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Abstract. The gliding arc discharge (‘Glidarc’) is the subject of renewed interest in
application to a variety of chemical reactions. The gliding arc creates a weakly ionized gas
‘string’ between two horn-shaped electrodes. In this paper, we present a simple model for a
bi-dimensional dc Glidarc working in air, in which the conducting zone of the discharge that
is heated by the Joule effect is considered as a hot wire cooled by an air flow. Inside this wire,
the heat transfer results from thermal conduction. The exchange of heat between the hot wire
and the air flow is assured by convection and depends on the wire radius and the relative
velocity of the arc with respect to the gas flow. The model correctly describes experimental
results and allows us to predict the working parameters of the Glidarc in different
experimental situations.

Notation

Classical notations
N Neper number
R ideal gas constant
qe electron charge
p pressure
T temperature
Ne density of free electrons
Ve drift velocity of electrons in an electric field E

M averaged molecular mass of air
Cp specific heat of air at constant pressure
ρ(T ) specific mass of air (ρi ≡ ρ(Ti))
µ(T ) viscosity of air (µi ≡ µ(Ti))
σ(T ) electric conductivity (σi ≡ σ(Ti))
χ(T ) thermal conductivity (χi ≡ χ(Ti))
S(T ) heat flux potential (S(T ) ≡ ∫ T

0 χ(T ) dT and
Si ≡ S(Ti))

K director coefficient of the σ variation as a
function of S (K ≈ 3.95 × 10−2 �−1 W−1) for
air

τ time constant of the protected thermocouple

Dimensions of the reactor

de narrowest inter-electrode gap
e reactor thickness

¶ Author to whom all correspondence should be addressed.

� surface area of a reactor section
θ electrode angle
φ gas injection nozzle diameter
x distance from the gas injector
xs distance of the reactor exit from the gas injector
l0 distance between the gas injector and inter-

electrode gap
l1 length of the divergence
l2 electrode length
2b distance between electrode summits

Plasma string characteristics

Ua arc voltage
I arc current intensity
J current density
P power injected to the arc
w power dissipated per unit length of the arc
E electric field strength in the arc column
r1 calculated conducting zone radius
ra experimental conducting zone radius
R total arc column radius
L arc column length
Lm maximal arc length (corresponding to a circular

form of radius Rm)
Va arc column velocity
T0 temperature far away from the conducting zone

(T0 � T1)
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T1 temperature at the boundary of the wire (T1 =
4000 K)

T2 temperature on the axis of the wire
Tm mean temperature of gas flow (Tm ≡ (T1 +T0)/2)
Ts temperature at the rector exit
A, α arc characteristic parameters
F parameter of increasing air temperature (see

section 6.2)
,t lifetime of the plasma string, that is to say period

of the discharge

Flow characteristics

Dg gas flow rate
Vg gas velocity
V relative gas velocity (V ≡ Vg − Va)
Nu Nusselt number
Re Reynolds number
h convection transport coefficient
β flow parameter

Electrical data

UB breakdown voltage
Ug maximum power supply voltage
rg internal resistance of the power supply

1. Introduction

Applications of different plasma reactors are constantly
increasing in different fields of chemistry, metallurgy,
microelectronics and environmental protection. A new
system, called ‘Glidarc’ [1] (gliding arc) has been developed
to generate a high-pressure cold plasma for chemical
applications with both high efficiency and selectivity for
chemical reactions [2–4, 10, 11].

The Glidarc creates a weakly-ionized gas ‘string’
between two horn-shaped electrodes. The gas is introduced
at the electrode base and a high dc voltage is applied to
electrodes. An electric arc discharge is created at the
narrowest electrode gap. Then the arc string is pushed
towards the top of the electrodes by the transversal gas
flow. During this movement the lengthening of the arc
string is observed. The arc voltage Ua progressively
increases with a quasi-constant arc current intensity I ,
until attaining the breakdown voltage UB of the starting
gap; at which time a new arc appears at the bottom of
reactor, which extinguishes the first arc at the top of the
electrodes. The Glidarc is periodically submitted to the
ignition–lengthening–extinction cycle.

In our preceding paper [5], we described a simple model
which permits us to estimate the characteristics of the Glidarc
power source (internal resistance rg and power supply voltage
Ug) and the electrode gap de that imposes the extinction
voltage of the arc. In this paper we study the influence of
some discharge parameters (the power w dissipated per unit
length of the arc, the arc column length L and its radius R

and the relative gas velocity V = (Vg −Va)) on the energetic
proprieties of the Glidarc using the Ellenbaas–Heller and
‘hot-wire’ models.

