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Abstract 

 

While arc-faults are rare in electrical installations, many documented events have led to fires that 

resulted in significant damage to energy-generation, commercial and residential systems, as well 

as surrounding structures, in both the United States and abroad. Arc-plasma discharges arise over 

time due to a variety of reliability issues related to cable material degradation, electrical and 

mechanical stresses or acute conductive wiring dislocations. These may lead to discontinuity 

between energized conductors, facilitating arcing events and fires. Arc-flash events rapidly release 

significant energy in a localized volume, where the electric arc experiences a reduction in 

resistance. This facilitates a reduction in electrical resistance as the arc temperature and pressure 

can increase rapidly. Strong pressure waves, electromagnetic interference (EMI), and intense light 

from an arc pose a threat to electrical worker safety and system equipment. This arc-fault primer 

provides basic fundamental insight into arc-fault plasma discharges, and an overview of direct 

current (DC) and alternating current (AC) arc-fault phenomena. This primer also covers pressure 

waves and EMI arc-fault hazard analyses related to incident energy prediction and potential 

damage analysis. Mitigation strategies are also discussed related to engineering design and 

employment of protective devices including arc-fault circuit interrupters (AFCIs). Best practices 

related to worker safety are also covered, especially as they pertain to electrical codes and 

standards, particularly Institute of Electrical and Electronics Engineers (IEEE) 1584 and National 

Fire Protection Agency (NFPA) 70E. Throughout the primer various modelling and test 

capabilities at Sandia National Laboratories are also covered, especially as they relate to novel 

methods of arc-fault/arc-flash characterization and mitigation approaches. Herein, this work 

describes methods for producing and characterizing controlled, sustained arcs at atmospheric 

pressures as well as methods for mitigation with novel materials. 
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1. INTRODUCTION 

1.1 Arc-Discharge Overview 
Electrons are the negatively charged particles that make up the outer shells of an atom. In materials 

that are good conductors (i.e., most metals like copper, gold, silver) the electrons in the outermost 

orbit can easily be knocked out and travel to another atom to facilitate electron movement or 

current. Electrical current is the measure of electrons flowing through a wire (measured in amps, 

symbolized by A), which can be analogous to water flowing in a pipe, where water molecules 

represent moving electrons. Voltage is a measure of the capability to push electrons through a wire 

(measured in volts, symbolized by V) though also commonly prescribed in some mathematical 

equations by E. Voltage can be analogous to water pressure, where pressure pushes water through 

a pipe, and as it increases, the amount of water flowing too increases. All batteries and generators 

provide direct current (DC), where current only flows in one direction and the voltage is constant. 

Within utility connections however, voltage and current takes on an alternating form (i.e., 

alternating current (AC)), where the voltage will build up to a maximum, then fall to a minimum, 

and then back to a maximum, Figure 1-1. 

 

Figure 1-1. Direct current (DC) circuit vs. Alternating current (AC) circuit 

For both DC and AC systems, when a break, or fault between two current-carrying conductors 

exists, arc discharges can arise as sustained electrical current propagates through a conductive 

plasma created by the breakdown of a gaseous dielectric medium (typically air), between the two 

conductors or electrodes. The dielectric strength of air is large until the arc ionizes the atmosphere, 

where the characteristic shape of an arc-discharge is facilitated as hot air rises rapidly. Physically, 

an arc is initiated by ionization as current increases between two electrodes. The potential for an 

arc being facilitated between two electrodes is the breakdown voltage, which is a function of the 

gap size, pressure in the discharge space, and the type of gas surrounding the electrodes. Given the 

right conditions, the current will continue to flow unabated until it is interrupted by an upstream 

over‐current protective device or energy absorbing body. Such arcs release enormous energy, 

resulting in high temperatures, sound levels, pressures, as well as ejection of high‐speed molten 

debris, shown in Figure 1-2. Arc-faults that do not fall into thermal equilibrium, can continue to 

expand in air facilitating an arc-flash event that can cause blasts in electrical transmission, 

distribution and utilization systems. This can lead to injuries and fatalities of electrical workers, 
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with estimated costs of hundreds of millions of dollars each year in downtime and damaged 

equipment [29]. 

 
Figure 1-2. Potential damage from an arc-plasma discharge [1] 

Electrical arcs experience incremental negative resistance, which causes the arc temperature to 

increase. Therefore, as the arc develops and gets hotter the resistance drops, drawing more current 

(“runaway”) until some part of the system melts, trips, or evaporates, providing enough distance 

to break the circuit and extinguish the arc [2]. 

Although there are many types of electrical injuries, a ten-year study involving over 120,000 

employees performed by Electricite de France found that electrical arc injuries accounted for 77% 

of all recorded electrical injuries [3]. This statistic has facilitated the relatively recent emphasis on 

arc-fault and arc-flash hazards research. The arcing phenomenon constitutes a unique hazard, 

because, unlike electric shock, serious injury and death can occur at some distance from the actual 

current path. The most frequently identified consequences of arc-flash incidents are: 

1. Thermal burn injury 

2. Blast pressure wave injury 

3. Hearing loss injury 

4. Harmful electromagnetic emissions 

5. Release of highly toxic gases 

6. Shrapnel injury 

 

Thermal burn injuries are caused by direct heat exposure and ignition of clothing material. Strong 

pressure waves from an arc blast can throw workers or knock them off ladders or scaffolding. The 

blast sound waves emanating from an arc blast can cause hearing loss while the generated intense 

light can impair vision and cause blindness [3]. The temperatures generated by arc-flash events 

can vaporize all known materials, producing some highly toxic byproducts as a result in plasma 

clouds that may contain molten electrode material and the byproducts of burned insulation. Copper 

oxides, particularly deadly compounds, are formed when cooling copper vapor combines with 

oxygen that results in the formation of toxins that may cause damage to the lungs, skin, and eyes 

[3]. Rapidly expanding gases cause shrapnel to be propelled from an arc blast resulting in severe 

wounds. Electrical arcs produce some of the highest temperatures known to occur on earth, up to 

http://donklipstein.com/bulb1.html#wbs
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19,426 °C—four times the temperature of the sun’s surface—which is ~4,980 °C. These 

temperatures could also be high enough to super heat the air medium, as well as melt and/or 

vaporize the materials the plasma contacts [3]. During arc-faults, when electrode materials 

vaporize, they greatly expand in volume, notably Copper—67,000 times (compared to water at 

1,670 times). The intense heat from an arc causes sudden expansion of air resulting in a blast with 

resultant high pressure waves. Arc discharges can spray droplets of molten metal at a high speed, 

where blast pressure waves can exceed measured values of higher than 2,000 lbs/ft2 [3]. In 

confined spaces, such as a small room or an electrical cabinet, the blast can become more directed, 

magnified and more severe. In addition, the consequences of an arc-flash event can have a 

significant financial, impact which can lead to lost production from downtime and potential 

litigation costs. Further, a company’s reputation may be affected by such incidences through the 

loss of ISO ratings and poor safety records [4]. 

Arc-faults are generally limited to systems where electrical bus voltage levels are in excess of 120 

volts [5], where lower voltage levels normally will not sustain an arc and self-extinguish. The 

cause of an arc-fault electrical short normally burns away during the initial flash, where the arc-

fault is then sustained by the establishment of a highly-conductive plasma. This plasma will 

conduct as much energy as is available, and is only limited by the impedance of the arc. This 

massive energy discharge can burn bus bars and wiring, vaporizing the electrodes and causing 

explosive volumetric increases, where an arc blast can facilitate an expansion of approximately 

40,000 to 1 [5]. 

1.2 System Reliability and Arc-Faults 
Arc-plasma discharges arise over time due to a variety of reliability issues related to cable material 

degradation, electrical and mechanical stress, wiring breakage or conductor separation, seen in 

Figure 1-3. 

 

Figure 1-3. a. Arc-plasma discharge between two conductors [6] and b. PV structure 
fire [7] 

 

In general, there are two types of faults. The first type is a contact (or bolted) fault, characterized 

by a solidly connected fault path, which causes high levels of current to flow through a solid 

connect. Conversely, a second type of fault is facilitated as current flows through ionized air 

causing an arc. The significant difference between these two is that energy in a bolted fault 

condition is dissipated within faulted equipment while an arcing fault releases energy out into the 

surrounding environment. According to Jones [5] electrical arcs are typically facilitated by: 
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1. Inadvertent contact 

2. Loose connections 

3. Insulation failure 

4. Poorly maintained equipment 

5. Voltage transients 

6. Unsuccessful short circuit interruption 

7. Corrosion buildup on the conductor 

8. Animal damage 

 

Series arc-faults often occur in electrical systems due to corrosion or other conductor 

discontinuities [11]. Factors like humidity, contaminants, temperature, enclosure type, and 

material consumed in the arc can also affect the radiated energy level. Other factors like power 

factor, conductor gap distance, arc impedance, and arc duration also impact its severity [8]. 

According to Ammerman et al., [9] arc-flash incidents that arise from arc-faults, may occur in the 

workplace when tools are dropped, wiring errors occur, or physical connections are made between 

two energized conductors. Arcs may also be initiated without human intervention by mechanisms 

such as insulation breakdown and the buildup of conductive dusts [9]. 

1.3 Arc-Fault Characteristics 
1.3.1 Types of Arc-Faults 
Phenomenologically, arc-fault discharges (terminology defined in Appendix 4) may be established 

in three ways: 1. transition from a low current stable discharge such as a glow, 2. transient 

nonsteady spark discharge, and c. physical initiation. Additionally, arc-faults are facilitated by 

either series or parallel arc discharges, where a series arc discharge occurs when a conductor in 

series with the load breaks. In a series, configuration arc current cannot be greater than the load 

current that the conductor serves [10]. Traditionally, series wires and electrodes have historically 

received much attention regarding arc-faults as this configuration is often used to design power-

system protective devices like circuit breakers and fuses. As shown in Figure 1-4. series arc-faults 

are created when there is a discontinuity in a conductor and the current bridges this gap. 

Conversely, parallel arc-faults are facilitated when an arc is established between conductors at 

different potentials [11]. Although there are many potential parallel arc-fault paths, there are three 

generic types of parallel arc-faults. To use a PV array as an example system, the three types of 

parallel arc-faults are: 

1. Parallel Arc-Fault to Grounded Conductor–This parallel arc-fault could result from the 

negative DC cable (often grounded in the USA) shorting to a positive conductor due to 

wear, rodent bites, or damage to cables in conduit runs. In the case of the Mount Holly, 

NC fire [12] and the Bakersfield, CA fire [13], the fault path was established through 

the grounded current-carrying conductor via two faults to the conduit.  

2. Cross-String Parallel Arc-Fault–This fault occurs when conductors on different strings 

at different potentials arc.  

3. Intra-String Parallel Arc-Fault–This parallel arc-fault can occur anywhere in the string 

where a short occurs (e.g., junction boxes) [14].  
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Figure 1-4. Parallel arc-faults on the DC-side of a photovoltaic (PV) array [11] 

The differentiators between series (Figure 1-5) and parallel arc-faults are that current and voltage 

only vary slightly from normal operation [15], and that the location of the arc-fault does not change 

the current or voltage [11]. Another observation that has been made at Sandia National 

Laboratories (SNL) is that during both parallel and series arcs, although electrical devices such as 

inverters may turn off during an arcing event, the arc itself may not extinguish where it remains 

energized until the current flow stops, or when the arc burns through its conductor electrodes [11]. 

 

 
Figure 1-5. Series arc-faults at different locations within an inverter where current and 

voltage vary slightly from normal operation [11] 

Parallel arc-faults tend to be more dangerous than series arc-faults, where they can be facilitated 

from a short circuit or a ground-fault. A ground-fault can facilitate a parallel arc-fault only when 

a ground path is present where this arc-fault type can be cleared by a ground fault circuit interrupter 

(GFCI) or an arc-fault circuit interrupter (AFCI). The RMS current value for parallel arc-faults can 

be considerably less than that of a solid, bolted-type fault. Therefore, even a commercial 15 A 

breaker might not clear this type of fault before a fire can ignite. An arc from a short circuit 

decreases the dielectric strength of insulation separating the conductors. This allows a high-

impedance, low-current arc-fault to develop that carbonizes the conductor's insulation, further 

decreasing the dielectric strength of the insulation separating the conductors [10]. The result is an 

increased current, where thermal energy can be exponentially increased potentially increasing the 

likelihood of a fire. The current flow in a short circuit, parallel arc-fault is limited by system 

impedance and the impedance of the arc-fault itself [10]. 

1.3.2 Arc-Discharge Phenomena 
As shown in Figure 1-6, an arc discharge arising from an arc-fault event, consists of three regions: 

the anode region, the plasma column, and the cathode region, where the electrode boundaries form 
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the transition regions between the gaseous plasma and the solid conductors. Also illustrated in the 

figure is a characteristic voltage profile for arc discharges, where the voltage gradient across the 

arc depends on the actual arc distance, where variability in the voltage can occur due to the arc 

deviating from the electrode gap [16]. This can arise due to rapid thermal and magnetic 

fluctuations, in addition to buoyancy impacts. Previous observations however have shown less 

deviation for shorter gap distances (“length”), as well as less turbulent conditions for these reduced 

configurations [16].  

 
Figure 1-6. Arc-Plasma Discharge Characteristics [16] 

A number of investigators have postulated that the voltage gradient in the plasma column of an arc 

is nearly independent of the arcing current [16], where Browne found that the voltage gradient in 

the arc column is nearly independent of the arc current for magnitudes above 50 A. His results also 

found that it is approximately 12 V/cm for arcs in open air [17] during his investigations of both 

AC and DC circuits. An open-air arc is one that radiates the heat in all directions [8]. From his 

investigation, Strom determined that although the voltage gradient in the arc is affected to a small 

extent by current magnitude [18] his results suggested that arc length, too, had an impact, where 

for arc lengths between 0.32 to 122 cm, resultant arc voltages averaged 13.4 V/cm during tests, 

which produced peak AC currents ranging from 68-21,750 A [16]. 

 
Figure 1-7. Arc-plasma high/low current and voltage phenomena [18]. 
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For DC systems, the arc risk is generally evaluated based on the potential power of the circuit. 

Although the power may maintain a relatively constant value, respective current and voltage values 

may fluctuate relative to each other, where many investigators evaluate the characteristics of an 

arc based on a voltage-current (V-I) curve [16]. Figure 1-7 illustrates a DC V-I curve under quasi-

static conditions, characteristic for an arc of “fixed” length. In the low-current region (left of the 

dotted line), arc voltage drops as arc current increases, thus facilitating a relatively constant arc 

power in this region. Conversely, high current arc-faults are commonly viewed as being quasi-

stationary because the large thermal inertia in the arc discourages changes in arc temperature and 

conductance [16]. Even though the dynamic nature of the arc generates a time-varying arc length, 

arc voltage equations are commonly developed from the quasi-stationary V-I characteristics [16]. 

The majority of arc-plasma discharge literature is based on single-phase opposing electrodes, 

where the current comes from one side and flows across to the other side [19]. Consequently, arcs 

are often considered axisymmetric and nonaxisymmetric. As shown in Figure 1-8, an 

axisymmetric arc burns uniformly, while nonaxisymmetric arcs are either in a “state of dynamic 

equilibrium or continuous motion” [20]. 

a.  b.  
Figure 1-8. Series-electrode arc classification for a. vertical, axisymmetric wall stabilized 

arc, and b. horizontal, non-axisymmetric free-burning arc [19] 

Under thermodynamic equilibrium conditions, a “wall-stabilized” arc can become evident, where 

the arc is constrained to a cylindrical shape. At low currents (< 10 A), the geometry of a free-

burning arc would look similar to the diagram on the right side of the figure. With wall-stabilized 

arcs, the arc plasma is only partially ionized in the low-current region, whereas the plasma becomes 

fully ionized above a threshold current [20]. A similar transition in the level of ionization is 

observed for free-burning arcs in air [16]. In industrial applications, high-current free-burning 

arcing faults are extremely chaotic in nature where the arc can move so rapidly that its length and 

geometry are in constant dynamic motion. According to Gammon et al. [16] contributing factors 

to the dynamic nature of high-current free-burning arcs are the following: 

1. Thermal convection 

2. Electromagnetic forces 

3. Burn back of electrode material 

4. Arc-discharge extinction and restriking 

5. Plasma jets 
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2. ARC-FAULTS IN AC SYSTEMS 

Arc discharges in AC electrical systems can be described physically as the flow of current through 

an atmosphere between two phase conductors, or between a phase conductor and neutral, or 

between a phase conductor and a ground. Although all arc-faults can be hazardous, they can be 

extremely dangerous in some locations and less capable of significant damage in others depending 

on maximum fault current, X, Y, and Z. [21]. Arc-faults tend to release most energy at main 

distribution panels, which have high available fault current and least energy at the branch, which 

tends to have the lowest available fault current [21]. Historically, engineers have associated high 

level of available fault current and high reactance to resistance ratio (or X/R based on impedance 

used to determine peak asymmetric fault current) at the main distribution panel with arc-faults that 

are likely to be self-sustaining and capable of great destruction [22]. Arc-fault risks also depend 

on the presence of current-limiting fuses [23] and on whether a ground-fault-protective system has 

been installed, as well as the threshold ground-fault current that will activate the system. A GFCI 

system installed inside a main distribution panel does not protect branch circuits [23].  

For transformers, grounded transformer systems provide high fault currents on its secondary side, 

which lead to faster protective device trip times, resulting in lower incident energy at the fault [9]. 

Low-resistance grounding however can provide much lower fault currents on the secondary side, 

which leads to slower trip times and higher incident energy at the fault. High-resistance grounding 

configurations provide extremely low fault currents and traditionally do not trip for the first ground 

fault. An ungrounded system will also not trip for the first ground fault, where their trip times in 

high-resistance and ungrounded systems can depend upon the activation and timing of respective 

phase protective devices [9]. 

In AC systems, one should note that bolted fault current and arc-fault currents are not the same in 

systems rated less than 1,000 V [25]. A bolted fault has essentially no fault impedance while arc-

fault current has impedance associated with the arc, and therefore has a higher voltage drop and 

therefore lower fault current magnitude. Many common protective devices in low-voltage systems 

are coordinated to trip for higher bolted fault current and not necessarily with respect to arc-fault 

current or its current signal. Because protective device clearing time is an important factor in the 

calculation of incident energy, one must understand that it is the trip time to clear the arc current 

that is used in calculations and not the delay time for clearing of a bolted fault [25]. Additionally, 

programming relays for faster trip times based on arcing current sacrifices relay coordination and 

may put a large portion of the system out of service under an arc-fault [25]. 

From research performed by Wilkins et al., [26] orientation of electrodes directly dictates arc 

propagation between them and to the surroundings [27], as illustrated by Ammerman, [9]. Figure 

2-1 shows three-phase parallel electrode configurations encountered in industrial applications. 
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a.             b.        c.  
Figure 2-1. Parallel electrode (Three-Phase) configurations for a. vertical electrodes, b. 
vertical electrodes terminating into an insulating barrier and c. horizontal electrodes [9] 

As demonstrated by Shea [28], there are general situations in which overheated utility wiring can 

lead to arcing and conversely, where arcing can lead to overheating and subsequent ignition of 

wire insulation, of decomposed gases produced from insulation, or of nearby materials. Shea 

demonstrated how arcing leads to overheating wire insulation, which can decompose and produce 

ignitable gases, and eventually ignition. Figure 2-2 illustrates one of the tests performed by Shea 

for an AC arc-plasma discharge, over an approximate 5 second test window, where temperatures 

over 1100 °C were reached [28]. Also illustrated within the inset plot are characteristic voltage 

and current waveforms that can be observed during an AC arc-fault. 

