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A Study of Energy Partition during Arc
Initiation

Sotiria G. Koutoula, Igor V. Timoshkin, Senior Member, Martin D. Judd, Senior Member,
Scott J. MacGregor, Senior Member, Mark P. Wilson, Member Martin J. Given, Senior Member,
Tao Wang, and Emma I. Harrison

Abstract—This paper presents an analysis of energy partition
among various physical processes during the formation of an
electrical arc. Experimental work was conducted to accurately
determine the energy delivered into the discharge. The transient
voltage and current waveforms have been measured. An
analytical model was developed which allows estimation of the
energy partition in the discharge to be performed in order to
evaluate risks associated with different energy components:
thermal, kinetic-acoustic and light. Approximately 60% of the
electrical energy is converted into mechanical work, subsequently
contributing to the pressure rise. The results obtained will help in
studies of safety considerations regarding hazards associated
with plasma discharges in transient faults/sparks and during the
onset of arcing faults (flash and blast hazards).

Index Terms—arc, discharge, initiation, energy, shock, flash,
blast, acoustic, thermal, pressure

I. INTRODUCTION

N recent years, engineering societies have been strongly

concerned with achieving a high level of safety in power
systems, including minimisation of the risks associated with
arcing faults (arc flash and blast) on industrial premises. Due
to the dynamic behaviour of arcs, there are significant
uncertainties in predicting the energy dissipation during arcing
faults. Thus, selection of the most efficient protection
approach poses a substantial challenge for power engineers
and practitioners. Moreover, quantification tools for the
hazards related to the different energy components in the arc
are still under development, and further research and
validation is required. A major collaborative research project
between the Institute of Electrical and Electronics Engineers
(IEEE) and the National Fire Protection Association (NFPA)
started in 2004, to investigate experimentally the heat and
thermal energy, blast pressure, sound and light during an
arcing fault, in order to update the current standards
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concerning arc flash safety, [1-4]. In addition, research is
focused on the energy transfer mechanisms within an arcing
fault and the electrical energy conversion processes, [5, 6].

The primary motivation for the research presented in this
paper is to evaluate the energy partition that takes place at the
very early phase of the transient arcing process. The physical
processes during the initiation phase of the arc govern the
evolution of the arcing fault. The estimation of different
energy components at the early stages of arc development
provides useful information for both qualitative and
quantitative approaches to analyzing the related hazards due to
the arcing fault. Improved understanding of the physical
mechanisms and processes in the arc will help in identifying
potential means to control its impact on personnel and power
systems.

The paper consists of two main parts. The first part
describes experimental work conducted to determine the
electrical parameters associated with initiation of the arc
discharge. Arc current and voltage waveforms were obtained
and the electrical energy deposited in the arc discharge was
calculated. The second part presents an analytical model,
developed on the basis of hydrodynamic theory. This model
allows the energy partition during the initiation phase of the
arc fault to be determined. The energy components associated
with thermal, acoustic and light emission processes are
deduced. The pressure due to the acoustic shock wave was
also determined.

II. EXPERIMENTAL SET-UP

The apparatus shown in Fig. 1 was used to create and study
short transient arc discharges across a busbar gap, the
discharges being initiated using thin conductive wires placed
between the busbar and a grounded plate (a wire-guided spark
gap, WGSG). An 80 nF capacitor, C, is charged through a
25 MQ charging resistor, Ry, which limits the charging
current and protects the HVDC power supply. A discharging
resistor, Ry is fitted in parallel with the capacitor for safety
reasons. A plasma closing switch, PCS, is inserted in series
with the capacitor and serves to deposit the required energy
for the short transient arc discharge across the WGSG. The
inter-electrode gap of the PCS (4 mm) was selected to limit
the breakdown voltage to <20 kV and the energy available in
the discharge to <10 J.

The WGSG was connected in series with the PCS. The
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WGSG consists of a horizontal aluminium busbar used as a
high-voltage electrode, and a grounded base plate with a
crocodile clip for holding a 50-um-diameter copper wire, the
other end of this wire being attached to the busbar using a
screw. A PVC frame was used to mechanically support the
high-voltage electrode and the capacitor. The equivalent
circuit of the arrangement is shown in Fig. 2.