In the Ellenbaas–Heller model, radiation losses are not
taken into account. However, for small current intensities,
corresponding to lower plasma temperatures (for air and
T < 10 000 K), radiation losses are much smaller than
conduction losses [6]. This is certainly the case of the
Glidarc, for which the arc current is of the order of 1 A and
the on-axis temperature is in the range of 5000–6000 K.

In addition, the Ellenbaas–Heller model supposes that
all thermal transfers are assured by conduction, and the
losses by convection are not taken into account. The Glidarc
string is surrounded by the gas flow and one may notice
that the relative velocity of the arc with respect to the
gas velocity considerably influences the characteristics of
the discharge: the cooling efficiency of the plasma string
increases with increasing relative velocity. These results
show the importance of the forced convection on the physical
properties of the Glidarc.

The hypothesis of the heat transfer only by conduction is
certainly not valid for the whole arc section. In the central part
of the arc column, where the temperature is higher, the plasma
has a much higher viscosity than in the cooler peripheral zone.
Under such conditions, the cold gas cannot easily penetrate
into the conducting plasma zone. For this reason this zone is
only little influenced by the convection effect. Thus, one may
suppose that thermal conduction is the principal mechanism
of heat transfer for the central part of the arc, and convection
dominates in the peripheral arc regions.

Taking into account these remarks, the Glidarc may be
considered as a cylindrical wire, warmed up by the Joule
effect (hot-wire model). Inside this wire, the energy transfer
is assured by thermal conduction. The exchange of heat
between the hot wire and the gas flow is assured by the
forced convection and depends on the wire radius and relative
velocity of the gas to the arc.

2. Gliding arc set-up

The Glidarc reactor used in our experiments works in
air at atmospheric pressure producing a plasma string
characterized by its radius and length, for which a two-
dimensional plasma may be a reasonable approximation (see
figure 1(a)). Two electrodes, made from a copper tube having
a diameter of 8 mm, are sandwiched between two panes of
glass spaced by a distance e (typically, e = 12 mm). The
electrodes form a nozzle with a variable angle θ (0 � θ �
π/2; typically θ = 20◦) and a neck of thickness de which can
be regulated in the range 0.1–1 mm (typically de = 0.5 mm)
(see figure 1(b)). The gas is injected through a cylindrical
injector (gas injector diameter φ ≈ 1 or 2 mm) between the
electrodes with a controllable flow rate Dg . The distance
between the gas injector and the inter-electrode gap is l0
(typically, l0 = 35 mm), and the length of the divergent part
is l1 (l1 ≈ 200 mm).

Power is delivered by a dc high-voltage power supply
with an internal resistance rg = 2500 � and a maximum
voltage Ug = 4500 V. When the voltage is applied to the
electrodes, the electric field creates an arc at the narrowest
gap de between the horns. The arc lengthens and is pushed
towards the top of the electrodes by the transversal gas
flow. The arc voltage Ua progressively increases until the
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(a)

(b)

Figure 1. Experimental set-up of (a) the two dimensional reactor
and (b) the working modes of the electrodes.

breakdown voltage of the starting gap is attained. A new arc
appears and the first arc at the top of reactor extinguishes.
This ignition–expansion–extinction phase is periodical, with
an average period ,t .

3. Gliding arc properties

The gliding arc is described as a plasma string with a small
radius r1 surrounded by a larger reacting region with radius
R. Arc spots move along the electrodes (‘jumping’ at the
cathode and ‘sliding’ at the anode [7, 8]). Analysis of the
experimental data in view of defining a Glidarc model leads
to following remarks [8–11]:

Figure 2. Schematic diagram of the cylindrical plasma column.

• the maximum arc voltage of the arc string is limited
by the breakdown voltage UB at the narrowest gap de

between electrodes;
• the arc current intensity I is quasi-constant during arc

lengthening;
• the electric field strength E is constant;
• the electrical power w per unit of length is constant;
• the conducting zone radius r1 of the plasma string is

constant;
• with an increasing gas flow rate, Dg , arc cooling

increases and the period of the ignition–extinction cycle
as well as the conducting radius r1 decreases. In this
case, the arc resistance and the electric field strength E

increases and the maximum length of the arc becomes
shorter.

4. Ellenbaas–Heller model

We developed and described this model in our previous
publication [9]. We consider a cylindrical plasma column
having a symmetry axis zz′ with a radius R (see figure 2). It
is assumed that the electric field E, parallel to zz′, is uniform
and different plasma parameters (temperature T , electric
conductivity σ and thermal conductivity χ ) are functions of
the distance r from the arc axis.

In order to apply the Ellenbaas–Heller model it must
be assumed that, for stationary conditions in the plasma, all
the energy produced by the Joule effect is transmitted out by
thermal conduction.