 

 
Figure 2-2. Temperature for a 2.5 Amp glowing filament induced arc discharge [28], 

where inset plot illustrates characteristic current (black inset lines) and voltage (red inset 
lines) waveforms 

It is generally accepted that the vast majority of line‐to‐line or single‐line‐to‐ground faults in a 

three-phase AC system will quickly escalate into three phase faults due to the propagation of arc-

fault current that passes through the conductive plasma and the vaporized conductive material [29]. 

The energy radiated by the arc is a function of its current, which depends on the short circuit 

current (SCC) available at the fault location. The available SCC is defined as the maximum current 

that will flow from all sources in the system to a bolted, or zero impedance fault, which occurs 

during the first half cycle after the fault begins [29]. It is important to understand that the available 

SCC at a particular node in the system is independent of the steady‐state current drawn by the 

downstream load, and is a function of the sources of SCC. These can include impedances from 

generators and motors as well as the impedance of conductors and transformers in the system. 



19 

Because of the load independence, Smith [29] suggests that the equivalent impedance tends to be 

predominantly inductive, where the fault current waveform will lag the voltage approximately by 

90 degrees. This indicates that the symmetry of the current waveform about the zero axis will 

depend on the point in the voltage cycle at which the fault occurs. If the voltage is at its peak value 

when the fault occurs, then the current will start at a zero magnitude and follow the voltage down 

through the zero‐crossing and be symmetrical about the zero axis. However, if the voltage is at 

zero when the fault occurs, the current will again start at zero, however, because it must follow the 

voltage by 90 degrees, the current will rise above the zero axis and vary as a sinusoid about a DC 

offset value. These phenomena can be illustrated by Figure 2-3 by [30]. 

a.  
b.  

c.  
Figure 2-3. Power factor circuit a. symmetrical current and voltage, b. asymmetrical 

current and voltage, and c. AC vs. DC voltage under the influence of a short circuit [30] 

Additionally, it is common to assess asymmetrical fault current as the sum of a symmetrical 

sinusoid and a DC component that decays as a function of the circuit’s X/R impedance ratio, shown 

by Figure 2-4. 

 
Figure 2-4. Impact of asymmetric current, and subsequent decay of DC component [30] 
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The maximum asymmetrical SCC can be found theoretically by analyzing the transient response 

of an equivalent series RL circuit just after the time a fault begins [29]. However, these calculations 

can be very complex in real systems. Therefore, simplified approaches have been developed where 

the steady‐state symmetrical SCC is adjusted by a table of multiplying factors based on relative 

X/R ratios at the fault location, along with the test X/R ratio of the interrupting device. These 

methods are described in several IEC and ANSI standards for different interrupting devices, most 

notably ANSI C37.04 [126] and ANSI C37.010 [127] for high voltage circuit breakers rated on a 

symmetrical basis [29]. However, these standards are intended to guide the proper selection of an 

interrupting device capable of opening under worst‐case fault conditions, for which the maximum 

asymmetrical SCC must be known. For purposes of estimating arc energy, the symmetrical RMS 

SCC value would be sufficient because the power of an arc is found as the product of the effective 

(RMS) voltage across the arc and the effective current through the arc [29]. The current through 

the arc will be lower than the available symmetrical SCC due to arc impedance; however, this 

approach is started by first finding the symmetrical SCC and then adjusting it accordingly. This is 

done by reducing the system to a per‐unit impedance network at a common base power rating and 

a common driving voltage. Next, available symmetrical SCC at each node can be calculated simply 

as I=V/Z, where V is the system driving voltage and Z is the equivalent impedance of the network 

as found at the fault location [29]. 

As previously described, arc impedance prediction is important for predicting the energy radiated 

by an AC electric arc. Because arc power is the product of the driving voltage and arc current, arc 

impedance would need to be known to calculate the difference between a bolted fault current and 

the arc current. In applications where arcs are deliberately formed, such as in welding applications, 

the arc gap, pressure and chemical composition of the dielectric can be precisely determined. 

However, for inadvertent arcs, these parameters may vary greatly where accurate predictions can 

be difficult at best. Here, impedance is defined as the proportionality constant relating phasor 

voltage and current in linear, two-terminal elements [31]. Herein, a phasor is defined as a complex 

number representing the magnitude and phase of a sinusoidal AC voltage or current. Therefore, 

electrical impedance extends the concept of DC resistance to AC circuits, where it possesses both 

magnitude and phase [31]. Conversely, a DC resistance has only encompassed magnitude with a 

zero phase angle. Additionally, impedance is defined as the frequency domain ratio of the voltage 

to the current. [32] Therefore, it is the voltage–current ratio for a single complex exponential at a 

particular frequency ω. The impedance for the three passive circuit elements is listed in Eqns. 1-3 

for respective resistors, inductors, and capacitors: 

 

                  Resistors:   𝑍𝑅 = 𝑅                  (1) 

 

                Inductors:    𝑍𝐿 = 𝑗𝜔𝐿                 (2) 

 

         Capacitors:    𝑍𝐶 =
1

𝑗𝜔𝐶
= −

𝑗

𝜔𝐶
                                      (3) 

 

where j can be defined by the following identities for the imaginary unit and its reciprocal: 

 

            𝑗 ≡ 𝑐𝑜𝑠 (
𝜋

2
) + 𝑗𝑠𝑖𝑛 (

𝜋

2
) ≡ 𝑒𝑗

𝜋

2                (4) 
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1

𝑗
≡ −𝑗 ≡ 𝑐𝑜𝑠 (−

𝜋

2
) + 𝑗𝑠𝑖𝑛 (−

𝜋

2
) ≡ 𝑒

𝑗(−
𝜋

2
)
                     (5) 

 

To gain a more comprehensive fundamental overview of AC circuits, the reference by Thomas 

and Rosa is recommended [31]. According to Ammerman et al., [9] arc energy calculations 

currently fall into three general categories: (1) theoretical models developed from arc physics, (2) 

statistical models developed from statistical analysis, and (3) semi-empirical models developed 

from known observations and numerical analysis. Subsequently, to determine the power generated 

in AC circuits, the circuit diagram illustrated in Figure 2-5 by Papallo [33] is typically considered, 

where respective power and time-averaged power can be determined according to Eqns. 6 and 7: 

 

                                                       𝑃𝐴𝑟𝑐 = 𝑉𝐴𝑟𝑐𝐼𝐴𝑟𝑐 = 𝐼𝐴𝑟𝑐
2 𝑅𝐴𝑟𝑐                      (6) 

 

          𝑃𝐴𝑣𝑔 =
1

𝑇
∫ 𝑉(𝑡)𝐼(𝑡)𝑑𝑡

𝑇

0
                                 (7) 

 

where T is the arc duration. Low voltage (LV) arcs are susceptible to self-extinction as they do not 

pass through current zero every half cycle [21]. In turn, the energy for DC or single-phase AC arc 

discharges can be expressed in terms of the power released by a short circuit and other heating 

effects from:        

    𝐸𝐴𝑟𝑐 ≈ 𝐼𝐴𝑟𝑐
2 𝑅𝐴𝑟𝑐𝑡                          (8) 

 

 
Figure 2-5. Simple AC circuit diagram for arc damage analysis [33]. 

According to Eqn. 8, the energy released by the arc is directly proportional to the RMS arc current 

[21]. In a study by Stanback [34] the author developed a damage indicator that states the level of 

system damage, tolerable under the following criterion: 

  𝐼𝐴𝑟𝑐
1.5 ∙ 𝑡 < 250 ∙ 𝐼𝑟𝑎𝑡𝑒𝑑                      (9) 

 

According to Gammon [16] because AC arc current and arc voltage contain harmonics, this 

equation is not precisely accurate. Arc energy may be precisely calculated from digitally sampled 

waveforms from the following equation: 

 

             𝐸𝐴𝑟𝑐 =
∑ 𝑣𝐴𝑟𝑐∙𝑖𝐴𝑟𝑐

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
∙ 𝑡                      (10) 

 

where 𝑣𝐴𝑟𝑐 and 𝑖𝐴𝑟𝑐 are instantaneous arc voltage and current. One should note that 𝐸𝐴𝑟𝑐 is 

associated with an arc voltage limiting current flow so that the instantaneous trip mechanisms in 
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overcurrent devices may not be initiated; in such events, the arc continues to release energy. 

Incident energy from an arc-flash event can be directly related to the amount of thermal energy 

that is impressed on a surface at a certain distance from the source. Traditionally one of the most 

commonly used theoretical models for predicting arc incident energy in AC systems is a method 

developed by Lee [29], which relies on basic circuit theory and the maximum power transfer 

theorem. In his research investigations, Lee [35] assumed that short circuit current (SCC) sources 

in electrical systems are primarily inductive and that the impedance of an arc is primarily resistive, 

such that again the source voltage and arc current would be shifted by 90 degrees. Therefore, the 

voltage would drop across the source inductance where arc resistance can be illustrated by a 

quadrature, Figure 2-6. 

 
Figure 2-6. Lee’s Method Quadrature Vector Diagram [35] 

Lee developed a theoretical model for predicting arc-flash incident energy as a function of time, 

available SCC, and distance from the arc. By treating the arc as a spherical radiant heat source, the 

fraction of energy absorbed by a spherical surface per-unit area will be inversely proportional to 

the square of the distance between the arc and the respective surface according to Eqn. 11: 

 

       𝐸 = 5.12 × 105𝐼𝑏𝑓 (
𝑡

𝐷2)                    (11) 

 

where E is the incident energy (J/cm2), 𝐼𝑏𝑓 is the bolted 3 phase fault SCC (kA), t is the arc time 

(s) and D is distance from the arc to a potential bystander (mm). This method is limited however, 

because at the maximum power point, arc energy will increase linearly despite the non-linear 

nature of arc V-I characteristics. Past a certain point, the voltage across the arc is primarily a 

function of arc length, and current through it are equal to 70.7% of the system voltage and the 

bolted fault current. This results in predicted arc energy increasing linearly with system voltage 

and available bolted fault current. Therefore, the real non‐linear nature of arc V-I characteristics is 

problematic, because the voltage across the arc is primarily a function of arc length, where current 

through the arc may increase almost independently of arc voltage. A further issue is that the 

maximum power prediction method does not provide a way to accurately predict the arc current, 

which may be significantly different than the 70.7% of bolted fault current present at the maximum 

power point. Lee’s method, along with various but relatively minor refinements, was the accepted 

methodology until the publication of the IEEE 1584 Standard in 2002, which presented 

empirically-derived equations based on extensive laboratory test data. It should be noted that Lee’s 

method is still the consensus standard when the system to be evaluated falls outside of the scope 

of the IEEE 1584 standard or tests up to 13.8 kV [36]. 
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For the IEEE 1584 standard, arc-flash energy equations incorporate many variables, including 

equipment-bolted fault current values, arc-fault current values, and upstream protective device 

clearing times. These calculations are also dependent upon factors such as operating voltage, gap 

length, and type of grounding. These last three items are very difficult to change in an existing 

facility, [37] however. The most impactful parameters on these calculations is the time the 

upstream device operates, followed by working distance, and then available fault current. The 

IEEE 1584 Eqns. 12-13, for normalized incident energy (J/cm2), can also be used to establish the 

flash boundary distance for workers and appropriate personal protective equipment guidelines. 

 

𝐸𝑛 = 10𝐾𝐸1+𝐾𝐸2+1.081𝐼𝑎𝑟𝑐+0.0011𝑙𝑎𝑟𝑐                                  (12) 

 

For 𝑉𝑠𝑦𝑠 < 1000 V:   𝐼𝑎𝑟𝑐 = 10𝐾𝐼1+0.662𝐼𝑏𝑓+0.0966𝑉𝑠𝑦𝑠+0.000526𝑙𝑎𝑟𝑐+0.5588𝐼𝑏𝑓−0.00304𝑙𝑎𝑟𝑐𝐼𝑏𝑓      (13) 

 

For 1000 V < 𝑉𝑠𝑦𝑠 < 15,000 V:        𝐼𝑎𝑟𝑐 = 100.00402+0.983𝐼𝑏𝑓              (14) 

 

where: 

𝐼𝑎𝑟𝑐  Arcing Current (kA) 

𝐾𝐼1  -0.153 for open configurations, and -0.097 for box configurations 

𝐼𝑏𝑓  Bolted 3-phase fault current (kA) 

𝑉𝑠𝑦𝑠  System voltage (V) 

𝑙𝑎𝑟𝑐  Arc gap length (mm) 

𝐾𝐸1  -0.792 for open configurations, and -0.555 for box configurations 

𝐾𝐸2  0 for ungrounded and high-resistance systems, and -0.113 for grounded systems 

 

For arc flash considerations, the incident energy (cal/cm2) between the source of an arc and a 

bystander can be determined according to Eqn. 15. 

 

       𝐸𝑓 = 𝐶𝑓𝐸𝑛 (
𝑡

0.2
) (

610𝑥

𝐷𝑥 )         (15) 

where: 

𝐶𝑓   1.0 for voltages above 1 kV, and 1.5 for voltages below 1 kV 

t   Arc duration time (s) 

D   Distance from an arc to a bystander 

x   Distance exponent constant, defined by Table 2-1. 
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Table 2-1. IEEE 1584 incident energy factors for equipment and voltage classes [36]. 

 
 

The IEEE 1584 standard includes empirical equations for arc energy, derived from extensive 

laboratory test data using curve‐fitting techniques [36]. The group created arcs at several common 

system voltages (208, 400, 450, 480, 600, 2300, 4160 and 13800 V) over a range of bolted fault 

currents up to 106,000 amperes while varying electrode gap and composition, enclosure size and 

distance from the arc. Here, the IEEE 1584 data came from measured current delivered by the 

system under a variety of configurations and provided equations for predicting arcing current as a 

function of system voltage, arc gap, and bolted fault current [36]. The test results demonstrated 

that arcing current as a percentage of bolted fault current increased quickly as the system voltage 

was increased. Figure 2-7 a. by Smith [29] illustrates the relationship between arc current and 

bolted fault current using the 1584 equation at the five voltages under 1000V that the group tested 

at, with all other variables held constant. Additionally, results are also shown in Figure 2-7 b. for 

2.3KV, 4.16KV and 13.8KV, where the arc current was almost entirely a function of bolted fault 

SCC. The equation provided for arcing current is the same for all three system voltages, where the 

arc current is almost equal to the bolted fault current. 

a.  
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b.  
Figure 2-7. Analytical arc current vs. bolted current for a. < 1000 V system and b. > 1000 V 

system [29] 

In comparison to Lee’s method, Smith’s analysis with IEEE 1584 [29], shown in Figure 2-8 a., 

that incident energy is consistently conservative at lower system voltages.  

 

a.  

b.  
Figure 2-8. Analytical bolted fault SCC versus incident energy for a. < 1000 V system and 

b. > 1000 V system [29], where the arc time is 0.1 sec. 

From these test results a simplified version of the IEEE 1584 incident equations are provided: 
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For 𝑉𝑠𝑦𝑠 ≤ 480 𝑉         𝐸𝑓 = 1.5(0.258𝐼𝑏𝑓) (
𝑡

0.2
) (

610

𝐷
)

𝑥

                    (16) 

 

For 480 𝑉 ≤ 𝑉𝑠𝑦𝑠 ≤ 600 𝑉        𝐸𝑓 = 1.5(0.344𝐼𝑏𝑓) (
𝑡

0.2
) (

610

𝐷
)

𝑥

                    (17) 

 

For 𝑉𝑠𝑦𝑠 > 1000 𝑉             𝐸𝑓 = (0.57𝐼𝑏𝑓) (
𝑡

0.2
) (

610

𝐷
)

𝑥

                    (18) 

 

However, Lee’s method does not provide a way to predict arcing current. In systems where over‐
current devices have inverse time‐current characteristics (i.e. time it takes for the device to open 

decreases as the current through the device increases), an accurate estimate of the device clearing 

time is essential to properly predict incident energy [35]. Because Lee’s method calculates the 

maximum power in an arc using the bolted fault SCC/square root of 2, this is the amount of current 

we must logically assume is present in the arc, and hence is the amount of current sensed by the 

clearing device [29]. As the 1584 test results show, the arcing current is a strong function of system 

voltage under 1000 V, and on these systems, Lee’s method may overestimate the arc current which 

could result in an underestimation of the arc clearing time and arc incident energy [36]. 

From the respective arc-flash incident energy equations, Figure 2-9and Figure 2-10 (a. and b.) 

present experimental test data against equations provided by Lee [35] and the IEEE 1584 standard 

[36], for an open-air arc in a 600 V system [8]. As can be seen in all three figures, the IEEE 1584 

data matches well with the IEEE 1584 equations, however deviate from Lee’s equation with 

increasing voltage. 

 
Figure 2-9. IEEE 1584 standard [36] vs. Lee paper [35] incident arc energy equation 

comparison for a 600 V system voltage [8] 
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Figure 2-10. IEEE 1584 standard [36] vs. Lee paper [35] incident arc energy equation 
comparison for a system voltage of a. 4,160 V and b. 13.8 kV [8]. 

Another standard that prescribes methods, based on analysis of a flash protection boundary and 

incident energy, is the national fire protection agency (NFPA) 70E standard [106]. Figure 2-11 

shows the relationship between arc-flash energy and bolted fault capacity. Note that this 

relationship can be linear for the IEEE 1584 equations and conversely somewhat logarithmic for 

the NFPA 70E equations. Further examination of this figure indicates that for values above 16kA 

the NFPA 70E is more conservative than IEEE 1584 [93].  

 

Figure 2-11. IEEE1584 and NFPA 70E standards comparison for a 25kA bolted fault 
current [93]  

With regard to arc gap length in AC circuits, Stokes and Oppenlander performed an extensive 

investigation of free-burning vertical and horizontal arcs between series electrodes in open air [38]. 

Here, current and voltage signals were recorded for arcs burning with exponentially decaying 

currents from 1000 to 0.1 A, and 50-Hz arcs for sinusoidal currents with amplitudes decaying from 

20 kA to 30 A [38]. Their results shown in Figure 2-12, for gap widths ranging from 5 to 500mm 

(from bottom to top), suggest that the minimum voltage needed to maintain an arc depends on 

current magnitude, gap width, and orientation of the electrodes.  
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Figure 2-12. Minimum arc voltage for vertical arcs facilitated between copper electrodes, 
where continuous lines are for measured values and dashed lines are for calculated 
values. The arc gap widths for curves from bottom to top are 5, 20, 100, and 500 mm [38]. 

The transition current is defined as It = 10+0.2zg, where the arc gap length, zg is in units of 

millimeters [38]. The curves show the inverse V–I characteristic for an arc with a current that is 

lower than the transition point, however for current values above this transition point, the arc 

voltage has a slow rise. Stokes and Oppenlander modeled arc voltage for arc current values above 

a transition point, where data set included approximately two million current and voltage points, 

producing Eqns. 19 and 20: 

           𝑉𝐴𝑟𝑐 = (20 + 0.534𝑧𝑔)𝐼𝐴𝑟𝑐
0.12         (19) 

        𝑅𝐴𝑟𝑐 =
20+0.534𝑧𝑔

𝐼𝐴𝑟𝑐
0.88           (20) 

 

During their tests, copper electrodes were tested in a horizontal configuration, while aluminum 

electrodes were tested in a vertical configuration. The authors also defined instantaneous arc power 

[38] by Eqn. 21, where it is assumed to be quasi-static near the peak of an AC current.  

 

        𝑃𝐴𝑟𝑐 = (20 + 534𝑔)𝑖𝐴𝑟𝑐
1.12 𝑓𝑜𝑟 𝑖𝐴𝑟𝑐 > 10 + 200𝑔                  (21) 

 

This equation applies only to arc currents above the transition level [21], which is usually surpassed 

in most low-voltage systems. This equation was developed based on free-air arcs generated 

between both copper and aluminum, hemispherical-tipped electrodes [38]. Subsequently, the 

investigators formulated an instantaneous power equation which has been used to develop an arc 

model incorporating a current-dependent arc voltage defined by Eqn. 22. 