Spark discharge initiation in the WGSG was achieved
through the fast Joule evaporation of a copper wire, following
closure of the PCS. These spark discharges were used as
model electrical arcs in an investigation of the arc formation
processes and energy partition during arc initiation.

Using a wire-guided discharge allows the inter-electrode
distance in the WGSG to be varied from 1 cmto 8 cm for
applied voltages below 20 kV, [7]. Typical gap distances
between conductors in high-voltage equipment are between
lcm and 15 cm for 1 kV to 15 kV ratings, thus the gaps
examined in the present study were in a similar range. All
experiments were conducted under normal laboratory

Fig. 1. The test system used in the energy partition study. C, the energy-
storage capacitor; PCS, the plasma closing switch; WGSG, the wire-guided
spark gap; R, the charging resistor; Ry, the discharging (safety) resistor.

Rop PCS
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HV power T
supply c== Q
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Fig. 2. Equivalent circuit of the capacitive energy-storage circuit with the
PCS, the WGSG and the measurement circuitry.

conditions (an average temperature of 23 °C and an average
relative air humidity of 37%).

All waveforms were acquired using a Tektronix TDS 2024
(200 MHz, 2 GS/s) oscilloscope. A Samtech DE(CP)-01
tubular current shunt (13.96 V/kA) was used to measure the
current. A tubular shunt was chosen over other options
because of its fast response and its measuring accuracy, since
it is considered to react as a pure ohmic resistor that has no
self-inductance. Since the use of this shunt requires
interruption of the circuit conductors (the shunt needs to be

electrically-inserted into the loop in series with the WGSG),
efforts have been made to optimise the circuit design to
provide minimum inductance.

The total inductance of the loop was calculated and found to
be ~700 nH, using the empirical rule of thumb 1 nH/mm, [8].

The breakdown voltages were measured using either a
North Star PVM-5 HV probe (1000:1, 100 kV peak pulse) or a
Tektronix P6015A HV probe (1000:1, 40 kV peak pulse). In
order to determine the electrical parameters, voltage, current
and resistance of the PCS alone, the WGSG was excluded
from the test system by setting a O mm gap, i.e. the WGSG
electrodes were in contact, and the copper wire was absent.
Typical voltage and current waveforms of the PCS are given
in Fig. 3.
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Fig. 3. Voltage and current waveforms for the plasma closing switch with
inter-electrode gap of 4 mm, acquired to calculate the energy losses in the
switch.

=)

At this point, it is necessary to introduce the term
“equivalent constant resistance”, which refers to the effective
resistance of the circuit or element under consideration. In the
present work, two equivalent constant resistances have been
obtained and used in the energy partition analysis: the
equivalent constant resistance of the discharge circuit with the
PCS only; and the equivalent constant resistance of the
discharge circuit including both gaps, the PCS and the WGSG.

The equivalent constant resistance of the circuit with the
PCS only, Ry, consists of two components: the constant
resistance of the spark discharge in this gap, R, and the
stray resistance of the remaining circuit, Ryray: Rpes = Rypark +
Ryray- Rpes was calculated following the methodology
described in Section III when the inter-electrode gap in the
WGSG was 0 mm, as stated above. The average value of Ry
was calculated using 5 independent measurements and found
to be 0.30 Q with a standard deviation value of 0.01 Q.

The equivalent constant discharging circuit resistance, Ry, is
the total resistance of the circuit which includes both the PCS
and the WGSG. Therefore, Ry is the sum of two equivalent
constant resistances: the equivalent resistance of the circuit
including the PCS, R, and the equivalent resistance of the
wire-guided discharge alone, R,: Ry=Ry+ R;. Ry was
calculated following the methodology described in Section III
for each wire length from 1 cm to 8 cm.
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After both equivalent constant resistances were obtained,
R,c; was subtracted from the value of Ry calculated for each
individual wire length. Thus, the stray circuit resistance, Ry,
and the resistance of the PCS, Ry, were eliminated, and the
equivalent constant resistance of the plasma channel, Ry,
developed across the WGSG for each wire length was
accurately defined. The energy losses in the PCS were defined
in order to determine the available energy for the discharge by
subtracting the PCS energy losses from the energy stored in
the capacitor.