Variation of electric conductivity σ , thermal conductiv-
ity χ and heat flux potential S as functions of temperature
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T in air at atmospheric pressure (see figure 3) were calcu-
lated by Bacri and Raffanel [12]. In the range of tempera-
tures from 4000 to 7000 K, for the central conducting part
(0 � r � r1 < R) of the arc, we may assume that the electric
conductivity σ changes linearly as a function of the heat flux
potential S (see figure 4). One may write

σ = K(S − S1)

with




S(T ) =
∫ T

0
χ(T ) dT

K ≈ 3.95 × 10−2 �−1 W−1

S1 ≈ 1160 W m−1 for T1 ≈ 4000 K.

(1)

In (1) S1 is the heat potential value for r = r1 and T1 =
4000 K (S1 ≈ 1160 W m−1). In cold peripheral regions
(r1 � r � R), we assume that the plasma no longer conducts
(σ = 0). In reality, the σ = f (S) distribution is close to
linear only for small values of σ and S. For higher currents
this distribution changes and the linear approximation is not
valid. Nevertheless, in the frame of this approximation we
may solve the Ellenbaas–Heller equation inside and outside
the conducting zone by imposing continuity of dS/dr for
r = r1. The arc column is thus described by five equations:

r � r1 ⇒ S(r) − S1 = (S2 − S1)J0(
√

KEr)

r � r1 ⇒ S(r) − S1 = 1.25(S2 − S1) ln( r
r1
)

r � r1 ⇒ σ(r) = K(S2 − S1)J0(
√

KEr)

r � r1 ⇒ σ(r) = 0
w = 2.48π(S2 − S1)




with r1 = 2.4√
KE

(2)

where S2 and S1 are the heat flux potential values at the arc
axis and for r = r1, respectively, and J0(x) is the zero-order
Bessel function. One may see that the heat flux potential S2

at the arc axis is related directly to the dissipated power w

per unit of the arc length. It also permits us to determine the
temperature T2 on-axis.

The system of equations (2) is not closed and another
condition is required. For this purpose we established a
relation for w in terms of the flow properties (see section 5).

4.1. Determination of the temperature profile in the arc

Using the results published by Bacri and Raffanel (see
figure 3, following [12]), the relations (2) permit us to
determine the profiles of the temperature and the electric
conductivity in the arc column from the experimental values
of the electric field E and the power dissipated per unit of
length w. Calculations were performed for two gas flow
rates Dg = 3 sm3 h−1 (standard cubic meters per hour) and
Dg = 8 sm3 h−1. The temperature profiles obtained for these
two flow rates are shown in figure 5. The values of different
plasma parameters are listed in table 1.

One may notice that the gas flow has strong influence
on temperature profiles. For the gas flow of 3 sm3 h−1

the conduction radius r1 is close to 1.5 mm and the on-axis
temperature is T2 = 5225 K. For the gas flow of 8 sm3 h−1,
r1 ≈ 0.8 mm and T2 = 6045 K.

The experimental radius ra obtained from fast
photography are in relatively good agreement with that
calculated (r1) and changes in the same way as a function
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Figure 3. Variations of σ , χ and S as functions of the
temperature T (following [12]).
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Figure 4. Electric conductivity σ as a function of the heat flux
potential S (following [12]).

of the gas flow rate (see table 1). The experiment and
calculations also show that the confinement of the discharge
occurs when the gas flow rate increases. In figure 5, one may
notice a flat part on temperature profiles in the temperature
range of 3000–4000 K, corresponding to the maximum of the
thermal conductivity, due to dissociation of O2.

4.2. Determination of free electrons density profile

An assumption of the local thermal equilibrium (LTE)
model permits us to calculate the density of free
electrons Ne as a function of temperature T for air at
atmospheric pressure [13]. The radial profiles of the free
electron densities calculated from temperature distributions
previously described are shown in figure 6.
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Table 1. Characteristics of the plasma at atmospheric pressure (p = 101 325 Pa).

Values at Dg

Symbol Units 3.00 s m3 h−1 8.00 s m3 h−1 Comments Condition

I (A) 1.24 (±11%) 1.45 (±08%) Mean value Experimental data
E (kV m−1) 8.02 (±11%) 14.33 (±05%) [5]
w (kW m−1) 7.43 (±17%) 21.77 (±10%) [5]
ra (mm) 1.40 (<01%) 0.75 (±01%)

J (A m−1) 2.0 × 105 (±12%) 8.2 × 105 (±11%) J = i/(π.r2
a ) Values derived from

〈σ 〉 ((� m)−1) 25.03 57.38 Equation (4) experimental data
〈T 〉 (K) 4945 5489 [10] With LTE hypothesis
〈Ne〉 (cm−3) 5.94 × 1014 13.32 × 1014 [11]

