. Scaling laws

The RailPAc scaling laws were examined by comparing the 
force measurements to the electrical measurements. The force 
scaling law was found by relating the peak force with peak  
current. As predicted by equation  (7), the measured peak 
force (figure 11) scales quadratically with respect to the  
peak current.

The impulse scaling law was determined by two methods. 
First, the impulse delivered to the surrounding air, J*, was 
obtained by integrating the measured transient force with 
respect to time. Second, a direct impulse measurement ( J) was 
performed with the impulse test stand. The results (figure 12)  
obtained via two methodologies show good agreement. The 
measurements affirm that RailPAc impulse is linearly pro-
portional to the capacitor energy expenditure. However, the 
measured impulse (J and J*) was substantially smaller than 
the theoretical impulse (JL). This is ascribed to the inad-
equacy of the model (equation (10)) since it does not take 
into account the difference between the cathode and anode 
transit behavior. The discrepancy between the measured and 

Figure 10. Comparison of the theoretical Lorentz force (FL), 
corrected theoretical Lorentz force based on armature orientation 
( θF cosL ), and the reconstructed RailPAc force (FR).

Figure 11. Maximum measured reaction force (FR,max). A quadratic 
fit (FR,fit) is provided to determine the scaling of the body force with 
respect to the armature current (imax).
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theoretical impulse also suggest that the actuator authority can 
be improved by minimizing the anode jumps.

Unlike the relationship between energy and impulse found 
in equation  (10), the measured impulse (figure 12) shows a 
random scatter and an intercept at ∆ ∼E 50 J. This energy 
corresponded to the energy discharged during the intiation 
stage (<0.5 ms), which was calculated from the voltage and 
current measurements. Thus, the shift is an initiation energy 
required to vaporize the fuse wire and form the plasma arma-
ture. The scatter in the data about the linear regression line, 
J*fit, is ascribed to the changes in the rail surface topology due 
to rail ablation.

It was observed that the jumps in the anode root motion 
causes the armature transit velocity (figure 13) as well as the 

RailPAc control authority to vary randomly from one firing 
to another. This variation is caused by surface irregularities 
on the anode surface. It was suggested by Lindmayer [26] 
that the condition required to form an armature root is not 
present on the melted area of the electrode, and the arma-
ture root skips over the damaged areas in favor of a new 
electrode surface. Because the anode root creates a surface 
degradation about 2 mm in diameter on the rail surface, the 
locations at which the anode root attaches to the electrode 
varies with each experiment. The paper reported results from 
50 firings, over which no systematic reduction in the control 
authority or transit velocity could be observed. This is due to 
the fact that a relatively small portion of the rail is damaged 
at each transit and the rail still maintains surfaces on which 
the new anode root can be formed. However, larger number 
of firings may result in degradation of RailPAc performance. 
The damage that the electrode sustains can be minimized 
by decreasing the residence time of the anode root on the 
surface. A number of studies on gliding arc have focused 
on this problem and varied electrode geometry [29], mate-
rial [26], and discharge characteristics. Further studies on 
implementing the lessons learned in gliding arc should be 
performed as smooth anode transit may be a crucial enabling 
technology for the RailPAc.

5. Summary and conclusions

In summary, deconvolution and direct impulse measurements 
were used to characterize the body force exerted on the qui-
escent air by a RailPAc. These measurements were made on 
a prototype RailPAc mounted on force and impulse measure-
ment stands. Test stand responses to the RailPAc body force 
were measured using loadcells and displacement sensors. 
Deconvolution in conjunction with Tikhonov regularization 
was necessary to reconstruct the transient forcing from the 
measured test stand response and to eliminate the effect of 
noise. The total impulse was obtained from measurements 
of the impulse test stand displacement; these measurements 
agreed well with the reconstructed transient force integrated 
with respect to time. The RailPAc was determined to impart a 
peak force of 0.4 N and an impulse of 0.68 mN-s at the initial 
capacitor voltage of 250 V.

The scaling laws were obtained by comparing force and 
impulse measurements to electrical measurements. The 
body force applied to the quiescent air was found to scale 
quadratically with the peak current while the impulse was 
found to scale linearly with the total energy disipated by 
the system. These scaling laws show that the RailPAc can 
be tailored to a specific flow condition by changing its elec-
trical parameters.