III. EXPERIMENTAL RESULTS

Typical voltage and current waveforms for a spark
discharge created using a 3 cm exploding wire are presented in
Fig. 4. The charging system has a time constant of ~2 s
(r = R4,C). Theoretically, the time required for the capacitor to
be fully charged is ~10 s.
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Fig. 4. Typical acquired voltage and current waveforms for a 3 cm wire-
guided spark gap with a 4 mm inter-electrode gap in the plasma closing
switch.

Analysis of the waveforms reveals several stages of the
wire-guided breakdown process. During the first ~0.5 us, the
PCS closes and causes the rapid collapse of the voltage and
increase in the current through the copper wire. At ~0.5 us, the
wire evaporates, resulting in interruption of the initial
conducting path. The WGSG opens, leading to the collapse of
the current and a sharp increase in the voltage across the
WGSG. The initial conducting path is interrupted for ~1.5 ps
(this is the time interval during which the WGSG remains
open, and varies stochastically between sparks), after which
breakdown of the gap takes place, and the current starts to
oscillate in the circuit. After breakdown the current waveform,
I(t), is described by an exponentially-damped sinusoidal
function, (1)-(4):

1(t)=Tge *'sin(ar) (1)

where:
I,=V,C@’/o+0) 2)
a=R, /2L, 3)

w=4/1/L,C —a> @)

Iy : current constant [A]

a : damping constant [rad/s]

® : angular velocity of undamped oscillations [rad/s]
Vor : breakdown voltage [V]

C : capacitance [F]

Ly : discharging circuit inductance [H]

Considering the arc resistance as a time-independent passive
circuit element, an RLC circuit with underdamped response is
defined. Following the technique described in [9], the
equivalent constant resistances Ry, and Ry have been obtained
using the experimental current waveforms, and the equivalent
resistance of the plasma formed by the wire-guided discharge
has been calculated: R, = Rj =R

Fig. 5 presents two functional dependencies of Ry: R as a
function of the spark gap length, d, R;,(d), and Ry, as a function
of the current constant, Iy, Ry(Ip). The standard deviation for
the 7 cm and 8 cm gaps is high because the current waveform
is rapidly damped and the number of current oscillations and
data points (peak current values at sin(at) = 1) available for
this analysis is limited. A fitting procedure in Origin Pro 9
graphing software was used to fit analytical curves to the
experimental data points. These functions are displayed in (5a)
and (5b):

(5a)
(5b)

R, (d)=0.08¢""*
R, (I,)=61.96e"""

where Ry, (d) and Ry,(Ip) are in Q, d is in cm, and I, is in kKA.
The analytical fitting functions (5a) and (5b) allow
calculation of the plasma resistance for different arc lengths
and different current constants to be made. The values of Ry,
obtained using the functional dependencies (5a) and (5b) will

Resistance (Q)

Resistance (Q)

0 i é :‘ -I‘ : 6 7 ; 9 1.0 1.5 20 p 3. | 30 35
Gap length (cm) Current (kA)

(@ (b)

Fig. 5. Resistance, Ry, of the spark for wire-guided spark discharges as a
function of gap length, (a), and as a function of current constant, I, (b). The
dotted lines give the best analytical fitting using (5a) and (5b) with goodness-
of-fit parameters R>=0.99 and R*=1. The error bars represent standard
deviation.

be used as input parameters in the analytical model developed
in Section IV. Thus, the hydrodynamic and acoustic
parameters of the transient plasma arcs can be calculated for a
wide range of current waveforms.

Thus, the energy delivered into the discharge and converted
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into Joule heating can be readily calculated using the constant
value of the discharge resistance, Ry, and the current
waveform. The total energy delivered in the discharge as a
function of the WGSG length is given in Fig. 6.
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Fig. 6. Energy delivered in the discharge as a function of WGSG length. The
error bars represent standard deviation.