S2 (W m−1) 2113 (±08%) 4103 (±03%) Equation (2) Elenbaas–Heller model
T2 (K) 5225 (±02%) 6045 (<01%) Equation (2)
r1 (mm) 1.52 (±11%) 0.85 (±17%) Equation (2)

I (A) 0.93 (±06%) 1.39 (±11%) Equation (3a) With LTE hypothesis
J (A m−1) 1.3 × 105 (±28%) 6.1 × 105 (±33%) J = I/(π.r2

1 )

〈σ 〉 ((� m)−1) 15.84 42.55 Equation (3b)
〈T 〉 (K) 4706 5260 [10]
〈Ne〉 (cm−3) 3.78 × 1014 9.93 × 1014 [11]

E/p (V cm−1(mm Hg)−1) 0.11 (±11%) 0.19 (±05%) Without LTE hypothesis
Ve (m s−1) 4.01 × 103 0.52 × 103 [12]
〈Ne〉 (cm−3) 2.51 × 1014 1.00 × 1015 Equation (5)

Knowledge of the temperature and electric conductivity
profiles permits us to calculate the arc current intensity I and
to determine the mean electric conductivity 〈σ 〉:

I =
∫ r1

0
2πrσE dr (3a)

J ≈ 〈σ 〉E with 〈σ 〉 = 2
∫ r1

0 rσ dr

r2
1

. (3b)

Using the data of Bacri and Raffane [12], which give the
variation of σ as a function of T for dry air at atmospheric
pressure in the frame of the LTE model, one may estimate
the mean temperature 〈T 〉 and electron density 〈Ne〉 in the
ionized channel (see table 1).

One may also obtain 〈T 〉 and 〈Ne〉 from the mean
electric conductivity determined from the measured arc
current intensity I and radius ra (see table 1):

〈σ 〉 = I

πr2
aE

. (4)

Previous values of the electron density were determined
with the assumption of the existence of the LTE state. It
is thus interesting to calculate the 〈Ne〉 value by a method
independent of the plasma thermal equilibrium state.

The current density J is related to 〈Ne〉 and the drift
velocity Ve of electrons in an electric field E by

J = 〈Ne〉qeVe (5)

where qe is the charge on an electron.
In air, the electron drift velocity is a known function of

the reduced electric field E/p (where p is pressure) [14].

The 〈Ne〉 values obtained from the calculations described
above are listed in table 1. For the two gas flow rates, the
new 〈Ne〉 values are close to those previously determined. A
possible departure from the state of thermal equilibrium does
not considerably modify the characteristics of the conducting
region of the plasma column.

5. Hot-wire model

5.1. Basic hypotheses

The conducting region of the arc is inside a rigid cylinder
of radius r1, placed in a gas flow with a velocity V , which
is the relative velocity of the arc with respect to the gas
flow (V = Vg − Va). On the radius r1, the air electric
conductivity is supposed to be equal to zero, corresponding
to the temperature T1 = 4000 K. In this region (r < r1)
we suppose that thermal exchange is assured by thermal
conduction and that the radial distribution of the temperature
may be obtained from solution of the Ellenbaas–Heller
equation.

Heat exchange between the plasma wire and the gas flow
is essentially convective. The power w dissipated per unit
length may be written

w = 2πr1h(T1 − Tm) (6)

with the following relations [15, 16]: Tm = (T1 + T0)/2 is
the mean temperature of the gas flow; T0 is the temperature
far away from the cylinder (T0 � T1 and Tm ≈ T1/2); h =
χmNu/2ri is the convection transport coefficient in which the
characteristic length is given by the cylinder diameter [16];
Nu = CRn

e is the Nusselt number (given by the Hilpert’s
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Figure 5. Temperature T and electric conductivity σ profiles in
the arc at flow rates of (a) Dg = 3 sm3 h−1 and
(b) Dg = 8 sm3 h−1.

relation, in which the coefficient C and the exponential n

depend on the gas flow [15, 16]); Re = 2r1Vρm/µm is
Reynolds number; χm is the coefficient of the gas thermal
conduction at Tm; and µm, ρm are the viscosity and specific
mass of air at temperature Tm. Then, w may be written in the
form

w = D(2r1V )n with D = πCχm

(
ρm

µm

)2
T1

2
. (7)

5.2. Determination of characteristic arc parameters

One may also write
w = EI. (8)

Comparing relations (7) and (8), and using for r1 the
expression r1 = 2.4/(K1/2E) (equation (2)), one obtains

E = A
V 1−α

Iα
with




α = 1

n + 1

A =
(
πCχm

T1

2

)α (
4.8ρm

µm

√
K

)1−α

.