 

     𝑉𝑀𝑎𝑥𝑠𝑖𝑛(𝜔𝑡) = 𝑅𝑖𝐴𝑟𝑐 + 𝐿
𝑑𝑖𝐴𝑟𝑐

𝑑𝑡
+ (20 + 534𝑔)𝑖𝐴𝑟𝑐

0.12                  (22) 

When assessing differences between vertical and horizontal arcs, Paukert [39] compiled data sets, 

which included those by Stokes and Oppenlander, where the best agreement was found in the 

higher current range, (> 100 A) [16]. Paukert concluded that the approximation formulas for 

minimal arc voltage and minimal arc resistance were found to be in good agreement with other 

authors’ results as well, however mentioned that without the ability to measure actual arc length, 

the ability to obtain the exact V-I curve values will be impacted [39]. 
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Additionally, when modeling AC arc-faults it is important to be mindful of proper characterization 

of source impedance per each device in a respective electrical system. Fault current sources like 

power generators cannot supply faults in a power system indefinitely [25], where the fault current 

magnitude is limited by the generator’s internal reactance, transmission line impedance, 

transformer impedance, and series reactors. From an engineering controls perspective, it is 

important to not model the source as an infinite source, where the assumption of an infinite source 

can result in high fault currents, which can lead to faster tripping of protective devices (i.e. 

“nuisance tripping”). This, in turn, leads to less incident energy at the fault location, as well as to 

trip times that are misleading, and incorrectly identifying a hazardous location [25]. 
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3. ARC-FAULTS IN DC SYSTEMS 

Arc-fault characterization experiments (Appendix A2) at Sandia National Laboratories, Figure 

3-1, demonstrated for DC arc-faults that plasma discharge temperatures can exist well above 1000 

°C, with electrode temperatures above 500 °C. Like AC arcs, the localized temperatures caused by 

DC arcs have the potential to cause extensive damage to personnel and equipment in the 

surrounding environment. 

 

 
Figure 3-1. DC arc-fault experimental measurements made at Sandia National 

Laboratories, which include plasma and electrode temperatures 

The 2012 edition of the NFPA 70E standard [40] references papers that offer theoretical and semi‐
empirical methods for estimating DC arc discharge energy. For a fault in a DC circuit, the 

prospective available SCC is the final constant value VDC/R, where VDC is the source voltage 

and R is the resistance of the circuit. To determine the peak (and worst case) SCC, Mendenhall 

[41] developed Eqns. 23 through 26 where the rise and decay time constants are defined by 𝜏𝑅𝑖𝑠𝑒 

and 𝜏𝐷𝑒𝑐𝑎𝑦 respectively, in units of milliseconds. 

 

SCC:                       𝑖𝑝𝐷 = 𝜅𝐷𝐼𝑘𝐷                                (23) 

 

   𝜅𝐷 = 1 +
2

𝜋
𝑒−(

𝜋

3
+𝜑𝐷)𝑐𝑜𝑡𝜑𝐷𝑠𝑖𝑛𝜙𝐷 (

𝜋

2
− 𝑎𝑟𝑐𝑡𝑎𝑛

𝐿𝐷𝐵𝑟

𝐿𝑁
)                   (24) 

 

            𝜏𝑅𝑖𝑠𝑒 = 2 + (𝜅𝐷 − 0.9) (2.5 + 9
𝐿𝐷𝐵𝑟

𝐿𝑁
)                    (25) 

 

          𝜏𝐷𝑒𝑐𝑎𝑦 =
2

𝑅𝑁
𝑋𝑁

(0.6+0.9
𝑅𝐷𝐵𝑟

𝑅𝑁
)
                           (26) 

 

From these equations, 𝐿𝐷𝐵𝑟 and 𝐿𝑁 are the respective load and line side inductance, 𝑅𝐷𝐵𝑟 and 𝑅𝑁 

are the resistances and 𝐼𝑘𝐷 is the quasi steady-state current. A DC source can be simply modeled 

as a system voltage and impedance [33]. For test validation, Figure 3–2 provides a typical test 
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circuit used to measure the characteristics of a DC arc, where the gap width, L is not to be confused 

with the actual arc length. Although short gap lengths can be good approximate estimations for the 

gap length between series arc electrodes for low currents, the arc length may be considerably 

longer than the gap width for higher currents. It is important to remember that the impedance of 

the arc is governed by the actual arc length. The arc’s physical processes are complex and chaotic 

in nature, and can be very difficult to develop accurate theoretical models using pure fundamental 

arc physics equations (Appendix A1). Figure 3-2 shows the simplified DC equivalent-circuit 

representation of the arc used in obtaining empirical and semi-empirical data sets. 

 
Figure 3-2. DC arc-fault test circuit diagram [16]. 

An arc discharge is often represented with an even more simplified equivalent electrical circuit 

(“black-box” approach), Figure 3-3, especially for objectives in determining an approximate arc 

current, power or energy level [16]. 

 
Figure 3-3. Simplified DC equivalent “Black-Box” circuit model [16]. 

During an DC arc-fault circuit analysis one can begin with the assumption of steady state current 

passing through the arc where any inductance in the system would tend to reduce the available 

power in the arc [42]. Therefore, this should be a conservative assumption. Also, the inductances 

in the system and in the arc would tend to reduce the average power during the fault, because it 

would limit arc current at its inception [42]. Doan’s theoretical model presents a maximum power 

approach to determining arc energy very similar to that by Lee for AC circuits [42]. His approach 

is based on an initial consideration of only the resistive portion of the impedances in the simple 

model, where the arc power can be calculated by Eqn. 27. 

 

        𝑃𝐴𝑟𝑐 = 𝑉𝐴𝑟𝑐
2 𝑅𝐴𝑟𝑐⁄           (27) 

 

One can determine the maximum power released in the arc at the point where the resistance in the 

arc is equal to the resistance of the system, or when the arc voltage is half of the system voltage, 
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as prescribed by Eqn. 28. 

             𝑃𝑀𝑎𝑥 = (𝑉𝑆𝑦𝑠 2⁄ )
2

𝑅𝑆𝑦𝑠⁄                          (28) 

 

To convert this to the maximum energy, Eqn. 28 is multiplied by time: 

 

          𝐸𝑃𝑜𝑤𝑒𝑟,𝑀𝑎𝑥 = 𝑃𝑀𝑎𝑥 ∗ 𝑡𝐴𝑟𝑐         (29) 

 

which determines the total arc energy in joules. To convert to calories/Joule, which is often the 

units to characterize arc flash energy, the unit conversion factor of 0.239 cal/J is multiplied further 

in Eqn. 30. 

         𝐸𝑃𝑜𝑤𝑒𝑟,𝑀𝑎𝑥 = 0.239 ∗ (𝑉𝑆𝑦𝑠 2⁄ )
2

𝑅𝑆𝑦𝑠 ∗ 𝑡𝐴𝑟𝑐⁄         (30) 

 

Here, 𝐸𝑃𝑜𝑤𝑒𝑟,𝑀𝑎𝑥 is the energy released at the maximum power point, 𝑉𝑆𝑦𝑠 is the system voltage, 

𝑅𝑆𝑦𝑠 is system resistance and 𝑡𝐴𝑟𝑐 is the duration of the arc: 

 

        𝐼𝐸𝑀𝑎𝑥 𝑃𝑜𝑤𝑒𝑟 = 0.005 (
𝑉𝑠𝑦𝑠

2

𝑅𝑠𝑦𝑠
)

𝑡𝐴𝑟𝑐

𝐷2          (31) 

where IEMax Power estimated incident energy at the maximum power point, VSys and RSys are 

respective system voltage and resistance values and D is the distance from the arc. In his paper, 

Mendenhall [41] outlined a basic approach for performing arc heat and blast analysis for a nuclear 

research facility, specifically for a concentrated load that included eight 1050 HP DC drives with 

1 MW silicon controlled rectifiers (SCRs) regulating +/-300 VDC outputs to tightly arranged 

terminations at a load. The work included an arc flash hazard analysis for the AC electrical system 

components that were to be installed. The employed resistive heater loads could generate nearly 

1.4 MW of heat. Within the analysis values for relatively low strand count conductors were found 

in sources like the Standard Handbook for Electrical Engineers [43].  

 
Figure 3-4. DC fault short circuit current time profile, illustrating L/R time-constant [45]. 

As outlined by J.C. Das [44], the first step in computing the DC arc hazard potential is to determine 

available current at the fault, where one can determine incident energy from the current of an arc-

fault. This method was validated by several years of DC arc empirical measurements [41]. After a 

fault occurs, the current in the circuit increases exponentially, as shown in Figure 3-4, with a circuit 

time-constant (L/R), where L and R are the respective circuit inductance and resistance values [45].  

During a DC fault the current rise (di/dt) is dependent on the circuit time constant (L/R), where for 

a simple DC motor circuit, the L/R time constant can be on the order of 40 ms, which yields a 

lower current rise under short circuit conditions as compared to an AC short circuit. With the lower 
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di/dt, the fuse takes longer to melt compared with an equivalent AC circuit, which also leads to a 

relatively long arc-discharge duration. These conditions, together with the absence of natural 

current zeroes, make the interruption of a DC fault more difficult for a fuse than for AC faults if 

L/R is high. However, as the L/R time constant increases, the DC voltage capability of the fuse 

decreases. However, although it can be difficult to obtain a precise value for L/R in practice, 

various investigators provide some typical guideline values as shown in Figure 1-1 [45]. When 

assessing potential DC faults for a respective circuit and L/R, there exists a maximum breaking 

current, minimum breaking current, which provides maximum arc energy, where minimum 

breaking currents for DC circuits are published in separate ratings tables. 

 
Table 3-1. Suggested DC fault (L/R) time constants [45]. 

 
 

For a series equivalence circuit, Doan [42] illustrated the effect of L/R on current rise in a protective 

device, against an AC waveform, along with the current rise for DC systems time constants equal 

to 2 and 10 ms. From Figure 3-5 it can be seen that for AC system fuse or circuit breakers, the 

opening times can be from 4 ms to a few cycles, however for DC systems, it may take longer for 

the current to reach a steady-state value where a protective device will take longer to sense the 

fault current and open the circuit [42]. 

 

 
Figure 3-5. Effect of L/R on current sensing [42]. 

 

For DC systems where L/R is under 10 ms, fuses operate under a curve similar to that published 

for AC operation but with minor changes at the high current portion of the curves [42]. For L/R 
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values above 10 ms, there will be a slow increase in fault current and a correspondingly slower 

opening of the circuit by the fuse. In most cases for battery banks, such as in a UPS device, where 

inductance is relatively low, 2 to 5 ms would be a good range of values to use. In his investigation, 

Cline illustrated the effect of DC circuit inductance on a 30 A fuse (Figure 3-6) where the most 

pronounced impact on current occurred for an L/R of 10 ms [46]. 

 

 
Figure 3-6. Effect of L/R on a Fuse [46]. 

DC arcs in an industrial setting are likely to be initiated between parallel electrodes, which are 

characterized by longer arc lengths and higher arc voltages. For determining arc voltage, 

Nottingham conducted arc research that produced a corresponding inverse representation [58]: 

 

          𝑉𝐴𝑟𝑐 = 𝐴 +
𝐵

𝐼𝐴𝑟𝑐
𝑛                      (32) 

 

 
Figure 3-7. Sample V-I curves based on electrode material by Nottingham et al. [16] 

The constants A and B are dependent on the arc length, electrode material, and based on imposed 
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current values up to 10 A. For example, for arc lengths ranging from 1.0 to 10.0 mm, the respective 

A, B and n values for copper electrodes are 27.5, 44 and 0.67 [41]. Figure 3-7 shows a sample of 

some typical V–I characteristics of arcs with 6-mm arc lengths and different electrodes. Van and 

Warrington performed several tests on high-voltage AC systems for arc current levels between 

100 and 1000 A, with electrode distances which spanned several feet [47]. The V-I prediction of 

a stable arc was determined as: 

 

             𝑉𝐴𝑟𝑐 =
8750𝐿

𝐼𝐴𝑟𝑐
0.4           (33) 

 

From their results, Van and Warrington confirmed research results obtained by Ayrton [124] and 

Steinmetz [125], demonstrating arc voltage proportionality to arc length and its reduction with 

increasing arcing current. In 1978, a group of researchers conducted tests to evaluate faults on DC 

trolley systems [48] where over 100 DC arc tests were conducted using a 300 V DC power supply. 

Arc currents ranged between 300 to 2,400 A, with electrode gap lengths ranging between 4.8-152 

mm. The relationship between the arc current and voltage in the DC trolley system was determined 

to match the form defined by the Nottingham equation. 

 

 
Figure 3-8. DC Arc-fault data compiled by Paukert [39]. 

In comparing DC and AC arc-plasma discharges, Paukert published arc-fault data over a wide 

range of DC and AC arc tests. The configurations were for both vertical and horizontal 

configurations where arc currents ranged between 0.3 A to 100 kA, while electrode gaps lengths 

between 1-200 mm [39]. The results, as illustrated in Figure 3-8, provided formulated arc-voltage 

and arc-resistance equations for various electrode gap lengths as listed in Table 3-2 and Table 3-3. 

While Table 3-2 presents an inverse V–I characteristic for low-current arcs, Table 3-3 presents 

positive V–I characteristics for currents above 100 A [39]. 
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Table 3-2. Empirical data by Paukert for IArc < 100 A [39] 

 
 

 
Table 3-3. Empirical Data by Paukert for 100 A < IArc < 100 kA [39] 

 
 

Additionally, experimental results by Sölver, Fig. 3-9, for arc gap lengths up to 200 mm, illustrated 

the inverse relationship between arc voltage and current, whereas arc current increases, arc voltage 

decreases toward a nearly asymptotic constant respective value. This proved that arc resistance 

was nonlinear and dependent on arc current magnitude [49]. 

 
Figure 3-9. Current-voltage IV characteristics in air with copper electrodes by Sӧlver [49] 
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or a more detailed examination of arc discharges under thermodynamic equilibrium conditions, 

theoretical models have been formulated to predict arc properties for any given current from basic 

material properties of the arc plasma [50, 51]. However, these methods have been found to be 

problematic [53] from the disadvantage that current density needs to be specified at the cathode as 

a boundary condition. This boundary condition requirement is a problem because free burning arc 

properties, such as arc radius and central plasma temperature are largely dominated by convective 

flow. Here, for current levels greater than 40 A, convective flow, is mainly driven by the pinch 

pressure of the self-magnetic field of the arc, which in turn is determined by the current density at 

the electrodes, in particular the cathode [53]. 

However, various research papers by Lowke [53-56] have developed theoretical formulations of 

free-burning arcs in air that enable arc radius, temperature, central plasma velocity, electric field 

and voltage to be predicted as a function of axial position from the cathode to the anode, using 

simple formulae involving the material functions of the arc plasma [53]. In the majority of the 

models by Lowke, the arc was treated as a channel, and isothermal with respect to radius, so the 

predictions are necessarily approximate. At low currents, (< 30 A), the controlling physical process 

was natural convection, where it was assumed that the arc was vertical and that the input electrical 

energy produced an arc plasma discharge which was carried upwards by natural convection. The 

integrated flow of enthalpy across any arc cross-section was taken to be equal to the total input 

electrical energy upstream of the axial position being considered, where the arc radius increased 

as a function of distance from the lower electrode. The plasma velocity was obtained 

approximately from the pressure drop over which any element of plasma was accelerated. 

For his general model, Lowke et al., [54, 55] described that within the plasma gas space, 𝑄̇𝑃𝑙𝑎𝑠𝑚𝑎 

includes Ohmic heating due to electron and ion currents, as well as losses due to radiation. 

 

                            𝑄̇𝑃𝑙𝑎𝑠𝑚𝑎 = 𝑗𝐸 − 𝑈(𝑇)                                          (34) 

 

His model is illustrated by Eqn. 34 where E is the electric field, j is the current density, and U(T) 

is the radiation loss. For this study two power levels of 100W and 300W were analyzed, with 

current levels below 15 A. For low current plasmas, previous studies [53, 55] of atmospheric 

discharges in air found that radiation losses from the arc column were generally small for currents 

less than approximately 30 A. From Ohm’s law, the electric field in terms of current can be 

described by Eqn. 35, where σ is the electrical conductivity and A the cross-sectional area.  

 

                  E =  
∂V

∂z
=

I

σA
                 (35) 

    

At the cathode/plasma interface, special treatment is required to account for cooling by thermionic 

emission of electrons and heating by ion bombardment of the electrode [56]. At this interface the 

additional energy flux provided by Eqn. 36 is included in Eqn. 30, where:  

 

                       𝐹 =  𝑗𝑖𝑉𝑖 + 𝑗𝑒 (𝜙𝑤 +
2𝑘𝑏𝑇

𝑒
)                    (36) 

 

𝜙𝑤 is the work function of the cathode material, Vi is the ionization potential of the gas, k is the 

Stefan-Boltzmann constant, ji the ion current density, je the electron current density due to 
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thermionic emission. At the anode/plasma interface Eqn. 37 is set to: 

 

                  𝐹 =  𝑗𝑒𝜙𝑤                        (37) 

 

where ion current density is approximated to be zero and je is positive as electrons at this location 

are absorbed at the anode. Theoretical thermionic current is provided by the Richardson equation 

where 𝜉 is a measured material constant [57]:  

 

               𝑗𝑅𝑖𝑐ℎ = 𝜉𝑇2𝑒
−𝜙𝑒

𝑘𝑏𝑇                                    (38) 

 

Because the imposed current density j is typically larger than the theoretical current for thermionic 

emission [55] jRich, it is assumed that at the cathode/plasma interface the excess current is carried 

by the ions where 𝑗𝑖 = 𝑗 − 𝑗𝑟𝑖𝑐ℎ. In Eqn. 36, je accounts for thermionic cooling by electrons 

overcoming the work function by removing energy as they leave the cathode [55]. At this interface 

je is calculated based on the expression provided by Morrow and Lowke [55] where ji for a uniform 

discharge is negative, whereas je and E are positive. Further details for the determination of ji and 

je can also be found in their work. 

                       𝑗 = 𝑗𝑒 − 𝑗𝑖                     (39) 

 

Although the various analyses conducted at Sandia was for arc-plasma discharge currents under 

30 A, for higher applied currents above 30 A, Stokes and Oppenlander suggest that magnetic forces 

are dominant where correlation with Eqns. 40 and 41, which were found to be higher for electrode 

gap distances between 5-10 mm [38]: 

          𝑉 = 0.52 (
ℎ𝑥

𝜎
)

1 2⁄
(𝜇𝑗0𝜌)1 4⁄ 𝐼1 4⁄          (40) 

 

         𝐼 =
12𝑘𝑇(𝜎 ℎ⁄ )1 2⁄ (𝑥 𝜌𝜌𝑤𝑔⁄ )1 4⁄ +0.9𝑈𝐼

ℎ(𝑥 𝜌𝜌𝑤𝑔⁄ )1 4⁄          (41) 

 

where T is determined by iteration and U is defined as the net radiation emission coefficient [28]. 

Results of Lowke’s [54] formulations in two dimensions, for high current arcs of approximately 

200 A are illustrated in Figure 3-10, where cathode temperatures, as well as bulk plasma 

temperatures of up to 3,500 K and 22,000 K were predicted respectively. The 200 A arc was 

predicted with respect to an Argon atmosphere, using 3.2 mm diameter tungsten cathodes with a 

gap distance of 5mm [54]. 
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Figure 3-10. Calculated temperature contours for free burning arc win Argon atmosphere, 

for a 200 A arc at a pressure of 100 kPa [54] 

In a more recent publication by Ammerman et al. [16], the investigator compared the previous 

studies, by Stokes and Opplenlander [38] and Paukert [39], against theoretically-formulated 

equations by Lowke [53], Figure 3-11. Here, the best agreement between the respective data sets 

and the model formulations was found for higher current values (> 100 A). The authors concluded 

from these results that uncertainty with respect to actual arc length determination will likely result 

in unsuccessful exact calculation of these V-I trends [16].  