It is evident that with an increase in the WGSG length, the
energy delivered in the discharge drops because the resistance
of the plasma increases, while the current drops. For the
longer gaps (7 cm and 8 cm), the energy begins to show a
tendency to grow. However, due to the high standard
deviation, particularly at 8 cm, it is not clear if this tendency is
statistically significant.

IV. ANALYTICAL MODEL

The present section is focused on estimation of energy
partition into thermal energy, mechanical work and light
emission. An analytical model will now be developed on the
basis of hydrodynamic theory, in order to predict the energy
partition that takes place during the arc initiation phase.

Previously-developed theory describes the arc channel
expansion based on the concepts of hydrodynamics and
considers the plasma channel as a piston that pushes the
surrounding medium, establishing a shock wave [10, 11].
Several publications report the dynamics of the arc plasma
expansion, with emphasis given to the pressure and velocity
fields produced in liquids, [7, 12-16]. Moreover, several
studies have investigated the dynamics of arc plasma
expansion in gases, [10, 11, 17, 18]. Since the electrical
discharge involves complex electronic and hydrodynamic
processes, the development of the discharge can be described
with the help of certain parameters: plasma channel resistance
and radius, temperature, pressure and energy dissipation.

For the development of this model, a number of necessary
assumptions were made. Atmospheric air was considered as a
Newtonian fluid (non-viscous, thermally non-conducting,
ideal gas) that expands only in the radial direction, [18]. The
gas density, po was considered constant at 1.2 kg/m®, and the
atmospheric pressure, P, was considered constant at 101 kPa.
The plasma channel resistance was assumed to remain

constant during the phenomenon development. Although a
range of temperatures for the arc plasma channel in non-
thermal plasmas is referred in several publications [19-21], the
plasma channel temperature is considered to be constant
(~7,000 K) in the present model, representing an average
plasma temperature.

The model has been developed using Braginskii’s
hydrodynamic energy balance equation [11], which states that
the electrical energy deposited in the plasma discharge by
Joule heating is converted into the internal energy of the
plasma and mechanical work done by the expanding plasma.
Light emission has also been taken into account in the present
model. The plasma channel is considered as a blackbody
radiator with emissivity factor ~0.1 [15], and its thermal
radiation is described by the Stefan-Boltzmann law. The
energy losses due to heat conduction are assumed negligible
during this initial stage of the arc formation.

The analytical model has been built and solved using
Matlab/Simulink software with solver ode45 (Dormand-
Prince). The energy balance equation which constitutes the
basis of the model is presented in (6). This equation links the
pressure in the plasma channel and its volume with the
electrical energy delivered to the plasma. On the left-hand side
of (6), there are three terms which represent the internal
energy stored in the gas, the mechanical work done by the
expanding arc plasma channel, and the energy associated with
light emission from the arc. These three energy components
are balanced by the electrical energy deposited into the arc
plasma channel, which is given by the term on the right-hand
side of (6). Combining the equations of continuity and motion
results in the equation for pressure in the plasma arc (7),
where the assumption was made that the discharge plasma in
air rapidly transforms into a spherically-expanding hot gas
“ball”, and the equivalent spherical topology can be used. This
assumption was discussed and confirmed in [23].

V(t) t t
POVO) (Y0 1y J'4m(t)sz4dt: J' 102Rydt (6
y—1 0 0 0
2 2
3(dr(t) d“r(t)
P(t)=Po+P0{E( @t j ”(t)dt—z} )

Since the electrical power associated with the arc channel is
measured experimentally, the arc channel radius can be
expressed in terms of power during the energy deposition
phase of the discharge, [22]. The arc channel radius expression
is given by (8), which is the result of the combination of (6)
and (7).

2 t t
d7r® __3r=D _[I(t)szldt_I4m(t)zgaT4dt
d?  apor* (do 0

_ 3 (dr(t)J2 Poy @®)

a0l dt ) por()
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V(1) volume of the plasma channel [m3]

P(t) pressure in the plasma channel [Pa]

Y : heat capacity ratio/ ratio of specific heats (1.4 for
dry air at 20 °C)

I1(v) electrical discharge current [A]

Ry constant resistance of the electrical discharge [Q]

t : duration of the electrical discharge [s]

r(t) plasma column/electrical discharge radius [m]

£ : emissivity factor

o . Stefan-Boltzmann constant is 5.67-10°° [W/m’K*]

T : temperature [K]

The utilisation of (6)-(8) to simulate the temporal
development of an arc plasma channel radius, and that of the
energy partition, is described in the following section.