(9)
The power w dissipated per unit length of the arc, the arc

radius r1 and the maximal arc length Lm may be, respectively,
written

w = A(V I)1−α (10)

r1 = 2.4

A
√

K

Iα

V 1−α
(11)
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Figure 6. Electron density, Ne, profile in the arc at flow rates of
(a) Dg = 3 sm3 h−1 and (b) Dg = 8 sm3 h−1.

Lm = UB

A

Iα

V 1−α
. (12)

The parameter V used in the above expressions is the relative
velocity of the arc with respect to the gas flow, V = Vg −Va ,
and UB is the breakdown voltage at the narrowest gap, de,
between the electrodes.

5.3. Relative velocity of the arc string with respect to the
gas velocity

The formulae (9)–(12) show that the relative velocity V of
the arc string with respect to the gas velocity is an important
parameter in the functioning of the Glidarc.

In a previous paper [9], we show that the relative
velocity could be determined using a high-speed intensified
camera in the double shot mode. The arc velocity can
be easily measured from two photographs taken with a
properly chosen exposure time. In order to determine the
gas velocity, particles that move along with the stream were
added to the injected gas and illuminated by an argon laser
at 514 nm. By using a low concentration of particles, we
were able to distinguish the movement of the individual
particles and measure their velocity by means of the high-
speed photography. This method is difficult to use under
industrial conditions, and we have searched for an easier
method to estimate the gas velocity Vg in the working reactor.

5.3.1. Gas flow characteristic in the reactor without
plasma. A metal Pitot tube (1.0 mm external and 0.5 mm
internal diameters) was used to measure the air velocity at
different places in the reactor, for several gas flow rates
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Dg (from 3 to 8 sm3 h−1), for two separation distances of
the electrodes (de = 0.5 and 1.0 mm) and for the injector
diameter φ = 2 mm (see figure 7).

We verified that the air velocity Vg measured on the
reactor axis may be written in the form (see figures 7 and 8)

Vg = β
Dg

xφ
(13)

where x is the distance of an axis point from the injector exit,
φ is the injector diameter and β is a constant. With β ≈ 4
one obtains Vg in metres per second, if the flow rate Dg is in
standard cubic metres per second (sm3 s−1) and the distance
x and diameter φ are in metres.

The gas velocity Vg at a point on the reactor axis, is
practically independent of the narrowest inter-electrode gap
de and the angle θ of the electrodes. This simple expression
permits one to find the air velocity Vg on the reactor axis with
an error smaller than 15% for x � 80 mm.

In case of a free turbulent jet created by a cylindrical
injector of a diameter φ (see figure 9), the velocity V (x, 0),
at a point M on-axis at a distance x from the injector exit,
may be described by the relation [17]

V (x, 0) = β
Dg

xφ
with β = 7.5. (14)

At a point P(x, y) the velocity may be written as

V (x, y) = V (x, 0)f (y)

with f (y) =
[

1 + 0.65
( y

0.08x

)2
]−2

. (15)

The expression for V (x, 0) is similar to that for Vg(x),
which is based on experimental results. Only the coefficientβ
value is different (β ≈ 4 for Vg(x) and β ≈ 7.5 for V (x, 0)).
This difference may probably be explained by the restriction
of air entrainment via the passage between the electrodes and
the glass plates.
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Table 2. Determination of the coefficients A and α (subscript (1) denotes Dg = 3 sm3 h−1 and subscript (2) denotes Dg = 8 sm3 h−1).

E (kV m−1) V (m s−1) I (A)
x A
(mm) E1 (±11%) E2 (±5%) V1 (±15%) V2 (±15%) I1 (±11%) I2 (±8%) α (SI units)

110 8.02 14.33 4.00 19.00 1.24 1.45 0.570 (±18%) ≈ 5000 (±10%)
135 8.02 14.33 3.30 13.00 1.24 1.45 0.518 (±22%) ≈ 5044 (±5%)
160 8.02 14.33 2.90 11.00 1.24 1.45 0.505 (±23%) ≈ 5276 (±5%)
185 8.02 14.33 2.50 9.50 1.24 1.45 0.506 (±23%) ≈ 5687 (±5%)

Average ≈ 0.52 (±10%) ≈ 5300 (±10%)

Figure 9. Schematic diagram of the circular turbulent jet.

The transverse profiles of the flow velocity measured
and calculated by the function f (y) for different distances x

from the nozzle exit are shown in figure 10. One can notice
the satisfactory agreement between the experimental and
theoretical velocity distributions. Using expression (15), we
verify that the central part of the flow (V (x, 0) � V (x, y) �
V (x, 0)/N , where N = 2.72 is the Neper number) is inside
a cone which has its summit located at the injector exit and a
summit angle of 9◦. The free jet diameter becomes equal to
the reactor thickness e = 12 mm at the distance x0 = 75 mm
and it is reasonable to suppose that air entrainment by the jet
is negligible for x � x0.

