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Abstract 

 
AC ARC FLASH LIGHT INTENSITY ESTIMATOR AND MHD BASED DC ARC MODEL  

 

Shiuan-Hau Rau, PhD 

 

The University of Texas at Arlington, 2016 

 

Supervising Professor: Wei-Jen Lee 

Since the light emitted by arc flash is significantly brighter than the normal lighting 

background, the light sensors have been applied to the arc flash detection. Currently, the 

optically based arc flash relaying has been considered as the fastest available protection 

for arc flash hazard reduction. Although it is well known that high intensity light will be 

emitted during arc flash event and the human delicate eye structures, such as retina or 

cornea, can be damaged by the sudden bright light, there are limited research providing 

the quantitative light intensity estimation during different arcing incidents. This dissertation 

proposes an arc flash visible light intensity estimation model as perceived by the human 

eyes based on the measured results from arc flash tests in the high power laboratories. 

The proposed light intensity estimation model can be used to evaluate the potential impact 

of an arc flash on the human eyes. In addition, the auto darkening welding lens is used in 

the arc flash testing to evaluate its effectiveness in attenuating the light intensity and 

mitigating the light hazard during arc flash event.  

DC arc flash hazard assessment is a mounting concern with the growth of 

applications for large-scale photovoltaic arrays and DC buses. The IEEE Std. 1584-2002 

pertains to arc flashes originating in only AC systems. Little research has been conducted 

to investigate the DC arcs. Currently, there are few methods available to model DC arcs 

and are largely based on theoretical or semi-empirical methods. The theoretical method, 
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based on the maximum power transfer theorem, overall produces the estimations on the 

conservative side; the semi-empirical methods are limited by the experiment scale, which 

cannot provide comprehensive DC arc prediction to the industry. In order to provide a 

suitable method to predict DC arc flash properties in power systems, new DC arc model 

development is necessary. This dissertation presents a magnetohydrodynamic (MHD) 

model of DC arcs. The MHD equations are solved by using computational fluid dynamic 

(CFD) software Code Saturne® , which is based on collocated finite volume. The simulation 

results are compatible with the lab testing. The proposed MHD modeling provides an 

innovative approach to study DC arc phenomena. 
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Chapter 1  

Introduction 

1.1 Arc Flash Phenomenon 

Electric arc is a luminous bridge formed in a gap between two electrodes, which 

will occur where it coexists with sufficient voltage in an electrical system and a path to 

ground or lower voltage. The extremely large amount of fatal energy will be expelled during 

an arc flash event. In an energized power system, any failures or human error can initiate 

an arc flash event that may injure or even kill personnel and bystanders. After the electric 

arc is established, the air will be ionized by the arcing current, and the massive heat will be 

released after the ionization process. The excessive high temperature in an arc flash event 

may also vaporize the vicinal metals, such as aluminum or copper conductors, the molten 

metals will be ejected along with the explosion. Figure 1-1 shows the three phase arc flash 

event in the enclosure, and the schematic diagram in the Figure 1-2 illustrates the flash 

behaviors. 

 

Figure 1-1 Three Phase Arc Flash Event in the Enclosure 
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Figure 1-2 Schematic Diagram of Arc Flash Behaviors 

1.2 Arc Flash Hazard 

On average, 5 to 10 arc flash explosions occur on the job every day in the United 

States. Annually, more than 2,000 workers suffer extensive injuries caused by arc flash 

accidents, which can be extremely debilitating or fatal. Also, electrical accidents are the 

fifth-leading cause of death in the work place [1].  

As shown in Figure 1-3, Census of Fatal Occupational Injuries (CFOI) indicated 

that there were total 5587 fatal electrical injuries happened between 1992 through 2013.  

The number of fatal injuries has fallen steadily along with the decreasing number of the 

electrical events due the increasing awareness of the electrical safety. An average 327 

fatal electrical injuries happened each year from 1992 to 1996, and the average number 

had fallen to 161 per year from 2009 through 2013 [1]. Occupational Safety and Health 

Administration (OSHA) reported that there were total 110 electrical fatalities happened 
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during calendar year 2014 (January 1, 2014 through December 31, 2014), and 70% of the 

electrical fatalities were from non-electrical workers [2]. 

 

Figure 1-3 Fatal Work-Related Electrical Injuries in the United States, 1992 – 2013 

An arc flash event contributes several personnel hazards due to the extremely high 

energy released rapidly, generally, the arc flash hazards can be categorized as follows.  