 
Figure 3-11. a. V–I comparison of characteristic formulas for vertical arcs [39], where full 
lines are measurements of Stokes and Oppenlander [38], very full thick lines—Paukert 
[39], and broken lines are provided by the theory of Lowke [53]. (b) V–I comparison of 
characteristic formulas for horizontal arcs [39], where full lines are measurements of 
Stokes and Oppenlander [38], thick lines by Paukert [39], and broken lines by the theory 
of Lowke [53]. 
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Ammerman [16] also compared arc-resistance formulas by Paukert, Stokes and Oppenlander and 

Nottingham, shown in Figure 3-12 a. and Figure 3-12 b. Figure 3-12 c. shows a comparison of the 

three approaches for a gap length of 10 mm, where the Nottingham formula is only applicable to 

electrode gaps in the range of 1 to 10 mm. This illustration shows that the three models are mostly 

in agreement, especially within the low-current region. Figure 3-12 c. shows the relationship 

between arc resistance, gap length, and sensitivity to arc current. Figure 3-12 b. shows that the V–

I relationships developed by Paukert and by Stokes and Oppenlander exhibit more deviation with 

large gap widths. Additional observations include the following [16]: 

1. Arc resistance is nonlinear. 

2. Arc resistance decreases with increasing arc current. 

3. Arc-resistance drop approaches a constant value at high current magnitudes. 

4. Arc resistance changes rapidly at low current magnitudes (< 1 kA). 

5. Paukert predicts larger arc resistances (almost by a factor of 1.5) than what 

Stokes and Oppenlander predict. 

6. For a given arc current, the arc resistance increases linearly with the electrode 

gap. 

 

 

a.  b.  

c.  
Figure 3-12. a. DC-arc resistance comparative study (10-mm electrode gap) b. DC-arc 
resistance comparative study (sensitivity to electrode gap) and c. DC-arc resistance 

comparative study (Stokes and Oppenlander/Paukert formula comparison) [16]. 
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4. PHYSICAL DAMAGE EVALUATION OF AN ARC DISCHARGE 

4.1 Overview 
The potential arc heat and blast energy from AC and DC sources may be significant where electric 

arcs involve extremely complex processes of specific thermo-magnetic modelling parameters and 

environmental conditions. An arc-flash releases large levels of energy rapidly due to arc-faults 

from low-impedance connections, as the electric arc resistance decreases with time. This reduction 

in electrical resistance as the arc temperature increases draws more current until a portion of the 

system melts, trips, or evaporates. This thereby provides enough gap distance to break the circuit 

and extinguish the arc. In addition to an explosive blast, arc-discharges emanating from metal 

electrodes can produce very high levels of light energy from far infrared to ultraviolet [59]. 

Surfaces of nearby objects, including people, absorb this energy and are instantly heated to 

vaporizing temperatures, where the effects of can be seen on adjacent walls and equipment where 

they can become ablated and/or eroded from radiant effects [59]. 

AC arc-fault damage (expressed in units of kW-cycles) is typically proportional to the arc current, 

fault duration, and the RMS arc voltage, where minimal damage occurs anywhere from 1,800 to 

2,000 kW-cycles, limited damage occurs below 6,000 kW-cycles, and more extended damage 

occurs above 10,000 kW-cycles [60]. According to Gammon and Mathews [21] faults that release 

10,000 kW-cycles of energy are likely to destroy system equipment and endanger human life. 

Stanback’s [61] method for assessing damage of a single-phase-to-ground arcs avoids the built-in 

error associated with assuming an arc voltage [21]. In the authors’ investigations, single-phase arc-

faults were initiated on a 277 V single-phase system from phase (copper or aluminum bus bars) to 

ground (steel housing) to quantify the damage that occurred to bus bars and steel housing. The 

amount of material burned was related to the arc current, the time span during which the arcing 

occurred, and material type. The rate of material burning, Y (m3/s) can be determined from the 

following equations [61]: 

 

             

𝑌 = 1.076 ∙ 10−11 ∙ 𝐼𝐴𝑟𝑐
1.5 𝑡 𝑓𝑜𝑟 𝑆𝑡𝑒𝑒𝑙

𝑌 = 1.185 ∙ 10−11 ∙ 𝐼𝐴𝑟𝑐
1.5 𝑡 𝑓𝑜𝑟 𝐶𝑜𝑝𝑝𝑒𝑟

𝑌 = 0.249 ∙ 10−11 ∙ 𝐼𝐴𝑟𝑐
1.5 𝑡 𝑓𝑜𝑟 𝐴𝑙𝑢𝑚𝑖𝑛𝑢𝑚

             (42) 

 

From these equations, if a 5,000 A arc current was discharged in 0.35 s, 0.082 m3 of steel housing 

would burn along with 0.089 m3 of copper bus or 0.188 m3 of aluminum bus material [61]. 

Arc-faults in an industrial environment may be initiated under a wide range of conditions, where 

an arc discharge is a dynamic process, which can be more dynamic, random, and turbulent than 

constrained arcs initiated in a controlled, thermodynamic-equilibrium environment. One of these 

cases is an open-air exposure environment, such as those found in nuclear energy systems. Here, 

semi-empirical formulations can be an effective way of modeling arcing faults in power systems 

and calculating incident energy, especially for high-voltage situations. In his investigation, 

Ammerman highlighted two types of DC incident energy estimates for assessing hazard limits and 

the potential for damage: Open-air arc exposures and arc-in-a-box exposures [16]. For open-air 

arc exposures, Ammerman provided the example of a nuclear plant, large battery-bank installation 

where for this type of exposure, the heat transfer depends on the spherical energy density, as 

described by Eqn. 43, where d represents the distance from the arc (in mm).  
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             𝐸𝐼𝑛𝑐. =
𝐸𝐴𝑟𝑐

4𝜋𝑑2
          (43) 

 

For an arc-in-a-box exposure (i.e., a confined space), for a DC arc initiated within a piece of 

switchgear, the enclosure tends to have a focusing effect on the incident energy [16]. Wilkins 

proposed an approach for three-phase AC arcs where the spherical energy density component is 

replaced by a value E1 that takes into account the focusing effect of an enclosure [62]. Here, the 

term E1 also represents the additional energy reflected by the back and sides of the enclosure as 

prescribed by Eqn. 44. 

            𝐸1 = 𝑘
𝐸𝐴𝑟𝑐

𝑎2+𝑑2
          (44) 

 

Table 4-1 lists Wilkins’ optimum values of a and k constant for the three equipment classes 

described in the IEEE 1584 guide [36]. Ammerman concluded that the employment of Eqns. 43 

and 44 to compare arcs initiated in enclosures with those in open-air arc exposures shows that the 

arc-in-a-box case results in an increase of incident energy directed toward a worker [16]. 

Table 4-1. Optimum values of DC semi-empirical formulation constants [62] 

 
 

From Eqns. 43 and 44, Figure 4-1 a. and Figure 4-1 b. approximate incident energies associated 

with DC arc-faults of 2, 6, and 10 kA were assessed across a gap spacing of 32 mm. The arc power 

was calculated from arc-resistance Eqn. 20 where the incident energy at 457 mm was determined 

[16]. The LV switchgear values for a and k in Table 4-1 were used to calculate the incident energies 

associated with an enclosure. The resulting incident-energy levels are compared with the hazard 

risk categories defined in NFPA 70E [40]. For the selected enclosure type and test distance, 

incident energies calculated for enclosures are 2.2 times larger than the incident energies calculated 

for open air [16]. 
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Figure 4-1. Incident energy versus arc duration for 32 mm arc gap and 457 mm working 
distance for a. open air configuration and b. arc-in-a-box configuration [16] 

For industrial applications, arc-fault current is usually much less than the available bolted fault 

current, and below the rating of most circuit breakers [21]. Unless these devices have been selected 

to handle respective system arc-fault conditions, they will not trip, which could increase the for 

potential for an arc-fault and subsequent arc-flash. The transition from arc-fault to an arc-flash 

takes a finite period of time, increasing in intensity as the pressure wave develops. The detrimental 

effects of an arc flash incident all depend on the energy conversion that take place during an arc-

fault. Most investigators often try to relate arc damage to the time duration and magnitude of the 

arc current, where some measure of potential arc damage has previously [21] been used to 

determine the appropriate time and current settings for ground-fault-protective devices in 

coordination with phase-over current protective devices. Another common approach to arc power 

and damage assessments uses standardized industrial power system calculations. In an analysis by 

Gammon and Mathews [21], shown in Figure 4-2, the locations A, B, and C correspond to the 

main distribution panel (MDP), a subpanel (panel), and a branch circuit (branch), respectively [16]. 
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Figure 4-2. Arc-Fault test circuit [21] 

From their analysis, results by Gammon and Mathews [21] suggested that in comparison with the 

current-dependent arc model, a 100 V arc voltage and an arc current equal to 38% of the bolted-

fault, predicted a lower arc power with a greater number of cycles before a 10,000 kW-cycles 

threshold of energy could be released. When arc power is assumed to equal 50% of the bolted-

fault VA, a larger power value is predicted that results in reaching the 10,000-kWcycle damage 

threshold in a smaller number of cycles than the current-dependent arc model. Their results also 

found that arc power at the main distribution panel is greater than the time-average power released 

by a short circuit [21]. 

4.2 Arc-Flash Pressure Impacts 
4.2.1 Previous Research 
Arc-flash pressure waves experienced by electrical workers as well as pressure-sensitive 

equipment, can be detrimental to occupational safety and also to costs. In a study by Lee [63] the 

author cites several case histories, where in one instance an electrician was somersaulted 25 feet 

away from the arc when an approximate 100 kA bolted fault occurred on a 480 V system. For this 

case, Lee calculated an approximate initial impulse force at 24 inches (100 kA bolted fault, or 

approximate 42 kA arc) to be approximately 260lb/ft2 [8]. 

The force exerted from an arc-plasma discharge has also been studied to some detail, by Capelli-

Schellpfeffer et al., [64] who developed a two-dimensional computational simulation of an 

electrical arc explosion where temperature and acoustic force propagation was assessed across the 

geometry of a hypothetical workroom from 0 to 50 ms after arc initiation. Theoretical results were 

compared to experimental findings of staged tests involving a mannequin worker monitored for 

electrical current flow, temperature, and pressure, and reported data regarding neurologic injury 

thresholds. The results of their study found that the blast temperature (Figure 4-3) is inversely 

proportional to distance from the ignition source, where over time, the temperature from a 
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simulated electrical arc ignition is attenuated sooner than the acoustic force intensity, Figure 4-4 

 
Figure 4-3. Simulated temperature in a hypothetical space following a 20 kJ arc ignition 

[64]. 

 

 
Figure 4-4. Simulation of an acoustic shock waves propagating through a hypothetical 

space following a 20 kJ arc ignition [64]. 

An analysis by Mendenhall [41] considered the potential damage of cascading faults on an 

electrical system where the author expounded on the high possibility that a fault at one end of a 

resistor termination could potentially cascade to adjacent terminations. His calculations were 

performed for the vectorial contributions of adjacent faults up to the maximum for contributions 

from all devices considered. Mendenhall found that arc heat and blast pressures were directly 

proportional to the square of the voltage where the heat and pressure were reduced by a factor of 

four. Because arc heat and blast pressures were inversely proportional to the square of the distance 

from an initiating arc to a shield blanket, doubling the distance to 28 cm reduced the arc heat to a 

maximum of 44 cal/cm2–well within the validated testing range of a seven-layer arc suppression 

blanket [41]. The customized blanket was suspended by carabiner clips through grommets to a 

steel structure and the lower portion of the blanket was cinched by straps below the resistor array 

structure; thus it would deflect an arc blast upward without rupturing, and would be flexible enough 

to maneuver for maintenance activities. 

In 2009 the international council of large electric systems (CIGRE) established working group 

A3.24 who provided pre-standardization input to the IEC based on a set of tests for developing 

tools for the simulation of internal arc effects in medium voltage (MV) and high voltage (HV) 
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switchgear [65]. Here, the group collected and performed internal fault tests with SF6 and air arc 

mediums. Their developed validated mathematical models took the approach illustrated in Figure 

4-5 for assessing the pressure rise from an arc-fault. 

 

 
Figure 4-5. Energy/pressure development when an arc is burning between aluminum 

electrodes [65, 66]. 

The group results found that the pressure rise was directly dependent on arc voltage and current, 

where larger blast volumes took longer to facilitate significant blast damage. Additionally, the 

results showed that burn-through time for steel was four times larger than for aluminum. As 

illustrated in Figure 4-6, for arc-flash models of subsequent pressure waves, as well as exhaust 

component pressures, the results illustrate an arc-flash pressure peak that can be greater than 3.5 

times that of the exhaust pressure. Although these results provide a great estimation for arc 

pressures, several approximations were applied that could limit its employment and scalability.  
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Figure 4-6. Arc characteristic values determined from calculated/measured pressures of 

the CIGRE A3.24 working group [65] 

The blast energy or pressure from subsequent arc-flash shock waves are not presently addressed 

in NFPA 70E or IEEE 1584, however future plans by the IEEE arc-flash working group call for 

measurements of these forces, which can be significant and highly detrimental to worker safety, 

causing burns, and even falls and injuries that may be more severe than the burns themselves [8]. 

However, research at Sandia National Laboratories (SNL) is currently underway to model pressure 

waves from arc blasts to provide a quantitative measure for evaluating safety. 

4.2.2 Sandia National Laboratories Arc Pressure Physics Modelling 
Given the rapid advancement in computational power and multiphysics modeling, computational 

mechanics are now providing significant insights into arc-fault/arc-flash safety, design, and 

experiments of complex nuclear reactor systems [67, 68]. 

An in-house SNL code, ALEGRA, is a 2D/3D shock and multi-physics code being developed at 

SNL [69]. It performs multi-material arbitrary Lagrangian-Eulerian (ALE) calculations and 

includes circuit models (e.g., resistors, capacitors, and inductors). The ALEGRA-MHD version 

includes a magneto hydrodynamics (MHD) package suitable for magneto-solid mechanics, 

magnetic field diffusion, and many magnetic forces and phenomena, such as Lorentz forces, Joule 

heating, thermal conduction, and radiation [70]. This allows the ALEGRA-MHD to characterize 

materials experiencing shock and large deformation rates under magneto-hydrodynamic forces, 

which can provide a strong potential for nuclear safety, validation, and design analysis. In addition 

to advanced computational methods, SNL has a host of experimental facilities that are suitable for 

Arc-Fault/Arc-Flash experiments (Appendix A2). This includes the ignition of H2 gas released 

during a severe nuclear accident, instrumentation and control panel safety, containment damage 

from combustible gas explosions (e.g., H2), as well as igniter research for simulation of the oxy-

combustion of natural gas mixed with CO2.  

The goal in this section is to investigate spark propagation damage to nuclear reactor facilities, as 

well as investigate ways to mitigate their impact for enhanced reactor safety, led to our desire to 

investigate ALEGRA-MHD’s capability. For this capability-demonstration research discussed in 

this document, investigation considered two distinct systems that underwent an arc transient. One 
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considered an arc propagating with respect to time through an air environment, and the other 

considered an arc through a water environment. 

4.2.2.1 MHD Arc Capacity-Demonstration Model–Air Medium 
To conduct rapid capability-demonstration simulations on a small number of processors, we 

selected a 2D domain, as shown in Figure 4.7. The domain is five times longer in the horizontal 

direction (x) than the vertical direction (y), to allow a shock and spark to propagate from left to 

right with a sufficient span that facilitates simulation of the spark’s lifetime: initiation, growth, and 

subsequent decay. The domain consisted of air initially at 300 K, where a spark originated at time 

zero at the bottom left hand side of the domain. The spark was able to grow, propagate, and decay 

with respect to space and time. Note that the mesh was sufficiently discretized to allow at least 

four computational nodes through the shock front. 

Although, the domain could run in 3D, running in 2D significantly decreased the required 

computational time; note that the millimeter-sized domain required less than 10 minutes to run on 

64 processors in parallel. However, this indicates the significant computational potential when 

hundreds to thousands of processors are used on a system, even if it is multiple meters in size. 

 
Figure 4-7. ALEGRA-MHD arc-flash model. 

Key parameters from the simulation are shown in Figure 4-8, Figure 4-9, and Figure 4-10; these 

include temperature, pressure, and shock wave velocity. Figure 4-8 shows the spark temperature 

at 3.0x10-10, 1.0x10-9, and 2.0x10-9 s, respectively, as the arc-flash propagated from the bottom left 

to the right. As the arc-flash was initiated, the surrounding air temperature rose within a few nano-

seconds from 300 to 25,300 K, and propagated throughout the domain.  

 

a.  b.  
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c.  
Figure 4-8. a. Arc temperature at a. 3.0x10-10 s, when the arc had just initiated, b. 1.0x10-9 
s, when the arc continued to grow and propagate, and c. 2.0x10-9 s, when the spark was 

decaying and reaching the opposite end of its domain. 

Additionally, Figure 4-9 shows the arc shock wave pressure progression at 3.0x10-10, 1.0x10-9, and 

2.0x10-9 s, respectively, as it propagated from the bottom left to the right. As soon as the spark was 

initiated, the surrounding pressure rapidly rose from 103,500 to 1.64x106 Pa, as the spark 

continued to propagate through the air.  

a.  b.  

c.  
Figure 4-9. Arc pressure wave distribution at a. 3.0x10-10 s, when the spark had just 

initiated, b. 1.0x10-9 s, when the arc continued to grow and propagate and c. 2.0x10-9 s, 
when the arc was decaying and reaching the opposite end of its domain 

Accordingly, Figure 4-10 illustrates the shock wave induced by the arc at 3.0x10-10, 1.0x10-9, and 

2.0x10-9 s, respectively. As the arc initiated, the surrounding velocity rapidly rose from stagnant 

to 1.69x103 m/s, and the shock front moved rapidly to the right. As the shock wave travelled further 

to the right, it started to disperse and its velocity was dropped, as expected. 
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a.  b.  

c.  
Figure 4-10. a. Arc shock wave velocity at a. 3.0x10-10 s, when the spark had just initiated, 
b. 1.0x10-9 s, when the spark continued to grow and propagate and c. 2.0x10-9 s, when the 

arc was decaying and reaching the opposite end of its domain 

4.2.2.2 MHD Arc Capacity-Demonstration Model - Water Medium 

As a further capabilities’ demonstration, we briefly include a calculation conducted by the SNL 

ALEGRA team, where a spark occurred in a water domain. Figure 4-11 a. shows the spark 

temperature propagation with respect to time and space, while the pressure and density are shown 

in Figure 4-11 b and Figure 4-11 c, respectfully. Note the units shown in Figure 4-11 a. through 

Figure 4-11 c. are in electron-Volts (eV) and mm. 

a.  b.  
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c.  
Figure 4-11. a. Temperature propagation in space and time for an arc in a water 
environment, b. pressure propagation in space and time for a spark in a water 
environment, and c. density distribution in space and time for an arc in a water 

environment 

The simulations required less than 10 minutes to run on 64 processors in parallel. This indicates 

the computational potential when hundreds to thousands of processors are used; our capability-

study demonstrates that we can capture a spark’s shock front for large systems within a reasonable 

amount of time. The research conducted shows a strong potential for the ALEGRA-MHD model 

to conduct safety, design, and validation analysis. Being able to capture a spark’s shock front 

allows the calculation of the total force imposed on the nuclear system, and therefore addresses 

any potential damage and provides mitigation recommendations. Moving forward, validation 

simulations are needed to compare with experimental data, which will help increase confidence in 

the analysis of complex systems. An overview of the SNL arc-fault generator can be found in 

Appendix A2, which can be used to generate this data. ALEGRA-MHD can be used to plot dozens 

of key parameters for validation of experimental data. 