The air flow rate Dg(x) of the free jet at the distance x �
x0 of the injector exit, may be calculated from expression (15)
and written in the form

Dg(x) = 0.123
Dgx

φ
x � x0

Dg(x0) = 9.2 × 10−3 Dg

φ
x0 = 75 mm (16)

with Dg in standard cubic metres per second and φ in metres.

5.3.2. Gas velocity in the reactor with plasma. The gas
velocity Vg is more difficult to measure while the reactor is
working, in particular because a metal Pitot tube cannot be
used in the presence of the arc. In this case, Vg is obtained on
the reactor axis, using a ceramic (alumina) Pitot tube (3.0 mm
external and 1.5 mm internal diameters) which allowed us to
determine the dynamic pressure ρV 2

g /2 of the air flow. The
specific mass of air ρ is calculated from the temperature T

measured on the reactor’s axis by a thermocouple protected
from the arc by an alumina tube (3.0 mm external and 1.5 mm
internal diameters) (see figure 11). The time constant τ of
the protected thermocouple is important (τ ≈ 100 s) whereas
the arc rests on this probe a very short time δ (δ ≈ 5×10−5 s)
during one period ,t (,t ≈ 10−2 s). We can estimate
the temperature increase ,T of the ceramic due to the arc
crossing by the application of a periodic pulse of temperature
(period ,t) having the width δ and height ,T0. Thus, ,T

may be written in the form

,T = 〈,T 〉 +
∞∑
n=1

an cos

(
2πn

t

,t
+ φn

)
(17a)

with




〈,T 〉 = ,T0
δ

,t

an ≈ 〈,T 〉
2π2n2(τ/,t)2

for

(
nπδ

,t

)
< 1.

(17b)
With a maximum temperature increase ,T0 = 2340 K equal
to the fusion temperature of alumina (we did not see any
molten zone on the ceramic surface), δ/,t = 5 × 10−3 and
τ/,t = 104, one obtains 〈,T 〉 ≈ 12 K, and the amplitude
an of the fluctuations are completely negligible. In this case,
the corresponding relative error on the air flow temperature
outside the arc column, ,T/T ≈ 〈,T 〉/T , is always smaller
than 5%.

One may also estimate the gas velocity Vg in a section of
the working reactor (temperature T ) from the gas velocities
Vg0 measured in this section without an arc (temperature T0).
Using the conservation of the mass flow rate in a reactor
section � at the distance x > x0, one may write for an ideal
gas

Dg = �MVg

pRT
= Cte (18a)

where M is the average molecular mass of air; T is the
temperature, p is the static pressure and R is the ideal gas
constant. We have verified that the pressure p does not
change in the presence of the plasma. For a given section
one obtains

Vg

T
= Cte and Vg = Vg0

T

T0
. (18b)
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Figure 10. Radial profile of the flow velocity at ��, , x = 175 mm and ♦, �, x = 215 mm. The full symbols denote the theoretical points
and the open symbols denote the experimental points.
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Figure 11. Mean temperature in the reactor at flow rates of �,
Dg = 3 sm3 h−1 and ��, Dg = 8 sm3 h−1.

The air velocities Vg deduced from Vg0 (equation (18))
are in satisfying agreement with those measured using the
ceramic Pitot tube (,Vg/Vg ≈ 15%).

5.3.3. Relative gas velocity in the reactor with plasma.
The arc velocity Va may be easily determined using a
photodiode system [9] and can be compared to the gas
velocity Vg .

The values of the relative velocityV = Vg−Va measured
on the reactor axis Ox for two flow rates (Dg = 3 and
8 sm3 h−1) are shown in the figure 12. We can see that
V decreases with x and increases with Dg .

The relative velocity V is high at the ignition neck when
the arc is motionless. Under the flow effect, the arc starts
to move and in a large part of the reactor V is stabilized at
a value close to 15–20% of the gas velocity (see figure 13).
A similar result has been obtained in a 50 Hz ac gliding
arc between parallel electrodes [3]. This relative velocity
must be understood as an effect of the ‘back-breakdown’
phenomenon, which shortens the arc column and brakes its
motion toward to top of the electrodes [7, 18].

5.4. Comparison of model and experimental results

Coefficients α and A in the formulae (9)–(12) can be
experimentally determined using expression (9). For two

Table 3. Heat string model validation: the value E is for a reactor
with parallel electrodes (θ = 0◦).