A. Simulation results

The rapid development of the arc plasma channel due to the
fast energy deposition into its small volume produces a shock
wave. The surrounding environment is subjected to significant
stress, which depends on the medium density, due to the
propagation of this shock wave, [17]. This disturbance
propagates faster than the speed of sound in atmospheric air,
and results in large changes in the pressure, temperature and
density of the gas. In the model described in this paper, the
temperature and the density of the gas medium into which the
discharge takes place were assumed to be constant. The model
predicts the pressure changes of the arc plasma channel and
the surrounding environment in which the shock wave
propagates.

The hydrodynamic properties of the air and the expansion
rate of the arc plasma channel define the pressures developed
in the surrounding environment, [17]. The parameters which
are required for determination of the pressure are the radius,
the velocity and the acceleration of the arc plasma channel.
The acceleration of the expanding arc plasma channel,
d’r(t)/dt*, was calculated using (8) and its velocity, dr(t)/dt,
and the arc radius, r(t), were subsequently determined. The
input parameters for the model were the resistance of the
spark, R, obtained using (5a) and (5b), and the fitting
parameters Iy, o and , of the current waveform, obtained
using (1), which were used to estimate the total electrical
energy deposited into the discharge (RHS of (6)). The values
of the velocity and acceleration of the arc plasma radius were
then substituted into (7), to estimate the internal pressure of
the arc plasma channel.

Fig. 7 presents typical waveforms obtained for the radius,
velocity and internal pressure of the arc plasma channel for a
3cm wire-guided discharge. At the end of the energy
deposition phase, the value of the arc plasma channel radius is
of the order of several mm. Velocities of expansion of the arc
of a few km/s were obtained. Even at the end of the energy
deposition stage, the velocity of the arc plasma channel is
above the speed of sound. Moreover, the internal pressure
developed within the arc plasma channel can reach extremely

high values, of the order of tens of MPa, especially in the very
early stages. During the evolution of the phenomenon, the
internal pressure of the plasma channel decreases rapidly until
it becomes equal to the normal atmospheric pressure when the
expansion of the plasma channel ceases.
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Fig. 7. Typical temporal development of arc plasma channel radius, r(t),
velocity, and pressure in the arc plasma channel, P(t), for 3 cm wire-guided
discharge.

Fig. 8 presents the temporal development of the mechanical
work done by the expanding arc plasma channel, the internal
energy stored in the gas, and the light emission. These three
energy components were calculated using the expressions
stated on the LHS of (6). It can be observed that, at the very
beginning of the discharge, the main portion of the electrical
energy is converted into the internal energy of the gas.
However, the mechanical work component quickly becomes
significant. During the evolution of the discharge, the
electrical energy partitions mainly into the mechanical work
and internal energy. Losses due to light emission are
significantly smaller than the aforementioned energies.
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Fig. 8. Typical temporal development of energy partition in a 3 cm wire-
guided discharge.

The pressure, thermal energy and light emission with
significant ultraviolet and infrared components, developed due
to the mechanical work, the internal energy and the radiant
energy, respectively, could potentially cause harm to
personnel and damage power equipment in the vicinity of the
arcing event. From a safety point of view, it is crucial to
define protection boundaries for each of the potential hazards
derived from the arc discharge.
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Fig. 9 shows the energy partition as a function of the total
electrical energy deposited in the discharge. All energy
components: internal energy, mechanical energy and light
emission energy, shown in Fig. 9 represent the maximum
values of these energies obtained in the simulations for each
specific inter-electrode WGSG length. An example of the
energy partition in the case of a 3-cm discharge is given in
Fig. 8, which corresponds to a single set of data points at 1.6 J
in Fig. 9.
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Fig. 9. Energy partition as a function of electrical energy deposited into the
plasma discharge. Data points correspond to the maximum value of energy.
The error bars represent standard deviation with respect to each axis.