4.3 EMI Impacts of Arc-Flash on Equipment 
4.3.1 Overview 
As a result of an arc-flash event, equipment can also be damaged including primary switch gear, 

transformers, and low voltage distribution equipment, where an arc-flash can generate an 

enormous explosive force where even a relatively small 10,000A arc at 480V can create an 

explosion equivalent to 8 MW of power [71]. Concerns about the effect of electromagnetic 

interference (EMI) events on the power grid have been the subject of a large body of research. 

Historically, geo-magnetic storms have created ground induced currents in long electrical 

conductors, which can then damage or destroy components such as power line transformers [72] 

or capacitors, even on properly protected equipment. For example, in March 1989, a solar storm 

caused a complete collapse of the Hydro-Quebec power system. This precipitated the development 

of new NERC reliability standards for geomagnetic disturbance [73, 74].  

Electrical systems, especially those connected to the grid, routinely experience disruptions where 

the cause is typically attributed to the failure of one or a small number of components. EMI events 

can lead to widespread failures; however, models that predict failures resulting from EMI events 

have not been validated in enough detail [72]. Causes of EM events include naturally occurring 

solar flares, solar wind, lightning and P-static discharge caused by triboelectric effects [72]. EM 

events could also be man-made, such as microwave pulse sources and arc-plasma discharges of 
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various effective coverage areas and directivity.  

Some high level EM effects occur naturally, and are experienced occasionally in our every-day 

environments. For example, electrostatic discharge (ESD) is a “mini-lightning.” ESD is a serious 

issue for micro-electronics industry, but we will not address this issue here due to significantly 

lower energies involved. Low EMP (LEMP) refers to the EM environment associated with 

standard lightning (not a direct strike), and is generally easiest to protect against through the use 

of surge protectors. Plasma-discharge (e.g., lightening) susceptibility can vary widely by region, 

depending on flash density of lightning strike events as well as other characteristic properties (e.g., 

effective “touchdown area” on the ground or equipment). Damage to a utility asset may vary from 

a “puncture” to a much broader impact caused by a strike with larger “touchdown” area. 

There are strong similarities in the types of damage resulting from EM events, as well as 

similarities in the mitigation measures necessary to reduce vulnerability. Expected damages can 

be classified into two major categories: 

 

 Permanent damage (immediate or latent)—The damage can cause immediate failure, 

accelerated degradation or latent failure. Such latent reliability effects are hard to predict, 

and high-level laboratory tests should be used to detect and quantify such vulnerabilities.  

 Temporary upset of normal operation—Upset is considered a disruption of the normal 

operation of the system. This might be a minor glitch from which the system quickly 

recovers and continues working, or a more serious problem that requires a system restart. 

The effect might be immediate, or be discovered only later. Inverter settings (which may 

be customized by individual operators) may be lost, thus leading to improper settings and 

sub-optimal or erroneous operation. For sparsely manned facilities, such as utility-scale 

DC systems, detection may be delayed. This can leave the system working at improper 

settings, potentially compromising the lifetime of the equipment. 

 

4.3.2 Relevant International Specifications 

 IEC 61000-2-5: Electromagnetic compatibility (EMC)—Part 2-5: Environment- 

Description and classification of electromagnetic environments; 

 IEC 61000-4-1: Electromagnetic compatibility (EMC)—Part 4-1: Testing and 

measurement techniques—Overview of immunity tests; 

 IEC 61000-4-6: Electromagnetic compatibility (EMC)—Part 4-6: Testing and 

measurement techniques—Immunity to conducted disturbances, induced by radio-

frequency fields 

 

4.3.3 Susceptibility of Utility and Power System Equipment 
We can divide susceptible equipment into several broad categories: High power transformers, high 

power utility substations including SCADA (Supervisory Control and Data Acquisition) and 

similar control equipment, switches and relays, and finally, transmission and distribution lines.  

There are two primary ways that EMI-induced damage may be delivered to a system. One is 

through the propagation of externally radiated fields, and the other is through conduction along 

cables and wires. These two methods of delivery are consistent with the general treatment of 

electromagnetic disturbances in the field of electromagnetic compatibility where nearly all 

environments and tests are defined in terms of radiated or conducted environments (e.g., IEC 
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61000-2-5). 

For radiated fields, frequencies above 100 MHz are of primary concern in that they are able to 

penetrate unshielded or poorly protected buildings very well, and yet couple efficiently to the 

equipment inside of the building. The externally incident fields are characterized by the direction 

of incidence, polarization, amplitude (V/m), and waveform (rise time and pulse width). Fields of 

amplitudes as low as single Volts/m have been shown to have a potential to induce damage to the 

electric and electronic circuit elements via breakdown of individual components. While the 

electromagnetic fields fall off as 1/r2, the conducted current and voltage pulses may be propagated 

over long distances.  

4.3.3.1 Transformers 

Several prior studies have investigated possible EMI damage on step-down distribution classes of 

transformers [75]. This testing included 19 samples of 7.2 kV/25 kVA power distribution 

transformers. Damage that occurred was usually from dielectric breakdown within the windings–

pinhole damage. Additionally, it was noted in the test results that failures occurred when the peak 

fast pulse voltage was between 264 and 304 kV. No damage occurred for EM peak pulses of 290 

and 296 kV, so there appears to be some variability within the group of 19 transformers, although 

the variation is not that great. When lightning surge arresters were added to the transformers, no 

damage was noted up to 1000 kV. 

4.3.3.2 High Power Utility Substations: SCADA and Other Control Equipment. 

Within the substation, it is generally the SCADA and other control equipment that may be most 

vulnerable to the EMI effects. And, specifically, these devices may be most sensitive to voltage 

and current pulses coupled from outside EMI environment, and carried via either low voltage or 

communications (such as CAT-5/6) cabling. Previous studies have shown that voltage and current 

pulses up to 1000 V and tens to hundreds of Amps may be induced on the communication lines. It 

is then quite possible to expect immediate and/or latent damage on equipment that may only be 

rated to handle a 12 to 24 V logic switching operations.  

4.3.3.3 Switches and Relays 

Relays, switches, and fuses may also malfunction or reduce their functionality, due to EMI. Most 

of the modern switches and relays are communications-enabled (Modbus, Ethernet or other), so 

the same high voltage and current pulses coupling into communications ports may lead to damage, 

malfunction or loss of function of relays and switches. As a result of voltage and current coupling 

on transmission and distribution lines (see 4.3.3.4), fuses may also be damaged, and therefore may 

need to be manually replaced. This may result in an extended outage to an electrical system or 

utility customers. 

4.3.3.4 Transmission and Distribution Lines. 

EM effects may couple substantial amounts of energy onto long stretches of transmission and 

distribution lines. Any line’s configuration (underground, aerial, and overhead) can be susceptible 

to EM fields, the coupling strength will of course vary and will be dependent on multiple 

parameters. For example, if an underground cable is installed under a protective layer of concrete, 

this will of course act as a shielding medium, and will reduce coupling effects. Aerial lines, on the 

other hand, may experience worse cases of coupling. Each of the cases will be different, depending 

on the EM fields’ frequency ranges and directivity. Previous studies have shown that low ambient 

electric field (as low as single Volts per kilometer) may result in significant geomagnetically 

induced currents and result in significant damage to substation equipment and, specifically, 
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transformers [76]. 

SNL’s Electromagnetic, Pulsed Power and Electrical Sciences Group is a multidisciplinary 

research and development team that conducts a broad range of experimental and theoretical 

research impacting electrical systems. This work includes EM pulse coupling into components and 

systems supported by large volume transverse EM, reverberation, and anechoic test cells; lightning 

protection of components and systems; and high-voltage sciences including electrical breakdown, 

advanced power, and power electronic systems. 

The reliability group at SNL also has extensively studied reliability and inverter physics of failure 

modes under different stresses, as well as failure modes of individual components, such as 

electrolytic and thin film capacitors, metal–oxide–semiconductor field-effect transistors, 

insulated-gate bipolar transistor, and even soldering joints. 
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5. ARC-DISCHARGE MITIGATION SOLUTIONS 

5.1 Overview 
To reduce the potential of an arc-flash event, Dargatz suggest the following considerations [77]: 

proper design; preventative maintenance on electrical equipment; established goals and objectives; 

and performance and maintenance of short circuit study, arc-flash analysis, and coordination study. 

System design philosophy has a significant impact on both prevention and suppression of arc-fault 

related fires, with an increasing preference being given to AC-based systems that mitigate the risk 

of fire by avoiding distribution of high DC voltage and high DC current. Overall, there are two 

main elements to AC and DC arc-fault safety [77]: 

1. Prevention–Engineering mechanisms and factors necessary to reduce the creation of an arc, 

especially one that is capable of becoming the source of ignition of nearby combustible 

materials. Here, preventative measures are necessary to minimize the risk of starting the 

fire altogether. 

2. Suppression–These are approaches for extinguishing fires after they have started. Various 

means related to arc-fault circuit interrupters as well as a new class of self-extinguishing 

materials recently developed at SNL can be used to address this approach. Here, the 

presence of relatively high DC voltage and high DC current presents a significant risk to 

firefighters, where built-in methods of suppression can be highly desirable within design. 

 

5.2 Prevention and Proper Design 
Arc-flash hazard analysis (AFHA) combines both electrical and safety engineering. Personnel 

performing AFHA must be aware of the proper methods of hazard and systems safety principles, 

as well as the power systems design. An AFHA consists of four distinct engineering functions, 

including [78]: 

 

1. System modeling 

2. Data entry and validation 

3. System analysis 

4. Reporting and recommendations 

 

When conducting AFHA, one must first determine the amount of short circuit current (SCC) 

generated by the system during faulted conditions at each “node” (i.e., location, subsystem, device, 

etc.) in the facility [78]. This information is valuable for ensuring protective devices are properly 

rated to interrupt the available SCC and properly sizing grounding cables. The AFHA must take 

internal generation capabilities into account when performing a particular study, where one key 

output of the SCC analysis is a report known as the “protective device duty analysis,” which 

compares the capabilities of protective devices (fuses, circuit breakers) to interrupt SCC to which 

it is subjected [78]. In cases where the SCC exceeds the interruption rating of the protective device, 

a “through-fault” results, which means the protective device operates but is unable to interrupt the 

flow of SCC. Because the result is the same effect as not having a protective device in the circuit, 

the SCC must then be interrupted by the next protective device in series with the system 

“upstream” toward the source, which can result in much slower arc clearing times. This in turn, 

translates into far greater incident energy exposure levels for electrical workers [78]. 
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Additionally, coordination analysis involves evaluating the time current curves (TCC) of the 

protective devices to ensure that the electrical system will clear faults where a TCC corresponds 

to the speed at which a device will “clear” an SCC as a function of the amount of SCC to which it 

is exposed [78]. In general, the higher the SCC, the faster the protective devices will operate, which 

describes why systems with low SCC can actually have more incident energy because the arc 

duration time determines the amount of heat development. A coordination study performed the 

following tasks: 1. evaluates the coordination of the current system configuration, and 2. evaluates 

the system once the recommended engineering changes have been implemented. The 

recommended engineering changes that come from this analysis can involve any combination of 

the following [78]: 

1. Reduced trip times on adjustable circuit breakers. 

2. Use of current-limiting fuses. 

3. Reducing fuse sizes of non-current-limiting fuses. 

4. Replacing fuses with other styles of fuses that have different TCC characteristics. 

5. Changing protective relay settings on systems where an electronic relay actuates a 

separate circuit breaker. Although these systems can be more expensive, they can 

provide maximum flexibility for engineering interventions because many different 

relays can be connected to a single circuit breaker. This indicates that the protective 

systems can be “smarter” than simply sensing magnetism or heat, as is the case in most 

simple thermal-magnetic circuit breakers found in residential applications. 

Additionally, lack of proper engineering studies may allow the installation of lesser 

expensive, yet ineffective types of protective devices. 

6. Inserting additional protective devices in series with existing devices. Note: Often, the 

use of motor overloads in series with fuses can result in much lower values of incident 

energy because fuses can be set to interrupt only SCC while relying on the overload 

sensors to interrupt overloaded conditions. 

It is a good design practice to perform all necessary electrical system designs in compliance with 

National Electric Code (NEC) compliance standards (including 110.16 Flash Protection and 

240.12). As illustrated in Figure 5-1, safe operations can be facilitated by employment of both 

National Electric Code (NEC) and Occupational Safety and Health Administration (OSHA) 

protocols for both DC and AC systems [79]. It is also good practice to consider OSHA regulations 

(29-CFR, Part 1910) and customer safety standards in lieu of all breaker settings, all fuse types 

and coordination between all the protective devices [79]. Additionally, four separate industry 

standards focus on the prevention of arc flash incidents through design: 

 NFPA 70-2005, National Electrical Code (NEC) 

 NFPA 70E-2004, Standard for Electrical Safety in the Workplace 

 IEEE Standard 1584-2002, Guide for Performing Arc Flash Hazard Calculations 

 OSHA 29 Code of Federal Regulations (CFR) Part 1910 Subpart S. 

 

NFPA 70E–2012, Annex D.8, includes a validated, conservative method for computing incident 

energy from DC arc-flash events, where available DC bolted fault current values are known. NFPA 

70E was developed using several incident energy quantification methods, which included IEEE 

1584. NFPA 70E–2012, Annex D.8, which includes a validated, conservative method for 

computing incident energy from DC arc-flash where the available DC bolted fault current is 

known. Here, the standard calls for quantified warning labels for equipment, where workers are 

exposed to live DC power can wear appropriate personal protective equipment [79].  
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Figure 5-1. NEC and OSHA safe operations combined procedures [80]. 

Based on home wiring issues, the US Fire Administration estimates approximately 67,800 fires 

occur each year, resulting in 485 deaths annually, approximately 2,300 injuries annually and $868 

million in property losses [81]. Consequently, arc-fault circuit interrupters were developed to 

address this issue whereby the National Electrical Code®
 was developed to provide codes and 

standards for these and other arc-discharge mitigation technologies. Currently, the NEC code 

requires arc-fault circuit interrupter (AFCI) devices on all residential and commercial structures as 

they provide an increased level of safety to the electrical wiring system [82]. The goal of arc 

sensing and extinguishing devices is to sense the arc-fault current and terminate the voltage in a 

timely manner before it develops into a serious arc-flash event [5]. Currently there are many circuit 

breaker arc-mitigating options like AFCIs that are available to reduce arc-flash energy levels. 

Using simple current-limiting breakers that will operate in the instantaneous and current-limiting 

regions will reduce incident energy levels. In addition, using breakers with solid-state trip units, 

which have adjustable long, short, and instantaneous settings is an effective method for reducing 

arc flash energy [37]. AFCI-type circuit breakers use magnetic sensing or other means to detect 

increases in current draw much more quickly. Without such protection, visually detecting arc-

faults in defective wiring is very difficult, as an arc-fault can occur in a very small space. A 

problem with arc-fault circuit breakers is they are more likely to produce false positives due to 

normal circuit behaviors appearing to be arc-faults. For instance, lightning strikes on the outside 

of an aircraft mimic arc-faults in their voltage and current profiles. Recent advances in fault 

protection devices has been able to largely eliminate such false positives, providing the ability to 

quickly identify and locate necessary faulty electrical components [88]. 

Currently a number of companies are developing series arc-fault protection devices [28, 84]. Many 

AFCIs use elevated AC noise on the DC side of the DC-generating systems to detect series arc-

faults. The difficulty comes in differentiating series and parallel arc-faults because the noise 

signatures are similar. In PV applications for example, many AFCIs are designed to be installed at 

the string or array-level [85] so if a parallel arc-fault causes the AFCI to trip, the arc will not be 

extinguished and may strengthen as more current is directed through the arc-fault path. As a result, 

it is imperative that AFCIs make the appropriate corrective action when an arc-fault occurs. To 

address this, UL 1699 [86] contains the requirements for listing AFCI devices. Each type of AFCI 

protects different aspects of the branch circuit and extension wiring. However, only the 

branch/feeder AFCI meets NEC requirements. AFCIs are not designed to prevent fires caused by 

series arcing at loose connections [10]. 
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Overall, AFCI devices can be categorized by the following types, as described by Holt [10] and 

illustrated by Figure 5-2: 

1. Branch/feeder AFCI–This device is installed at the origin of a branch circuit or feeder 

like a panelboard. It provides parallel arc-fault protection for branch circuit wiring, cord 

sets, and power supply cords. It's not UL-Listed to provide series-type arc-fault 

protection. 

2. Combination AFCI–This device, which is typically a receptacle, provides parallel and 

series arc-fault protection for branch circuit wiring, cord sets and power supply cords 

downstream from the device. It doesn't, however, provide parallel arc-fault protection 

upstream. 

3. Outlet circuit AFCI–This device is installed at a branch circuit outlet. It provides 

parallel and series arc-fault protection for the cord sets and power-supply cords plugged 

into the outlet. However, it doesn't provide arc-fault protection on feed-through branch 

circuit conductors, nor does it provide parallel arc-fault protection upstream from the 

device. 

 

Figure 5-2. Types of arc-fault circuit interrupters [10] 

Häberlin proposed having an AFCI open photovoltaic (PV) strings to extinguish series DC arc-

faults, then, if arcing frequencies still existed, the string would be shorted to extinguish the parallel 

arc-fault [87]. This methodology would prevent most parallel arc-faults, but special attention 

would be needed for the case of cross-string parallel arc-faults because both strings must be 

shorted. The inverter company, SMA America, LLC has recommended isolation monitoring to 

prevent parallel faults [96], but they believe module-level shorting is required to stop a parallel 

arc-faults [97]. Johnson also suggested shorting the modules when parallel arc-faults were 

identified [15]. Although this could potentially leave the system energized at the short circuit 

current (Isc), an AFCI can be quite effective in mitigating fires for parallel arc-faults. It is important 

to note that although most PV AFCIs are proficient, some protection devices are not always 

designed to prevent fires caused by series arcing at loose connections in devices like switches or 

receptacles [37]. 

A simple method to reduce the potential current that could fuel an arc-flash event is to reduce the 

fuse ampere size. If for example, a 400 A fuse is feeding loads that draw only 200A, then the 400 

A fuse can be reduced, which will increase the chances that the fuse will operate in the current-
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limiting region for an arcing fault [37]. However, it is important to check the inrush current of 

motors and transformers and verify that the fuse will not be damaged when these devices are 

energized. Several other ways to reduce fault current are the use of several smaller transformers 

and unit substations versus one large one. This also increases the system reliability by having 

several substations feeding equipment instead of one. Installing tie breakers will further increase 

the reliability should one of the substation services fail [37]. Another method for reducing fault 

current is the use of current-limiting reactors. These devices have been used in many facilities to 

reduce the fault current to levels below the equipment short-circuit ratings. Additionally, Current-

limiting fuses operate extremely fast (if operated in the current-limiting range), reducing arc 

current and corresponding incident energy [37]. They are simple to install and have very little 

maintenance requirements. Additionally, arc flash energy can be reduced at locations where solid-

state trip units are being used is to order the trip units with a zone interlocking feature. This feature 

adds communication between the main, tie, and feeder breakers. If a fault occurs downstream from 

the feeder breaker, a “restraint” signal is sent to the main and tie breakers to time out using their 

normal programmed LSI trip settings. If a fault occurs between the main and feeder breakers, a 

“no restraint” signal is sent to the main and bus tie breakers, which will then trip at a very low 

pickup and time delay [37]. A similar method is to employ differential protection. Zones of 

protection are set up using differential relays and current transformers. If a fault occurs within the 

zone, the relay trips at extremely low pickups and time delays, which can greatly reduce arc flash 

energy potential [37]. 