E (kV m−1)
V I

(m s−1) (A) Calculated Measured

10.8 (±10%) 0.20 (±10%) 38.3 (±20%) 35.30 (±10%)
2.0 (±10%) 0.30 (±10%) 13.8 (±20%) 11.10 (±10%)

values E1 and E2 of electric field, corresponding to currents
I1 and I2, respectively, for two velocitiesV1 andV2, we obtain
the following relations:

E1

E2
=

(
I2

I1

)α (
V1

V2

)1−α

⇒ α = a − c

b − c

with




a = log
E1

E2

b = log
I2

I1

c = log
V1

V2
.

(19)

The coefficients α and A have been determined in several
sections of the reactor having divergent electrodes (θ = 20◦).
The mean values obtained for A and α are, respectively,
〈A〉 ≈ 5300 (SI units) and 〈α〉 ≈ 0.52, close to α = 1/2
(see table 2).

The values of the electric fields E, measured and
calculated from expression (9) with 〈α〉 and 〈A〉 for the arc
with parallel electrodes (θ = 0◦) are indicated in table 3.
Taking into account a relative error (≈20%) on the calculated
electric field E, the agreement between the theoretical and
experimental results is satisfactory.

Moreover, expressions (9)–(12) are qualitatively well
confirmed by experimental results:

• increase of the electric field E while the relative velocity
V increases and the arc current I decreases;

• increase of the power w per unit length of the plasma
with I and V ;

• increase of the arc radius r1 with the increase of I and
the decrease of V ;
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Figure 12. Realtive velocities at flow rates of �, Dg = 3 sm3 h−1 and ��, Dg = 8 sm3 h−1.

Figure 13. Variations of (Vg − Va)/Vg as a function of x at flow rates of �, Dg = 3 sm3 h−1 and ��, Dg = 8 sm3 h−1.

• increase of the plasma length while V decreases and I

increases.

6. Determination of parameters for the working
Glidarc

6.1. Electrode geometry

Our results show that the characteristics of the gas flow in
the reactor are largely imposed by the gas jet at the injector.
The gas velocity V (x, y) decreases rapidly from the jet axis

according to expression (15). In order to assure the good
displacement of the arc spots on the electrodes it is important
to limit the angle θ formed by the electrodes. One may notice
that when certain gases are used (e.g. hydrogen), the arc spots
are difficult to detach in the bottom part of the reactor and
it is necessary to increase the velocity of the injected gas by
decreasing the injection nozzle diameter φ or by approaching
the injector to the point of the smallest electrode separation.

The experiment shows that a limit angle θ0 (θ0 ≈ π/2
for air) between the electrodes exists, above which the arc
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C
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θ
0

Figure 14. Schematic diagram of the limit angle θ0 above which
the arc stays in a fixed position after ignition.

Figure 15. Schematic diagram of a moving arc between the
electrodes (θ < θ0).

will not move along electrodes and stays in a fixed position
after ignition (see figure 14).

For θ < θ0, arc spots move along electrodes with a small
deformation of the plasma column, which becomes similar
to a part of circle having its centre C in the middle of the
electrode gap (see figure 15).

When the arc spots reach the summits of the electrodes,
A and B, the plasma column lengthens until the breakdown
voltage UB is attained. Supposing that the arc takes a circular
form with the radius Rm and the maximal length Lm (see
figure 16), one obtains the relation

sin

(
Lm

2Rm

)
= b

Rm

with AB = 2b (20)

where AB = 2b is the distance between the electrode
summits.

C
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Figure 16. Schematic diagram of arc lengthening at the top of the
electrodes (θ < θ0).

6.2. Temperature and velocity of the gas at the reactor
exit

The mean power 〈P 〉 injected into the reactor is taken away by
the gas leaving the reactor. The gas increases its temperature
by ,T = Ts − T0 with

,T = 〈P 〉
D′

gρ273Cp

(21)

where D′
g is the gas flow rate expressed in standard cubic

metres per hour, ρ273 is specific mass of air at T = 273 K,
Cp is specific heat of air at constant pressure, T0 is the
air temperature at the reactor entrance and Ts is the air
temperature at the reactor exit.

D′
g is the flow rate dragged in the reactor by the injection

free jet. From equation (16),

D′
g = Dg(x0) = 9.2 × 10−3 Dg

φ

,T =F
〈P 〉
Dg

φ with F = 108

ρ273Cp

≈8 × 10−2 [SI units].

(22)
In table 4, the ,T values calculated from (21) are in good
agreement with those measured at the reactor exit by a
protected thermocouple.