It can be calculated that approximately 60% of the electrical
energy is converted into mechanical work, subsequently
contributing to the pressure rise. The rest of the electrical
energy is converted into the internal energy of the gas, and
afterwards into thermal energy. A portion of the electrical
energy which is converted into radiant energy (~2%) is
substantially smaller than other energy components. The
model has assumed that heat conduction is not significant
during the formation and expansion of the arc.

The acoustic pressure, P,. (the pressure in the radiated
acoustic impulse), was obtained using the acoustic
approximation, i.e. the pressure wave is assumed to be a
compression wave that propagates in air at the speed of sound,
¢, and its measured value at a certain distance away from the
plasma discharge source is given by (9), where 7 is the
retarded time 7 =t — x/c:

1 a2 dr(0))? 4 ar) )
Pac =Py + po{ | r0)? d;(z’)wr(r)[ fi(;)j _rz(;)“ ( fi(;)j ©)

Fig. 10 presents the acoustic pressure, P,., as a function of
the distance, X, from the plasma discharge for all tested plasma
arc lengths. It is expected from the literature that the pressure
should decrease rapidly as the distance from the spark plasma
discharge is increased: the pressure waveform is expected to
follow a power allometric form, P,.(x) oc X 2, [12, 24]. In the
present model, the pressure decreases rapidly and seems to
follow a hyperbolic form. The pressure levels developed are

dependent on the wire-guided spark gap length and specific
energy available in the discharge. However, this dependency
is only evident at distances very close to the discharge. For
longer distances, the pressure levels developed seem to be
independent of the energy deposition. In the given
experimental conditions, the pressure developed at ~50 cm
away from the discharge does not exceed 200 kPa, and the
pressure is essentially equal to the normal atmospheric
pressure for longer distances, 1 m and above.
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Fig. 10. Acoustic shock wave pressure as a function of distance from the
discharge. The error bars represent standard deviation.

This study is focused on hazard investigation for time-
limited energy deposition into the discharge. Such limited
energy deposition time intervals occur during the initiation of
an arc, or during transients that appear in power systems. The
potential impact of longer-duration energy deposition on
power systems is greater, and should be modelled. The
assumptions made for this model development are unlikely to
remain applicable to the simulation of a discharge in which the
energy deposition phase lasts for several seconds. This is an
area that requires further development.

V. CONCLUSIONS

Experimental results obtained from wire-guided spark
discharges were presented, in order to provide information on
the electrical characteristics associated with transient plasma
discharges. The current waveform takes an exponentially-
damped sinusoidal form. The equivalent constant resistance
was calculated for 8 different inter-electrode WGSG lengths.
Thereafter, the electrical energy deposited into the discharge
and converted into Joule heating for each of the gap lengths
was calculated.

In addition, an analytical model was developed to estimate
the energy partition among mechanical work, internal energy
and radiant energy, to evaluate the risks associated with the
different energy components of the discharge. It was
calculated that more than half of the electrical energy was
converted into mechanical work done by the expanding
plasma channel radius, resulting in a subsequent pressure rise.
The rest of the electrical energy was converted into internal
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energy of the gas and then into thermal energy. The radiant
energy is significantly smaller than these energy components.
The model has assumed that heat conduction is not significant
during the formation and expansion of the arc.

Fast energy deposition into the small volume of the plasma
channel results in the rapid development of the arc plasma
channel, and produces a shock wave. The internal pressure
developed within the arc plasma channel can reach extremely
high values of the order of tens of MPa, especially in the very
early times of the phenomenon. Even for this time-limited
energy deposition duration, pressures 4 times higher than the
atmospheric pressure are developed at 10 cm away from the
discharge. There are aspects of the phenomenon that have not
been addressed due to the assumptions made in the
development of the present model. Further simulations should
be performed for discharges that last longer (several seconds).
In such discharges, the thermal radiation and convection are
significant components of the thermal energy that should be
taken into consideration in the heat transfer.
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