Another device used in arc-fault mitigation practices is an arc eliminator which can be employed 

as an efficient means to reduce arc duration as it is designed to extinguish an arc within a few 

milliseconds. Arc eliminators trip by optical open arc signal from an internal magnetic voltage 

transformer (VT) fault. The arc eliminator operates in 1-4 ms and creates a 3-phase short-circuit 

on another part of the system, typically upstream at higher voltages [37]. This device contains a 

fast contact pin that upon activation by an external relay, makes physical contact with the energized 

bus which then creates the short-circuit. The arc eliminator will protect a human if they are 

standing in front of the arc flash event and the relays detect the arc flash by diverting the arc flash 

to another location, however this may cause system failure at the location of the short-circuit [37]. 

Furthermore, some switchgear manufacturers have employed arc-flash venting technologies 

within their design. Here, during an arc-flash event, the blast energy is directed through a vent and 

outside to a safe area. However, this option can be expensive and should only be employed at main 

substations where the fault currents (and arc flash energy) can be extremely high [41]. If de-

energizing the electrical equipment is not an option, then consideration should be given to the three 

items below, with the last item being the highest priority [37]: 

 Lower the fault current 

 Increase the work distances 

 Reduce device clearing (trip) times 

 

The fault current can sometimes be lowered by the elimination of paralleling of transformers, 

where in many facilities, double-ended substations or network faults are paralleled during normal 

periods. If the equipment is going to be worked on while energized, these paralleled transformers 

can sometimes be shut down, thus lowering the available fault current [37]. 

5.3 Preventative Maintenance and Reporting 
Maintenance of electrical equipment, including protective devices, is critical to prevent arc-fault 
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events, where maintenance can employ NFPA 70E, and include infrared scanning and cleaning 

and ventilation of electrical spaces [78]. After infrared scan is completed, the engineer, electrician, 

or maintenance staff should replace the defective parts, tighten loose bolts and lugs, clean contacts, 

and clean coils and bushings, as well as keeping a log of the results for the life of the equipment 

[78]. Maintenance, should be performed every six months, depending on the area in which the 

electrical equipment is located. 

Reporting and recommendations for an AFHA typically includes five major steps as outlined by 

Kolak et al. [78]: 

1. Data analysis from a facility study–It is important to provide tabular data for each 

section of the report, because doing so allows critical review by other engineers and 

enables others to catch data entry mistakes in equipment labeling, etc. 

2. Protective device duty analysis–Identifies devices at or near their interrupting duty 

ratings. Some software programs produce an “equipment duty report,” which is 

synonymous with the protective device duty analysis. 

3. Incident energy calculations–Highlights areas where incident energy levels exceed 10 

cal/cm2. We recommend using a 10 cal/cm2 threshold because studies have shown that 

third-degree burns result from exposures to 10.7 cal/cm2 (unprotected skin) or more. 

4. Recommended engineering interventions–Provides revised breaker/relay settings when 

those changes will result in satisfactory outcomes. This section also includes a cost-

benefit section for recommended interventions that necessitate either equipment 

replacement or significant retrofitting of equipment to lower incident energy exposure 

levels. 

5. Equipment labeling–The NEC (110.16) requires that all equipment with arc flash 

hazard potential (>1.2 cal/cm2) be field marked to warn electrical workers of the 

hazardous condition. This label normally includes the calculated incident energy value 

and other important safety information. 
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6. ARC-FAULT/ARC-FLASH PERSONNEL SAFETY 

Unlike electrical shock incidents, a victim of an arc-flash event does not have to touch live 

components to sustain an injury. Other injuries from arc-flash incidents include blindness, hearing 

loss, nerve damage, and cardiac arrest. Because arc-flash events are rapid, they can cause injury 

including burns to immediate personnel, where serious or even fatal burns can occur when the 

victim is several feet from the arc [1]. Staged tests have also shown temperatures greater than 

225°C on the neck and hands of a person standing close to an arc blast [1]. According to a study 

conducted by the US Bureau of Labor Statistics, 2,287 US workers died and 32,807 sustained lost-

time injuries due to electrical shock or burn injuries over a 7-year period starting in 1992 [89]. The 

study showed that of the 32,807 non-fatal injuries involving lost time, 38% were classified as 

electrical burns. The report concluded that to decrease the number and severity of non-fatal 

electrical burn injuries, direct worker exposure to electrical arc energy must be reduced, where 

mitigation strategies are key to reducing the number of these incidents [89]. Therefore, proper 

quantification of incident energy is essential to assessing the potential burn hazard. After 

calculating the arc flash energy level, an appropriate selection of personal protective equipment 

should be made using Table130.7(C)(11) from NFPA 70E [40]. 

As Smith explained, the costs of electricity-generation downtime of electricity can be high where 

there is enormous pressure on electrical workers to perform their duties on energized systems that 

can be extremely hazardous even for well‐trained and qualified personnel [29]. Therefore, a major 

hazard is the potential for injury due to electric shock, however there is also the potential for serious 

injury from electrical arc-flash incidents. Until now many recent injuries from electric shock were 

considered to be most common and serious hazard faced by electrical workers, but it is becoming 

more recognized that many of the burns suffered by victims of electrical accidents, which were 

once ascribed to being part of the conduction path of electric current, are actually caused by 

exposure to arc flashes and blasts [29]. It is generally accepted that arc flash events are not 

uncommon and constitute a significant portion of the 320 deaths and 4,000 major injuries that are 

caused by electrical accidents on average each year in the United States [90]. While the costs of 

individual accidents vary widely and are difficult to calculate, electrical accidents often have 

higher costs than other types of accidents, and one study by the Electric Power Research Institute 

(EPRI) in Palo Alto estimates the average total direct and indirect costs to be as high as 15 million 

dollars per case [90]. 

Section 110.16 of the 2008 National Electrical Code requires potentially hazardous electrical 

equipment be marked to warn personnel of arc-flash vulnerabilities [91]. While shock hazards can 

mostly be mitigated through safe work practices, training, permitting and use of PPE requirements 

are important for surviving an arc blast. Additionally, during operation, electrical safety guidelines 

consider specific zones of influence to energized equipment that could facilitate an arc-flash event. 

As shown in Figure 6-1, various approach and protection zones are considered, where their 

proximity are determined with respect to the voltage/current ratings and electric design of a 

respective circuit. It is typically assumed that the outer limit for the arc duration is no more than 2 

seconds [4]. These boundaries account for the likelihood that arcing material within a respective 

arcing field will likely either be burned off or expelled by the force of a respective blast. 
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Figure 6-1. Generalized protection boundaries of an electrical system [4] 

The energy released by an electric arc is capable of permanently injuring or killing a human being 

at distances of up to 6.1 m [92]. The distance from an arc flash source within which an unprotected 

person has a 50% chance of receiving a second degree burn is referred to as the "flash protection 

boundary.” The incident energy of 1.2 cal/cm2 on  bare skin was selected in solving the equation 

for the arc flash boundary in IEEE 1584 [36]. The IEEE 1584 arc flash boundary equations can 

also be used to calculate the arc flash boundaries with boundary energy other than 1.2 cal/cm2 such 

as the onset of second degree burn energy [93]. Personnel conducting flash hazard analyses must 

consider this boundary, and then must determine what PPE should be worn within the flash 

protection boundary. Figure 6-2 provides an estimation tool for determining appropriate PPE attire 

for both AC and DC electrical systems. Remote operators or robots can also be used to perform 

activities that have a high risk for arc-flash incidents, such as inserting draw-out circuit breakers 

on a live electrical bus. Remote racking systems are available which keep the operator outside the 

arc flash hazard zone [93]. 
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Figure 6-2. PPE and HRC level and incident energy, for both AC and DC electrical 

systems [95] 
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7. CONCLUSION 

The occurrence of arc-faults in electrical systems represents a major performance and reliability 

challenge for industrial, commercial and even residential systems. Fundamental understanding of 

arc discharges and their origin is important for mitigating risk and improving the robust utility of 

systems with high voltage. Arcing behavior is highly variable, and existing DC and AC models 

still require further development, especially in determining the duration of arc-faults in order to 

make accurate predictions of discharge energy. To do this, additional arc-fault, with subsequent 

arc-flash, testing is needed to develop more accurate V–I characteristics and improved arc 

resistance models. Extensive testing in a controlled environment is needed to study incident-energy 

levels associated with AC and DC arc-faults for varying types of equipment and power levels. A 

hazard risk assessment is also strongly needed to identify where potential arc-faults might be 

initiated within industrial power systems. The relative severity of the arc flash hazard posed by 

different types of power equipment must be identified [16] to provide sufficient recommendations 

for safety protocols.    

Thanks to years of research by many individuals and the development of IEEE 1584 [36] as well 

as NFPA 70E [40], among other safety standards, good safety measures can be taken to prevent 

catastrophic failures that could lead to costly equipment damage, as well as injury or death to 

electrical workers. Although arc-flash calculations, in these standards address AC systems, there 

still are no widely-established standards for DC arc flash hazard analysis pertaining to DC power 

systems over a wide range of power levels [95]. However, some investigators have begun to 

formulate approaches for assessing DC arc-flash characteristics, such as that by D.R. Doan [42] 

who helped elevate the discussion of DC arc-flash calculations. The work by Ammerman et al., 

[16] provided a comparison study of the existing body of research into DC arcs and arc-flash 

modeling that has been conducted over the years. It also provided a series of calculation methods 

for determining incident energy from a DC arc-flash in open air as well as in a confined box space. 

Overall, it is important that NFPA 70E [40] and IEEE 1584 [36] equations are applied 

appropriately. By using both sets of equations, a conservative set of values can be assembled. It is 

good practice to calculate arc-flash incident energy using both methods, and to use valid values 

(where only one set of equations may be valid) or to use the more conservative value (where both 

sets of equations are valid) [93]. Although some facility managers prefer to compare the NFPA 

70E and/or IEEE 1584 calculated values, it is recommended here that to assess the safety of an 

electrical system, the reader is advised to consider a consolidated procedure between NFPA 70E 

and IEEE 1584, as recommended by Medich [93], in Appendix A3 that can prove to be a clearer 

and safer approach to arc-flash hazard analysis. 
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APPENDIX A1. ARC PLASMA THEORY 

A1.1 Arc Plasma Physics 
An arc-plasma discharge is generated when an electrical current is applied across a dielectric gas 

or fluid. Plasma is loosely described as an electrically neutral medium of positive and negative 

unbound particles (i.e. the overall charge of a plasma is roughly zero) [98]. When the charges move 

they generate electrical currents with magnetic fields, and as a result, they are affected by each 

other’s fields. The plasma from an arc-discharge develops from a high-current, low-voltage event, 

which is in contrast with the lower-current, higher-voltage discharges such as dark and glow 

discharges as illustrated by Figure A1–1 [99]. 

For a breakdown in a plane gap d, between two current-carrying conductors by DC voltage V 

corresponding to an electric field E = V/d occasional primary electrons near the cathode provide 

low initial current i0, where the primary electrons drift to the anode, ionizing the gas and generating 

electron avalanches [98]. The ionization during the avalanches can be described by the Townsend 

ionization coefficient α, which indicates the production of electrons per unit length along the 

electric field: 

       𝛼 =
𝑣𝑖

𝑣𝑑
=

1

𝑣𝑑
𝑘𝑖(𝐸 𝑛0⁄ )𝑛0 =

1

𝜇𝑒

𝑘𝑖(𝐸 𝑛0⁄ )

𝐸 𝑛0⁄
    (A1.1) 

 

where 𝑣𝑖 is the ionization frequency, 𝑛0 is the neutral gas density,  𝑘𝑖(𝐸 𝑛0⁄ ) is the ionization rate 

coefficient  and 𝜇𝑒 is the electron mobility, which is inversely proportional to pressure. The 

Townsend coefficient 𝛼 is usually presented as a similarity parameter 𝛼/𝑝 depending on the 

reduced electric field 𝐸 𝑝⁄ . Further dependences and theory for 𝛼 𝑝⁄ = 𝑓(𝐸 𝑝⁄ ) for different gases 

can be found in [98]. 

An arc-discharge is characterized by a relative negative-resistance V-I characteristic, and high 

temperatures. Electrons for the discharge are supplied by a cathode spot that is a much more 

efficient electron emitter than from a glow discharge cathode. The current density in the cathode 

spot is high and constant, so it adjusts its size to suit the discharge current [98]. The electrons are 

liberated either by thermionic emission, or by high-field emission, where it is traditionally assumed 

that the fixed cathode spot of refractory electrodes (such as carbon or tungsten) is thermionic [99], 

while the wandering cathode spot of low-melting-point cathodes (such as mercury) is high-field. 

A typical current density for a thermionic cathode spot is 470 A/cm2, and of a high-field spot, 4000 

A/cm2 [100]. 
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Figure A1–1. Plasma discharge phenomena characterized by current and voltage where 
the regime progression of dark discharge, glow discharge and arc discharge increases 

with current [99]. 

 

For a discharge to occur there must be a source of electrons at the cathode, where each ionizing 

collision produces a new electron, and a positive ion that moves in an opposing direction, which 

facilitate an ion pair [100]. An electron cannot do this unless it has acquired sufficient kinetic 

energy by being accelerated in an electric field by either accumulation or collision-induced 

excitation. Even if the electron doesn’t experience any collisions, a small electric field will still 

allow it to accumulate energy in a long-enough run [100]. Electron energies (with units of electron-

volts eV) are typically assessed during a discharge such that the energy U across the discharge 

length can be considered as the potential drop along a specified gap distance x. If the probability 

of collision of the electron over a distance dx is dx/Le (where Le is called the electron mean free 

path) then the speed of the electron is provided by 𝒱 = 𝐾𝐸, where K is the electron mobility, in 

(cm/s) per (V/cm) [100]. The mean free path L is inversely proportional to the pressure; therefore, 

the pressure has a significant impact on energy gain of an electron under a voltage potential. The 

molecules of the gas also have a mean free path, although because molecules are larger, their mean 

free path L are shorter than Le. Additionally, these electrons, ions and other neutral molecules may 

be present in a continual thermal motion due to their collisions being perfectly elastic [100]. In 

equilibrium, the velocities are distributed according to the Maxwell distribution: 

 

         𝑓(𝑣) = √(
𝑚

2𝜋𝑘𝑇
)

3

4𝜋𝒱2𝑒−
𝑚𝑣2

2𝑘𝑇                 (A1.2) 

 

where m is the particle mass kT is the product of the Boltzmann's constant and thermodynamic 

temperature. Additionally, this probability density function provides the probability per unit speed 

of finding the particle with a speed near velocity 𝒱. Any charged body attracts charges of the 

opposite sign that will ultimately neutralize its charge [100]. The energy required to excite a 

molecule or atom to its first excited state above the ground state is called the resonance energy, 
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which is less than its respective ionization energy. Inert gases, which have a closed shell of 

electrons in the ground state, tend to have very large resonance energies which can be metastable, 

where a transition to the ground state by radiation is difficult. Therefore, they typically retain their 

excitation energy for an extended period of time, or until they experience another collision with a 

surface wall, electron or atom. This makes cumulative ionization possible, where an atom can be 

ionized by multiple collisions in which the electrons have insufficient energy to ionize in a single 

collision [100]. 

Collision of a high-energy plasma electron with a neutral atom in a ground state can result in 

energy transfer from a free plasma electron to a bound state electron, which is the main source of 

electronically excited atoms in plasma. Here the growth of a bound electron during excitation can 

be due to an increase in the principal quantum number n, as well as with angular momentum [101]. 

This effect can be illustrated by the case of strong excitation of an atom to a relatively high 

potential quantum number n, where for one electron moving quite far from the nucleus, its energy 

can be described by the Bohr formula with a Rydberg correction factor Δi: 

 

𝐸 =
𝑚𝑒4

2ℏ2(4𝜋𝜀0)2

𝑙

(𝑛+Δ𝑖)2                 (A1.3) 

 

High-energy plasma electrons can also provide excitation of molecules as well as atoms in electric 

discharges, where energy transfer from a free plasma electron to a bound electron in a ground-state 

molecule results in excitation. The electronically excited molecules can be metastable, having long 

lifetimes thus contributing to increased chemical kinetic activity and heat generation [100]. 

During arc discharges high-field emission of electrons also occurs, which can take place from a 

solid surface into air, a vacuum or any non-conducting or weakly conducting dielectric medium, 

induced by an electrostatic field [103]. According to Práce, high-field emission can be evaluated 

from the standpoint of quantum-mechanical tunneling, through the potential barrier at the surface 

of the cathode [104]. The current density of this emission is provided by the Fowler-Nordheim 

equation: 

           𝐽 = 𝐶𝐸2𝑒−𝐷 𝐸⁄       (A1.4) 

 

     𝐶 =
6.2×10−6

𝜑+𝐸𝐹
(

𝐸𝐹

𝜑
)

1 2⁄ 𝐴

𝑉2     (A1.5) 

 

where D = 6.8 x 109φ3/2 V/m, EF is the Fermi energy in volts, φ is the work function in volts and 

E is the electric field in units of V/m. As an example by [100] for tungsten, φ = 4.52V and EF = 

8.95V, the fields required are very high. A field of 2 x 107 V/cm produces an emission of 1.7 

μA/cm2 in tungsten, where the current increases rapidly with field. With a field strength of 3x107 

V/cm, the current density is 0.2 A/cm2. At atmospheric pressure, the mean free path is about 10-5 

cm in air, and if the cathode drop is 10V, the resulting electric field over one mean free path is 106 

V/cm. 

Thermionic emission occurs when free electrons are emitted from the surface of a metal when an 

external heat energy source is applied. During this process while heat energy is applied, free 

electrons gain enough energy to overcome the attractive force of the atomic nucleus, which holds 

the free electrons in the metal [100]. Thermionic emission occurs in metals that are heated to a 

very high temperature where the Richardson-Dushman equation has been previously used to 
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characterize the current density of this phenomena [103]: 

 

             𝐽 = 𝐴𝑇2𝑒−𝑏 𝑇⁄       (A1.6) 

where T is the absolute temperature, k is the Boltzmann constant and the constant A, is prescribed 

by Eqn. A1.7. 

        𝐴 =
𝑚𝑒𝑒𝑘𝐵

2𝜋2ℏ3 ≈ 1.2 × 106 [A/m2-K2]    (A1.7) 

 

Thermionic emission depends exponentially on temperature requiring respectively high 

temperatures depending on the medium gas. The Maxwell-Boltzmann distribution is applicable 

here because the number of electrons per state is very small for the energies at which the electrons 

can escape. Predictive modeling is further improved by inclusion of an additional electric field 

𝜀𝑒𝑥𝑡  term that drives electrons away from the surface of the solid, known as the “Schottky effect” 

[104]. The electric field has the approximate effect of lowering the work function value by the 

amount prescribed by Eqn. A1.8. 

             𝜑 = √
𝑒𝜀𝑒𝑥𝑡

4𝜋𝜖0
      (A1.8) 

 

where 𝜖0 is vacuum permittivity. For relatively high electric fields significant numbers of electrons 

may also tunnel out due to their quantum uncertainty in position and field strength, which is 

commonly referred to as “field emission.” [104]. Finally, thermionic emission may be used more 

generally to indicate the flow of charge carriers, either electrons or ions, over a potential barrier. 

Even for standard thermionic emission, it should be cautioned that the work function depends 

critically on surface conditions. For example, surface adsorption can significantly change it. 

A1.2 Thermal Effects of Arc-Discharges 
An effective exploitation for a particular plasma state requires a thorough understanding of the 

heat transfer process from a plasma to a solid structure. The existence of free electrons and positive 

ions in plasma as well as steep thermal gradients, particularly in the vicinity of walls or electrodes, 

can give rise to a number of thermal-physical effects, especially as a function of relatively strong 

radiation fields, which are typical for thermal plasmas [105]. Experimentally, electric arcs have 

been used as a convenient means for generating plasmas in a temperature range from 

approximately 7x103 to 2x104 K, with electron densities ranging from 1016 to 1018 cm-3 [105]. 