Using formulae (13), (17), (19) and (21), we may
write the gas velocity Vg , corresponding to the reactor exit
temperature Ts and the distance xs from the injector in the
form

Vg = β
Dg

xsφ

[
1 + F

〈P 〉
DgT0

φ

]
. (23)
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Table 4. Temperature increase at the reactor exit for 〈P 〉 = 2 kW
and φ = 2 mm.

Dg (sm3 h−1) 3 8

,T calculated (K) 384 144
,T measured (K) 388 (±10%) 155 (±10%)

6.3. Example of calculations for Glidarc

6.3.1. Reactor working parameters. The following
electric parameters for a gliding arc are determined for
〈P 〉 = 2 kW and 〈I 〉 = 2 A [5]: the power supply voltage,
Ug = 6666 V; the breakdown tension, UB = 3333 V; the
narrowest inter-electrode gap, de ≈ 0.65 mm; the internal
resistance of the power supply, rg = 2777 �; the arc current
just before extinction, I = 3〈I 〉/5 = 1.2 A; and the arc
current just after ignition, I = 6〈I 〉/5 = 2.4 A.

Using equations (9)–(12) of the hot-wire model and
taking the relative velocity as V = 10 m s−1, one may find:

• the electric field

E = A
V 1−α

Iα
= 14.6 kV m−1 (24)

• the power per unit of length of the arc column

w = A(V I)1−α = 17.5 kW m−1 (25)

• the radius of the arc conducting zone

r1 = 2.4

A
√

K

Iα

V 1−α
= 0.83 mm (26)

• the maximal arc length

Lm = UB

A

Iα

I 1−α
= 230 mm (27)

• the temperature on the arc axis determined from
equation (2) and data from [12]

T2 = T (0) ≈ 5400 K (28)

6.3.2. First case: electrodes length l2 = 200 mm and
angle θ = 20◦. When the arc reaches points A and B on
electrodes (see figure 16), its length is

L = θl2 = 140 mm (29)

Having extinction length Lm = 230 mm, the arc stops
at points A and B. Supposing that it takes a circular form
with a radius Rm, using the relation (20) one can obtain
Rm = 54 mm and xm = 285 mm.

We suppose that in the upper part of the reactor, the
relative velocity V (V = 10 m s−1) is equal to 20% of the
gas velocity Vg , thus Vg = 50 m s−1. Following relation (23),
the flow rate is written

Dg = xmφ

β

[
Vg − φ

F 〈P 〉
xmT0

]
. (30)

In this case, with T0 = 293 K and a gas injector diameter φ =
1 mm, the gas flow rate at the injector is Dg ≈ 10.6 sm3 h−1.

6.3.3. Second case: electrodes length l2 = 200 mm and
angle θ = 70◦. The arc reaches its maximal length Lm

before reaching the top of the electrodes, and x = 225 mm
(see figure 15). Taking V ≈ 0.2Vg (Vg = 50 m s−1) and an
injector diameter φ = 1 mm, one obtains Dg ≈ 8.2 sm3 h−1

for T0 = 293 K.

7. Conclusions

In this paper we present a simple theoretical description of a
gliding arc working in air, in which the conducting zone is
considered as a hot wire of a radius r1 warmed by the Joule
effect and placed in a gas flow with a relative velocity between
the gas and the arc V .

Inside the wire (r < r1), the thermal transfer is assured
by the thermal conductivity; the exchange of heat between the
hot wire and the gas flow results from the forced convection
and depends on the radius of the wire r1 and the relative
velocity V .

This model permits us to describe correctly the
experimental results and to predict the working parameters of
the Glidarc in different experimental situations. It also points
out the importance of the current I and the relative velocity
V of the arc in following observed dependences:

• increase of the electric field when V increases and I

decreases;
• increase of the arc radius when I increases and V

decreases;
• a lengthening of the arc when V decreases and I

increases.

We must note that the solution of the theoretical model
presented is based on the properties of atmospheric air,
which fortunately appears to be easy to handle, due to
the linear law of variation of the electrical conductivity λ

against thermal potential S. This simple solution does not
apply to the general case, since the transport properties
depend strongly on the plasma composition, and can be
greatly changed by the addition of small quantities of
impurities.

References

[1] Chapelle J and Czernichowski A 1992 Cahiers français de
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Thesis Orléans, France

[9] Richard F, Cormier J.-M, Pellerin S and Chapelle J 1996
Physical study of gliding arc discharge J. Appl. Phys. 79
2245–50

[10] Pellerin S, Cormier J.-M, Chapelle J. And Kassabji F 1997
Investigation and modelling of a cold arc discharge.
Chemistry applications Proc. 13th Int. Symp. Plasma
Chem. (Beijing, China) vol II, pp 813–8

[11] Chapelle J and Pellerin S 1997 Fonctionnement et
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