The measured force and impulse can be compared to other 
plasma actuators. Grossman et al reported peak impulse 
measurement of 2 µN-s with 0.0654 J on a sparkjet [32], while 
Elias et al measured 0.2 mN-s of impulse with 2.7 J of energy 
on a pulsed DBD of comparable dimension (length of 3d )  
[13]. For a DBD operating in steady state actuation, Corke  
et al presented thrust measurement of 0.01 N [33].

Figure 12. Comparison between the impulse obtained by transient 
force measurement (J*) and direct impulse measurement (J).  
A linear regression of J* is shown to determine scaling of impulse 
with respect to the capacitor energy expenditure (∆E). The 
theoretical impulse (JL) is provided for comparison.

Figure 13. The maximum cathode root transit velocity (umax) as a 
function of initial capacitor voltage (Vc0). A linear regression (ufit) is 
shown. Large scatter is attributed to the randomness associated with 
root transit over a used rail surface.
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High speed video was used to study the effect of arc struc-
ture on RailPAc control authority. The video revealed that 
the anode root propagates in sporadic jumps along the rails, 
leading to a reduction in the measured force and impulse com-
pared to a smooth transit case and random fluctuations in the 
transit velocity and impulse measurements. Further experi-
mental studies are warranted to characterize the coupling 
between the measured impulse and the flow field conditions 
of the surrounding quiescent air.

Appendix A.  Validation of the deconvolution 
procedure

The validation procedure began by characterizing the test 
stand with an impulse respones function. Tektronix PCB-4461 
impulse hammer was used to obtain the unit impulse response 
function. It has a sensitivity of ±2.25 0.53 mV N−1 with a res-
onant frequency at 22 kHz. A steel impact tip was mounted on 
the impulse hammer to excite the test stand with a short dura-
tion (impact duration, ∼T 1h  ms) force, FI. The output of the 
load cells is the resulting structural response, SL. Note that SL 
is y(t) in equation (11) scaled by a constant calibration factor.

Figure A1 shows the power spectrum of the applied force, 
test stand response and the unit impulse response function 
obtained by deconvolution of the test stand response and the 
applied force. Note that the applied force is bandwidth limited 
to f c of  ∼2 kHz, above which the hammer no longer has suf-
ficient energy to elicit a test stand response. As a result, the 
loadcell signal decays to the noise floor for ⩾f fc. The unit 
impulse response function no longer contains useful infor-
mation about the test stand response for ⩾f fc, which limits 
the maximum resolvable forcing bandwidth to around 2 kHz.  
In other words, deconvolution can only reconstruct a forcing 
of duration greater than 0.5 ms.

The deconvolution methodology using Tikhonov regulari-
zation was verified by using the impulse hammer with a soft 
tip to apply an impulse of duration  ∼1.5 ms (representative of 
RailPAc forcing), and comparing the reconstructed force with 
the actual applied force. The effect of different values of λ on 
the reconstructed force F*

I  can be seen in figure A2, where the 
applied force FI is measured by the impulse hammer. High 
values of λ reduce high-frequency oscillations in the recon-
structed force, but also decrease the total impulse. Figure A3 
shows the effect of λ on the ratio of the reconstructed impulse 
J*

I , i.e. the time integral of the reconstructed force (F*
I ), to 

the applied impulse JI, i.e. the time integral of the applied 
force measured by the impulse hammer (FI). The optimum 
value of λ = 0.25opt  is chosen based on the change of slope 
of this curve. In general, deconvolution captures the shape of 
the applied force except at the instants of large F td /dI . This is 

Figure A1. Comparison of power spectrum of the applied forcing 
(FI), measured structural response (SL), and impulse response 
function (G(  f )) obtained via deconvolution. For ⩾f 2 kHz, SL is 
dominated by noise and G(  f ) no longer contains useful information 
about the structure.

Figure A3. Ratio of the impulse of the reconstructed force (J*
I ) and 

the impulse of the applied force (JI). The optimal regularization 
parameter, λopt, is found from the transition point at λ = 0.25.

Figure A2. Comparison of the reconstructed forcing F*
I  to the 

applied forcing FI for different values of λ.
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a limitation of regularization since the smoothing condition 
limits the bandwidth of the force that can be reconstructed.
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