These plasmas can be described as continua thermal plasmas as they occur within atmospheric 

pressure conditions where the temperature is typically high enough to approach a state of local 

thermodynamic equilibrium (LTE). Analytical investigations in plasma heat transfer are 

traditionally restricted to laminar flow because the degree and nature of turbulence in plasma flows 

is still poorly known [105]. 

During a discharge the cathode is heated by positive ion bombardment, where there must be a 

sufficient number of ions to keep the cathode hot. Often the cathode is externally heated, at least 

until the arc is established. To further stimulate additional electron emission, cathodes can also be 

oxide-coated which can impact the work function [100]. With consideration of the positive-ion 

space charge, the field at the surface of the cathode can be estimated by: 

 

     𝐸 =
4𝑉

𝑑
       (A1.9) 
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where V is the cathode drop and d is the width of the cathode fall region. If for example V is 

approximately 10 V and d is approximately equal to one mean free path, then E is 105 to 106 V/cm, 

which is a high field that can facilitate electrons to discharge. Also, a superheated area may form 

at the surface of the cathode from adsorbed atoms [100]. When thermal plasmas have electrons 

and heavy particles at the same temperature this indicates thermal equilibrium. Electrical resistance 

along the continuous electric arc creates heat, which ionizes more gas molecules, and as per the 

sequence: solid-liquid-gas-plasma, the gas is gradually turned into a thermal plasma which must 

be in thermal equilibrium, where the temperature is relatively homogeneous throughout the heavy 

particles (i.e. atoms, molecules and ions) and electrons [103]. Plasma temperature is commonly 

measured in kelvins or electronvolts, and is a measure of the thermal kinetic energy per particle 

[100]. The degree of plasma ionization is determined by the "electron temperature" relative to the 

ionization energy. At low temperatures, ions and electrons tend to recombine into bound states 

atoms, [103] where the plasma will eventually become a gas. The electron temperature Te is usually 

very different from the ion and neutral temperature Tn at low pressures because electrons receive 

more energy from electric fields during a discharge, and exchange kinetic energy with neutral 

particles with greater difficulty due to their weak contact. Due to their larger mass, ions and 

neutrals tend to move at much slower than electrons whose velocities, which are facilitated by 

electric fields are often much greater than thermal speeds, especially near the cathode where the 

electric field is very high [100]. These electrons, subsequently do not obey a Maxwellian 

distribution until they have lost most of their energy in inelastic collisions and ionization [100]. 

High electron temperatures and thus high values of electron energies in an electric discharge can 

provide high excitation rates for different electronically excited states of atoms and molecules for 

electron impact. Energy of electronically excited particles are typically high (above 5-10 eV) 

despite very short lifetimes (~10-8 to 10-6 s) [98]. If radiative transition to the ground state is 

forbidden by selection rules [98] the lifetime of the excited particles can be much longer due to 

the absence of transition which can facilitate metastable excited states for the particles. Their long 

lifetime with respect to radiation allows them to accumulate the necessary energy for discharge 

which contributes to the kinetics of various chemical reactions within the plasma. Radiative 

lifetime of metastable atoms can be as high as 1.4x105 s, where according to Friedman and 

Kennedy [98] the energy of excitation of these particles can be quite low (< 1 eV) which can 

facilitate high particle concentrations in electric discharges. Additionally, these metastable 

particles can also lose their energy by means of various collision/relaxation processes [100]. In hot 

air plasmas, oxygen and nitrogen are generally dissociated: O2 → 2O (5.09 V) and N2 → 2N (7.9 

V), with the facilitated reaction N2 + O2 → 2NO and ionization potentials: NO=9.5V, O2 = 12.2V, 

O = 13.614V, N = 14.54V, N2 = 15.377V [100]. Additionally, it is also important to note that even 

when the electron and ion number densities and temperatures are roughly equal, electrons still 

carry the majority of the current because of their higher mobility [103]. 

The high-pressure positive column adjusts to a finite diameter D depending on the magnitude of 

the discharge current. It will not expand indefinitely if unconfined due to a balance between heat 

loss and heat generation within the conducting region. If the column expands, heat loss increases 

and ionization decreases, where the current tends to shift to a more conductive center, which raises 

the temperature in this region. This feedback tends to keep the column at a relatively constant 

diameter. The positive column is a cylindrical region in the ambient gas that can move about freely 

with respect to the gap distance and available voltage [100]. This positive column is accompanied 

by active convection that carries off its heat where its movement is sensitive to air currents as well 
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as magnetic forces. Its low density causes it to rise when surrounded by cooler air, hence its arc 

shape. As stated by Burch et al., [103] if the acceleration of gravity is zero, the longitudinal voltage 

gradient becomes zero because gravity drives convection. Therefore, in the absence of convection 

the column does not cool, and requires little approximated power to be sustained [103].  

 
Figure A1–2. Qualitative potential distribution of an arc discharge between two 

electrodes. 

 

Figure A1–2 illustrates the qualitative potential distribution for an arc, where for a short arc the 

potential is approximately the sum of the cathode and anode drops. Because of the large current, 

an arc has a small longitudinal voltage gradient EL in the positive column, especially in a high-

pressure arc. The gradient depends on the cooling rate of the positive column by the ambient 

atmosphere, and becomes small if cooling is low, while the current flowing through the cathode 

and anode drops generate large quantities of heat very close to the electrodes [100]. 

An arc can be initiated either by a transition from a glow discharge, or by separating contacts 

already carrying current. If the current in a glow discharge is increased, the width of the cathode 

fall decreases facilitating the ion energy to increase and the cathode to be heated. In arcs with 

thermionic cathodes, the transition is gradual as thermionic emission increases with temperature 

and the discharge voltage decreases [100]. The pressure can also be increased to start an arc if a 

glow discharge already exists. 

 

a.                 b.                
Figure A1–3. Stable and unstable voltage-current arc characteristics [100]. 

 

As shown in Figure A1–3 by [100] the distinction between stable and unstable voltage is generally 

apparent. For the case with a stable arc, Figure A1–3 a. the current increases monotonically with 
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applied voltage, where the slope 1/R = dI/dV is positive. If the current were suddenly less, then we 

would have a voltage surplus, and the current would then increase. Conversely, for an unstable 

arc, as illustrated by Figure A1–3 b., the current decreases monotonically with voltage where the 

slope 1/R = dI/dV is negative. In this case if there is a sudden current increase δI from point B, 

then more voltage will be available to increase the current, therefore a voltage surplus [100].  

Finally, the emission of light is one of the principal characteristics of discharges. Light of a definite 

frequency is emitted when an excited atom falls to a lower energy level and if there is an electric 

dipole transition moment, then the transition typically occurs in approximately 10-8 s [100]. The 

collision frequency is approximately 1011 Hz at atmospheric pressure, so the excitation energy is 

typically lost in a collision before it can be radiated. Additionally, if the dipole transition moment 

is forced to be zero by symmetry then radiation may occur by other means, such as magnetic dipole 

or quadrupole radiation, though the radiative lifetime for these is much longer. At higher pressures, 

excited atoms are continually affected by collisions, which broaden the lines emitted. With further 

pressurization radiation begins to assume the characteristics of black-body thermal radiation [100]. 
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APPENDIX A2. ARC-FAULT EXPERIMENTATION FOR 
PHOTOVOLTAIC APPLICATIONS 

A2.1 Electrical Testing Setup 
A PV simulator at Sandia National Laboratories was developed to provide power generation for 

the arc discharges, and to represent constant power I-V curves from a set of 1024 points, shown in 

Figure A2–1. From experimental observations, the arc power was nearly constant for any given 

curve regardless of the electrode gap spacing [110]. As a safety precaution, the PV simulator power 

was provided to the arc-fault generator through a power resistor so the simulator was never shorted. 

For reliable arc discharges this was found to be very significant. Additionally, the curves 

programmed into the PV simulator were limited to 600 V and 15 A. 
 

 
 

Figure A2–1. Constant Power Arc-Fault IV Simulation Test Curves [109]. 

The experimental setup used consisted of an arc-fault generator, with current and voltage probes, 

as well as a k-type thermocouple, which was placed on each respective polymer test sheath. The 

arc generator system Figure A2–2 was enclosed within a sealed chamber environment which could 

facilitate arc-discharges in atmospheres of inert and non-inert gases including those used for testing 

long-duration reliability. The chamber can also be operated under vacuum and pressurized 

environments. Humidity levels between 0 to 100% relative humidity can also be introduced within 

the chamber. Another feature of the generator is the electrode chucks that have a port to allow 

cabling to pass through to the current carrying circuit. The chucks are also capable of gripping 

current-carrying objects with characteristic dimensions of 100 μm to 7.5 cm. The electrode 

geometries that can be inserted consist of a variety of cylindrical and non-cylindrical objects. 

The stage is capable of 3D movement and has safety controls to avoid pinch hazards. The fine 

resolution movement control is capable of facilitating stable arc-discharges across current-carrying 

conductors under both automated and manual control. Maintaining a stable arc discharge is 

necessary for successful testing and evaluation. The data from this robotic stage, as well as that of 

other sensed inputs (see below), are all obtained within a novel software algorithm with 100 Hz 

sampling resolution. 

 

 Electrical Current 

 Electrical Voltage 
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 Bulk Temperature Sensor 

 Smoke Detection 

 Camera Video and Fire Detection 

 

 
 

Figure A2–2. Arc-fault generator attachment holder with polycarbonate test specimen. 

Additionally, the software algorithm is capable of obtaining FFT data of electrical current 

spectrum, using a novel sub-algorithm, with up to 5 MHz with 1 kHz resolution. This feature can 

be used to detect micro and macro-bulk arc discharges, as well as determine nuisance tripping and 

false-positive arc-faults in detection devices and systems. The system has all of the features to 

qualify PV materials, components and systems under certifying codes and standards, such as those 

by Underwriters Laboratory (UL), International Electrical Commission (IEC) and the National 

Electric Code (NEC) standards. Power to the arc-fault generator can come from either a DC or AC 

power source, where integrated safety engineering controls include five methods for disengaging 

the arc discharge, including two interlock controls. 

 
Figure A2–3. Arc-fault experimental configuration and data acquisition system. 

Temperature and plasma composition measurements during discharges are important for analyzing 

material degradation mechanisms and internal physical phenomena of compounds. The arc-fault 

generator system incorporates a novel fundamental algorithm for determining electron and bulk 
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plasma temperature. The algorithm utilizes data from an optical spectrometer that is positioned in 

front of the conductors, Figure A2-3. 

In addition to determining plasma temperatures through the algorithm, the spectrum information 

can also be used to identify material composition. This algorithm is based on novel fundamental 

spectral research developed at Sandia National Laboratories [110], which has applications in 

several fields such as Nuclear Energy/Weapons, thermal physics, electrical engineering and 

Material Science/Legal forensics to name a few. The arc-fault generator system also includes a 

high-temperature sensor for monitoring bulk temperatures of adjacently-positioned conductor 

materials, conductors and plasmas. This information can be used to determine a variety of physical 

and chemical phenomena of a degraded material.  

In several experimental investigations 100 W and 300 W (with 900W possible) constant power 

curves were evaluated for the destructive testing of various polymer sheaths exposed to plasma 

discharges [109, 42]. These values were chosen to demonstrate the viability of low power 

discharges causing polymer ignition in common PV materials [109]. A partial list of arc-fault tests 

is shown in Table A2.1, where the entirety can be found by work by Armijo et al., [109]. Each test 

was performed at least 5 times to determine fire ignition times as well as to evaluate the ease of 

initiating and sustaining an arc [56]. For test purposes, each annular test piece (sheath), with a 

0.125 inch wall thickness, 0.75-inch length, and 0.25-inch internal diameter was inserted over the 

two electrodes. For this apparatus, the electrodes–one moveable (anode) and one stationary 

(cathode)–were made of solid copper. The electrodes were separated using a lateral adjustment of 

the moveable electrode to the desired gap spacing.  

 

 
 

In addition, a set of test specimens were machined with a small centralized hole to assess 

combustion rates with an increased presence of oxygen. The hole simulated an arc-fault open to 

the atmosphere versus an arc-fault contained in the module, connector, or other self-contained area 

within the array. The polymer specimens were placed halfway over the stationary electrode and 

the moveable electrode was then adjusted to the appropriate gap distance from the stationary 

electrode. During each test, power was applied until the sample pyrolyzed by setting the electrode 

Table A2–1. Summary of arc-fault experiments with PV simulator and arc-fault 
generator in a polycarbonate sheath [110].  

 

Test Number Arc 
Power 

Electrode 
Diameter 

Electro
de Tip 

Hole Avg. Fire 
Ignition Time 

[Sec.] 

Standard 
Deviation Fire 
Ignition Time 

[Sec.] 

1 (UL 1699B) 300 W 1/4” Flat No 14.6 10.7 
2 300 W 1/4” Flat Yes 11.8 5.9 
3 300 W 1/4” Flat No 14.1 9.0 
4 100 W 1/4” Flat No 69.0 41.1 
5 100 W 1/4” Flat Yes 22.0 12.7 
6 100 W 1/4” Round Yes 107.0 17.0 
7 100 W 1/8” Flat Yes 21.7 4.5 
8 300 W 1/8” Flat Yes 10.3 4.0 
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gap appropriately to sustain the arc. A UL-listed smoke detector was also installed just above the 

arc-fault generator and high-speed video recordings were collected to determine the first instance 

of smoke and subsequent combustion of the sheath material. 

A2.2 Degradation of Materials with Plasma Exposure 
More than 100 parameterized arc-fault experiments were performed using the test system, though 

for this paper results will be presented that cover just tests for polycarbonate materials. A sample 

of one of the experimental results can be seen in Figure A2–4 for a 100 W arc with a 0.25 inch 

diameter polycarbonate sheath, containing a 0.25 inch hole for air ingress. The data indicates 

steadily increasing temperatures as the polycarbonate sheath reacts to the plasma arc. 

 

 

Figure A2–4. 100 W arc-fault test results using a 0.25-inch diameter polycarbonate sheath 
that includes a 0.125-inch hole. The arc-fault was established at time = 0 s [110]. 

The arc-fault videos obtained from the digital camera were converted into a series of frames so the 

time to polymer melting, smoke formation, and fire were either validated or determined from 

measurements (i.e. thermocouples and smoke detector), Figure A2–5. In the majority of the 100 

W arc-fault tests the time to reach smoke and fire combustion was greater than 20 seconds. While 

a small number of tests did not reach the fire ignition point, it was clear that 100 W arc-faults are 

capable of causing fires in PV systems. Additional parametric results for other tests can be found 

in Armijo et al. [109]. 

For the tests with polycarbonate sheaths, the average time to detect smoke was 9.4 s with a 

minimum value of 2.5 s, while the average time to detect fire combustion was 33.8 s. In situations 

where the polymer did not combust, the sheath and electrodes heated up to the point that the sheath 

melted off the hot electrodes. 



89 

      
Figure A2–5. Polycarbonate tube with no hole example test. Possibly fire ignition at 7.26 

s, but no sustained external flame until after 92.04 s. 

 

 
Figure A2–6. Parametric arc-fault tests using 0.125 inch and 0.25 inch diameter copper 

electrodes, for 100 W and 300 W arc discharges, with and without oxidation holes and arc 
initiation wire mesh [110]. 

The results in Figure A2–6 indicate that a difference of 1.7% and 4.7% in smoke ignition times 

between electrode diameters of 0.25 inches and 0.125 inches, for respective 100 W and 300 W 

power levels. Reducing the electrode diameter constrains the air volume for plasma discharge, 

which impacts off-gas concentrations of reactive species, surface chemical reactivity [115], as well 

as the respective ionization potential [116] to initiate the arc.  

The results between the flat and rounded-tip electrodes found a 17.4% reduction in smoke ignition 

time, as well as a 26.6% decrease in measured smoke ignition sheath temperatures, respectively 

[109]. An example arc-fault test with thermocouple data is shown in Figure A2–7. The rounded-

tip increased arc stability because the plasma stream remained at the minimum gap distance at the 
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center of the electrodes; whereas with the flat electrodes the arc would jump to different locations 

on the coplanar electrode faces. This effect was associated with an increase in the visible ignition 

time by as much as 35.5% and average external sheath ignition temperature as high as 260.6 °C, 

shown in Figure A2–7 [109]. It is postulated that the rounded-tip electrodes constrain the arc 

plasma stream to the radial center of the electrode cavity and therefore the polymer is exposed to 

lower initial temperatures during arc-fault tests due to reduced contact with the plasma stream. 

These types of electrodes were found to have more uniformly distributed heating of the electrodes 

and polymer material, which would eventually melt into the arc gap and induce fire ignition. For 

flat electrodes, the arc was often found to be located against the surface of the polymer which 

intensified localized heating and polymer degradation, often with higher temperatures [109]. 

 

 
Figure A2 –7. 100 W rounded-tip electrodes arc-fault test with a polycarbonate sheath, 

with a 0.125-inch hole, and no steel wool tuff [109] 

Additionally, the inclusion of a small centrally-located 0.125-inch hole suggested improved arc 

sustainability for both 100 W and 300 W power levels. The results showed a 16.1% and 22.9% 

decrease in ignition times for the respective 100 W and 300 W polycarbonate tests with the 

inclusion of the hole. Previous research by Pandiyaraj et al., [117] also found increased oxygen 

levels increased plasma/surface interfacial chemical potentials, which influence ionization 

potentials and the capability for ignition [118]. 
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Figure A2–8. Outer polycarbonate sheath temperature comparison between simulated 

and the average of the measured data for 100 and 300 W arc-faults after the average arc-
extinguish time period [110] 

As shown in Figure A2–8, analysis of the transient 2D model revealed good agreement with 

experimental data with a uniform polycarbonate sheath, without the inclusion of a hole or arc 

ignition mesh. The 100 W input power-level exhibited a 4.9% uncertainty and the 300 W case had 

14.2% uncertainty after 69 s which was the average arc-extinguish time period. 

 

 
 
Figure A2–9. Simulated plasma and polycarbonate sheath region temperatures for a 100 

W input power level, within air ambient conditions and a pressure of 1 atm [110]  

Due to the approximation of a constant electric field across the electrode gap, average low 

temperature variations of 0.87% and 0.68% were found across the respective plasma and sheath 

regions. However, larger radial variations were found, where average temperatures of 788.7 ᵒC 

and 346.7 ᵒC were observed across the plasma and sheath regions respectively. 

In this analysis the time duration of the simulation was based on respective experimentally 

recorded times. Overall, in an unmitigated arc-fault, without an AFCI device, the results indicate 

a significant danger as the predicted outer sheath temperatures can rise above the polycarbonate 
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auto-ignition temperature of 450 ᵒC [119]. The model suggests that these temperatures can be as 

high as 508.96 ᵒC after approximately 60 s for a low 100 W power level. Experimental 

observations confirm the polymer fires after this time period, and in some cases much quicker if 

the interior polymer material melted into the plasma stream.  

 
Table A2–2. Model of predicted transient polycarbonate material temperatures (ᵒC) for 

increasing power levels, 100-1200W [110].  

  
After validating the model with the experimental data from the 100 and 300 W arc-faults, the 

simulation was used to predict the burn times for higher power arc-faults. These arc-faults may 

occur on the output circuits of PV systems either after the combiner or recombiner box where 

currents can be between 15 and 500+ amps. In these locations, if there is a failure in the conductor 

or connector, either an arc flash will explosively damage the faulted region or—for lower 

currents—a sustained arc-fault will occur. UL 1699B only requires tests from 300-900 W, but the 

model was used to more broadly predict fire risk for 100–1200 W arc-faults. To evaluate this risk, 

the outer sheath temperature was calculated and compared to the ignition temperature for 

polycarbonate. The temperatures shown in Table A2.2, are the average (bulk) polymer 

temperature, which the median radial temperature through the sheath. As the arc power increases 

there is less time before the polymer reaches the ignition temperature. Also, these results suggest 

increasing arc-power levels can have impacts on ignition time scales, which requires rapid and 

accurate AFCI responses. UL 1699B defines the maximum AFCI trip time according to Eqn. A3.1. 

 

          𝑡𝑡𝑟𝑖𝑝 = 𝑚𝑖𝑛 (2,
750

𝑖𝑎𝑟𝑐∙𝑉𝑎𝑟𝑐
)                     (A3.1) 

 

These trip times have been included in the table to determine polymer temperatures at the point 

when AFCIs must de-energize the arc-fault. As can been seen in the table, the trip times are 

sufficient to prevent the combustion of polycarbonate. The burn times of other PV polymer 

materials will differ based on their heat transfer properties and ignition temperature. If the AFCI 

fails to trip within the required period, the temperature of the polymer quickly reaches the 

combustion point so it is critical for these devices to effectively detect and mitigate the arc-fault. 

A2.3 Optical Emission Spectrum Analysis 
To further validate the model, understand the plasma discharge process, and predict material 

degradation mechanisms, measurements of the plasma electron temperature are necessary. Recent 

work indicates the optical emission spectrum of plasmas can be analyzed to calculate the electron 

plasma temperature [120]. This analysis was used to develop a method for validating the electron 
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temperature of the plasma as well as the plasma thermal model, which could provide insight into 

the destructive nature of the arc plasma discharge. For this study, optical spectra of the arc plasma 

were acquired using an Ocean Optics S2000 fiber spectrometer, which consisted of an integrated 

linear silicon CCD array and miniaturized optical bench. The spectrometer had a resolution of 0.33 

nm, and a spectral measurement range of 340-1019 nm. The plasma spectra were optically coupled 

to the spectrometer using a diffusive cosine corrector free-space to fiber adapter. The position of 

the detector was adjusted relative to the arc to avoid saturation. A spectrum integration time of 100 

ms was used, with a series of over 100 spectra captured per arc discharge trial to examine the 

change in emission and plasma conditions as a function of time.  

Spectra were analyzed for 100 W and 300 W arcs using a polycarbonate sheath with and without 

a hole. From Figure A2–10 the optical spectra for both arc discharge power levels correspond to 

atomic emission lines from singly ionized copper ions, which emanate from the electrodes. 

However, further study is needed to validate the degree of ionization and dissociation of ions in 

the plasma, which could affect the temperatures and optical emission for varying plasma 

conditions. 

 

 
Figure A2–10. Optical intensity emission spectra analysis for 100 W & 300 W arc power 

levels [110] 

Changes in the emission line ratios were observed for the 522, 515 and 511 nm peaks between the 

two electrical power levels. It is postulated that these changes could correspond to differences in 

the plasma equilibrium and mean excitation levels of the copper ions, as would be expected for 

different excitation voltages that were employed, which were 20 and 60 V respectively. 

An examination of the plasma emission for the 100 W power level as a function of time was also 

performed, with the results shown in Figure A2–10. The chorological spectrum numbers contain 

information for 100 ms time bins. Interestingly, the emission line ratios provide a clear indication 

of arc discharge characteristics. For the 300 W case, the emission line ratios were roughly constant 

as a function of time during the arc. During the 100 W arc discharge increases of 24% and 30% 

were observed for the 511/522 and 511/515 ratios, respectively. These increases indicate rising 

plasma temperatures as a function of time, but further investigations are needed for quantitative 

analysis. 
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Figure A2–11. Emission line ratio analysis for a 100 W arc power level, with emission line 

ratios evaluated for 511 nm/522 nm and 511 nm/515 nm peak pairs [110] 

An examination of the plasma emission for the 100 W power level as a function of time was also 

performed, with the results shown in Figure A2–11 provided as a spectrum number in the sequence 

of acquisition. Interestingly, the emission line ratios identified provide a clear indication of arc 

discharge by their correlation. For the 300 W case, the emission line ratios were roughly constant 

as a function of time during the arc. During the 100 W arc discharge increases of 24% and 30% 

were observed for the 511/522 and 511/515 ratios, respectively. These increases suggest potential 

rise in plasma temperatures as a function of time, however further investigation is needed for 

thermal validation. The detected emission lines correspond to singly ionized copper ions in the arc 

column, but further testing and analysis will be needed to evaluate the degree of dissociation and 

ion excitation, which can impact the plasma composition and temperature. 

During these tests, the acquisition of optical spectra was stopped after the arc self-extinguished. 

The extinction of the arc is clearly seen in the data when the emission line ratios fall to random 

correlation oscillating around one corresponding to the background electrical and optical noise. 

 
Figure A2–12. Optical intensity emission spectra analysis for 100 and 300 W arc-faults 

[110] 

Finally, optical emission spectra were compared for the 300W arc discharge of copper electrodes 

surrounded by a sheath with and without a hole, shown in Figure A2–12. For the arc discharge 

utilizing a continuous sheath, optical emission corresponding to a flame signature was observed 

after the arc was extinguished and when the fire ignition point was reached. Here, we see a 

dramatic difference between characteristic plasma emission from the sheath containing a hole (red 

line), and the blackbody optical emission corresponding to the burning plastic sheath (blue line). 



95 

These signals could provide an additional metric for identifying the onset of arc discharge or fire. 

For the arc discharge utilizing a continuous sheath, optical emission corresponding to a flame 

signature was observed after the arc was extinguished and when the fire ignition point was reached. 

Here, we see a dramatic difference between characteristic plasma emission from the sheath 

containing a hole (red line), and the blackbody optical emission corresponding to the burning 

plastic sheath (blue line). These signals could provide an additional metric for identifying the onset 

of arc discharge or fire. 

A deeper analysis of the plasma emission from bare copper electrodes revealed that plasma 

temperatures can be determined from arc discharge optical emission spectroscopy using a 

Boltzmann plot of the measured line emission intensities against the transition ionization energies 

[121]. The slope of this plot is the temperature of the plasma. Figure A213 shows an example of a 

derived temperature using the Boltzmann plot method.  

 

 
Figure A2–13. Boltzmann plot and derived temperature for a copper plasma arc-

discharge. 

Figure A2–14 shows an example of a measured spectrum from a bare copper atmospheric pressure 

arc discharge and the plasma temperature determined from the relative peak intensities for copper 

emission as a function of time.  
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Figure A2–14. Optical intensity emission spectrum and derived temperatures for a 

copper plasma arc-discharge 

The measured optical emission spectrum can also be used to identify the elements in the arc 

discharge plasma. Indeed, plasma optical emission spectroscopy is a commonly used method in 

materials analysis. Figure A2–15 shows the identification of iron and chrome emission lines in an 

arc discharge from nickel alloy steel electrodes.  

 

 
Figure A2–15. Optical intensity emission spectrum for a nickel alloy steel arc discharge 

showing the emission from constituent elements in the plasma 

A2.5. Chemical Degradation Analysis 
To further understand the degradation mechanisms of the varying polycarbonate geometries 

exposed to the arc plasma, the samples were cut open and subjected to Attenuated Total Reflection 

Fourier Transform Infrared Spectroscopy (ATR FTIR) analysis. ATR FTIR experimental results 

of the polycarbonate samples exposed to arc-faults each showed markers in the IR spectra, 

identified as indicators of thermal polymer decomposition. These markers were specific peaks in 
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the spectra that either corresponded to a reduction of a functional group in the control polymer 

(unburned sheath), or the appearance of new functional groups found in well-established 

decomposition products.  

 

a.  

                      b.  

 
Figure A2–16. IR spectral analysis of polycarbonate (PC) experimental and control 

sheaths [110] 

 

IR spectra were taken at several spatial positions on the samples with varying discoloration in 

order to determine the extent of the thermal oxidation reactions. Figure A2–16 shows IR spectra 

from an unburned polycarbonate control sample and a polycarbonate sample exposed to an arc-

fault. The two most obvious changes in these samples are:  

1. The appearance of a broad peak between 3100 and 3500 cm-1. 

2. The diminishment of the sharp peak at 1772 cm-1. 

 

The former is indicative of O-H stretching and the latter is due to reduced C=O stretching in a 

carbonate group. In the top reaction, polycarbonate was oxidized to give a phenol and a methyl 

ketone as products. In the bottom reaction, polycarbonate undergoes a loss of carbon dioxide to 

give an aryl ether product [122].  

This chemical analysis shows that oxidation reactions (combustion) occur during the arc fault tests 

and changes in the appearance of the polymers are not only from melting. From Figure A2–17, it 
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is postulated that excess air enabled a fast, hot burn, while the closed-sheath tests ignited much 

slower. The products formed from the faster burn time typically had a narrower range of products 

than if the combustion took place over a longer period of time. Therefore, extra oxygen would 

provide a different reaction pathway from a closed-sheath. These results indicate two of these 

potential degradation pathways the polycarbonate sheaths may have undergone during testing 

which may explain the optical emission differences in signatures. 

 

 
 

Figure A2–17. Thermal decomposition pathways for polycarbonate [110]. 

A2.6. Self-Extinguishing Materials 
Although attempts have been made to develop devices and compounds for rapid extinguishment 

of fires, none have been developed to extinguish fires and even high-temperature thermal arc 

plasmas. Very few polymers are naturally self-extinguishing, and most ignite quite easily when 

exposed to a flame. In particular acrylates, which are commonly used for molded or extruded 

sheets, paints and shellacs, are highly combustible and very difficult to render flame retardant, 

even with the addition of large amounts of conventional flame retardant (FR) agents, such as 

halogenated compounds, phosphorus and inorganic materials. Additionally, reducing annual 

electrical device and system degradation rates and eliminating potential safety hazards attributable 

to inadequate existing encapsulant or potting technologies are critical objectives for many 

initiatives that would improve safety and reliability to help promote ubiquitous deployment of PV 

systems. Research by Spoerke et al. [123] has been to incorporate transparent layered composite 

thin film (LCTF) encapsulant materials to address several significant challenges to functional 

electrical device lifetime and safety, both factors that directly affect ultimate electrical system 

costs. Formed through a deliberate, layer-by-layer process, these highly organized, anisotropic 

materials have remarkable oxygen and moisture barrier properties that exceed those of currently 

utilized encapsulants. In addition to the improved barrier properties of such new encapsulants, 

these composite thin films exhibit remarkable flame retardant properties. With the increased 

deployment of outdoor systems such as PV, there is a very real need to address the hazards of 

electrical system-related fires, such as those resulting from arc-faults in these high voltage systems. 

The Sandia team is currently investigating various approaches for leveraging these LCTF barrier 

films to not only improve reliability through moisture-barrier enhancement, but to also 

dramatically improve system resistance to arc-fault fires. Initial demonstrations conducted at 

Sandia on composite films produced at Texas A&M have already shown a remarkable resistance 

to ignition in simulated electrical arc-plasma tests. For initial materials studies, annular test substrates 

modified with LCTF coatings were placed over two solid copper electrodes. With power applied to 
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the system, plasma arcs (300 W) were exposed to test substrates. Sample temperatures were measured 

and high-speed video recordings were used to characterize time to smoke and time to ignition of test 

samples. The test module structures were systematically cut or broken and arranged to simulate arc-

fault initiation in realistically arc-susceptible PV elements, such as a failed bus bar. This approach 

provides direct insight into the ability of LCTFs to prevent arc-fault initiation in a functioning 

electrical, high-voltage system. Preliminary tests on annular test samples have shown that time to flame 

more than doubles for LCTF films on polyethyleneterephthalate (PET) relative to the uncoated PET 

substrate. By optimizing these materials through modification of clay content, composition, and 

organization in the LCTF films, the Sandia team has built on these promising results, targeting a 10-

fold increase in time to flame over extinction of the arc by melted substrate to ensure significant 

improvements in arc-fault-related safety, Figure A2–18.  
 

 
Figure A2–18. Arc-Fault combustion time for seven different polymer test configurations 

[123]. 

 

 

 

 

 



100 

  



101 

 

APPENDIX A3. A CONSOLIDATED PROCEDURE FOR PERFORMING 
AN ARC-FLASH ANALYSIS 

The following steps outline a suggested procedure for performing an arc flash analysis of a facility. 

Although this is not the only possible procedure, it does cover a wide range of conditions, and 

takes a conservative approach to the application of both IEEE 1584 and NFPA 70E equations. 

1. Assemble existing as-built documentation — Start by collecting all of the relevant, 

existing as-built documentation. Include power floor plans showing locations of 

electrical equipment, and single-line diagrams indicating the overcurrent protective 

devices and cable sizes for all relevant areas. 

2. Field verify existing conditions — Because conditions may have changed because the 

original installation, it is critical that the existing conditions be field verified to ensure 

that the arc flash analysis is performed using accurate breaker settings and field 

conditions. 

3. Obtain the available utility fault current (range) and X/R ratio — The serving utility 

should be able to provide this information. Note that the utility normally guarantees a 

range of short-circuit current, and that the highest arc flash energy value may occur 

anywhere within the range of available short-circuit current values. 

4. Perform a short-circuit analysis — The short-circuit analysis must be performed to 

obtain the available bolted-fault and arc-fault currents at each point in the system. 

5. Perform an NFPA 70E arc flash analysis — Perform the arc flash analysis using the 

NFPA 70E equations and parameters. 

6. Perform an IEEE 1584 arc flash analysis — Perform the arc flash analysis using the 

IEEE 1584 equations and parameters. 

7. Repeat steps 4 through 6 for the entire range of possible values — The short-circuit 

and arc flash studies must be repeated over the entire range of valid utility fault 

capacities. The studies may be performed in a range of fault increments to ensure that 

the highest arc flash energy value is captured at each component. For example, a system 

that has a fault value ranging from 3,000A through 12,000A may be run in 1,000A 

increments. 

8. Repeat steps 4 through 7 for all likely operating conditions — The report must be run 

for all likely operating conditions for the facility, including normal operation, load 

shedding modes, parallel operation, tie breakers open and closed, and operating on 

standby power. It is important that all configurations be fully evaluated to ensure that 

the worst-case scenario is developed for each piece of equipment. 

9. Eliminate invalid data — Export the arc flash reports to spreadsheet software, and 

delete invalid values because they do not fall within the range of valid conditions for 

the equation set used (i.e. NFPA 70E values calculated from short-circuit currents that 

are not between 16kA and 50kA as required). 

10. Sort the worst-case values for each component or bus — Using a spreadsheet, the 

remaining valid values may be sorted and the worst-case extracted for each component 

within the system. This value will be considered the available arc flash energy at its 

associated point in the system. 

11. Assemble the comprehensive report — The final report should indicate the available 

short-circuit current used at each component, the available arc flash energy, the 
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category of PPE required to safely work on the equipment, and which set of equations 

was used to determine the available energy. The report should also include the working 

distance used in the calculation, and the flash protection boundary (generally the 

threshold where the available energy exceeds 1.2 cal/cm2). In addition, any information 

that your specific client requires (duration of arc, closing time of breaker, equipment 

required for safe operation, etc.) should be included in the report. 
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APPENDIX A4. ARC-FAULT/ARC-FLASH DEFINITIONS AND 
TERMINOLOGY 

1. Arc-flash hazard: A dangerous condition associated with the release of energy caused 

by an electric arc.  

2. Arc-fault current: A fault current flowing through electrical arc plasma, also called 

arc-fault current and arc current.  

3. Available fault current: The electrical current that can be provided by serving utility 

and facility-owned electrical generating devices and large electric motors, considering 

the amount of impedance in the current path.  

4. Bolted fault current: A short circuit or electrical contact between two conductors at 

different potentials in which the impedance or resistance between the conductors is 

essentially zero.  

5. Circuit: A conductor or system of conductors through which an electric current is 

intended to flow.  

6. Electrical hazard: A dangerous condition in which inadvertent or unintentional 

contact or equipment failure can result in shock, arc-flash burn, thermal burn, or blast.  

7. Electric Shock: Physical stimulation that occurs when electrical current passes through 

the body.  

8. Energized: Electrically connected to or having a source of voltage.  

9. Exposed (live parts): It is applied to parts that are not suitably guarded, isolated, or 

insulated.  

10. Fault current: A current that flows from one conductor to ground or to another 

conductor due to an abnormal connection between the two.  

11. Flash hazard analysis A method to determine the risk of personal injury as a result of 

exposure to incident energy from an electrical arc flash.  

12. Flash-protection boundary: An approach limit is a distance from live parts that are 

un-insulated or exposed within which a person could receive a second degree burn.  

13. Incident energy: The amount of energy impressed on a surface, a certain distance from 

the source, generated during an electrical arc event. Incident energy is measured in 

joules per centimeter squared.  

14. Shock hazard: A dangerous condition associated with the possible release of energy 

caused by contact or approach to live parts.  

15. Arc Blast: The explosive result of an arcing fault. As current begins passing through 

ionized air, large volumes of ionized gases, along with metal from the vaporized 

conductors, are rapidly expelled, creating such hazards as intense heat, thermoacoustic 

shock wave, molten metal, shrapnel, blinding light, toxic smoke and contact with 

energized components.  

16. Current limiting fuse: A UL Listed, current-limiting fuse must clear a short circuit 

current in less than one half cycle. By isolating a faulted circuit before the fault current 

has sufficient time to reach its maximum value, a current-limiting fuse tremendously 

limits the total electrical energy delivered to the fault, reducing both the magnitude and 

duration of a fault current.  

17. Short circuit: An electrical malfunction where current takes the path of least resistance 

to ground, Current flow is excessive from low resistance resulting in a blown fuse.  

18. Interrupting capacity: The interrupting capacity is the maximum value of current that 



104 

a contact assembly is required to successfully interrupt at a specified voltage for a 

limited number of operations under specified conditions.  

19. Arc clearing time: The time from the onset of the arcing current to the moment the arc 

is extinguished. The clearing time is comprised of three separate variables: the time it 

takes for the protective device to “sense” the fault, the mechanical operating time of 

the protective device (circuit breakers or fuses), and the time it takes for the protective 

device to extinguish the arc. 

20. Arcing fault current: A fault current flowing through an electrical arc plasma, also 

called arc-fault current and arc current. 

21. Arc-in-a-box: The estimated incident energy for an arc in a cubic enclosure with sides 

of 20 in. 

22. Arc rating: The maximum incident energy resistance demonstrated by a material (or 

a layered system of materials) prior to break-open or at the onset of a second-degree 

skin burn. Arc rating is normally expressed in calories per square centimeter. 

23. Available fault current: The electrical current that can be provided by a serving utility 

and facility-owned generation devices and large electrical motors, considering the 

amount of impedance in the current path. 

24. Bolted fault current: A short circuit or electrical contact between two conductors at 

different potentials in which impedance between the conductors is essentially zero. 

25. Electrical hazard: A dangerous condition in which inadvertent contact or equipment 

failure can result in shock, arc flash burn, thermal burn, or blast. 

26. Exposed: Capable of being inadvertently touched or approached nearer than a safe 

distance by a person. It is applied to parts that are not suitably guarded, isolated, or 

insulated. 

27. Fault current: A current that flows from one conductor to ground or to another 

conductor through an abnormal connection (including an arc) between the two. 

28. Flame-resistant (FR): The property of a material whereby combustion is prevented, 

terminated, or inhibited following the application of flaming or non-flaming source of 

ignition — with or without removal of said flaming source. 

29. Flash hazard analysis: A method to determine the risk of personal injury as a result 

of exposure to incident energy from an electrical arc flash. 

30. Flash protection boundary: An approach limit at a distance from live parts that is un-

insulated with which a person could receive a second-degree burn. This is defined as 

incident energy levels of 1.2 cal/cm2 or more. 

31. Incident energy: The amount of energy impressed on a surface, a certain distance from 

the source, generated during an arc event. Incident energy is measured in joules per 

square centimeter or calories per square centimeter. 
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