1.2.1 Burn Injuries 

The major arc flash hazard is burn injuries, the immense high temperature levels 

of gas and plasma are established during an arc flash event, which may cause burn injuries. 

The electrical burns have been considered as the second most costly injury, and the 

disability and medical costs for electric injuries may be astronomical [3-5]. The approximate 

direct costs range of an electrical injury are $150,000 to $370,000 a year, and the total 

costs may exceed $12 million for one case [6]. Although the electrical injuries only 

represented lower than 2% of total number of injuries in the electrical worker population, 

the electrical injuries contributed 26 to 52% of the total worker injury costs for the utility 
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involved [6]. According to the research provided by Washington State Department of Labor 

and Industries, there were approximate 10% severe burn injuries happened in the work 

place contributed by the electric arc and blast explosion [7]. Figure 1-4 shows the burn 

hazards caused by an arc flash event. 

 

(a)                                                     (b) 

Figure 1-4 Arc Flash Burning Hazards. (a) is on personnel (b) is on equipment [73] 

1.2.2 Ejected Materials Injuries 

 During an arc flash event, the ejected materials, such as the metal particles, may 

shot to workers directly along with the explosion. The materials expelled due to the 

explosion produced by arc flash may produce the penetrating injuries for the weak parts of 

human body [8]. Figure 1-5 shows the ejection of metal particles during an arc flash test.  

  

Figure 1-5 Ejection of Metal Particles in an Arc Flash Test 
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1.2.3 Arc Blast and Pressure Wave 

An arc blast is associated with intense pressure and rapid pressure buildup, the 

blast pressure produced during an arc flash event may result severe hazard for a person 

positioning directly in front of the event, whose organs, such as lung or brain may be 

damaged by the high pressure impinging. Additionally, the pressure waves with propel 

force may knock workers off their feet or even wound human body with projectile parts [9]. 

Figure 1-6 illustrates the arc blast during an arc flash test.  

  

Figure 1-6 Arc Blast in an Arc Flash Test 

1.2.4 Intense Light 

The excessively high intensity light produced by arc flash can cause temporary or 

even permanent blindness and damage human delicate eye structures. Once the system 

voltage is greater than 200 volts, the arc flash event can cause damage to the eyes [10]. 

According to the record, the eye injuries represents about 4.2% of all arc flash related 

injuries [11-12]. The Occupational Safety and Health Administration (OSHA) reports that 

the workplace eye injuries cost estimated $300 million per year for medical treatment, 

worker compensation, and the lost productivity time [13]. 
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1.2.5 Intense Sound 

The intense sound will be produced during an arc flash event, which may 

contribute temporal or even permanent hearing loss. Figure 1-7 shows the average arcing 

current versus the peak sound pressure at 1.8m away from the measurement point [14]. 

Once the peak sound level exceed 140dB, the human without appropriate hearing 

protection may suffer traumatic damage even eardrum rupture [15]. 

 

Figure 1-7 Average Arcing Current versus the Peak Sound Pressure 

1.3 Research Motivation and Objective 

1.3.1 Model for Light Intensity Estimation 

Regarding the safety issues in the workplace, the National Fire Protection 

Association (NFPA) published 70E, the standard for electrical safety in the workplace [16]. 

NFPA 70E provides the guidance for hazard identification and risk assessments of the 

workplace. It reduces the exposure of the personnel to major electrical hazards with 

appropriate personal protective equipment (PPE). 
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Considering the eye protection in the latest version of NFPA 70E, employees are 

required to wear the proper PPE such as safety glasses or goggles while locating in the 

potential arc flash hazards areas. However, the eye shields or glasses can only block 

ultraviolet (UV) spectrums, the extremely high intensity visible light may still damage the 

delicate human eye structures such as cornea or retina. In order to establish the 

appropriate PPE for high intense light emitted in an arc flash event, the first and critical 

step is to estimate the light intensity of an arc flash event accurately. In order to address 

this issue, the first part of this dissertation is the AC arc flash light intensity estimation model, 

which is based upon the measurement of approximately 1500 recording data from three 

phase arc flash tests.  

1.3.2 DC Arc model 

In order to estimate potential arc flash hazards, in 2002, IEEE published the 

standard 1584 “IEEE Guide for Performing Arc Flash Hazard Calculations” to provide 

arcing current calculation and incident energy estimation based upon 300 laboratory testing 

data set [17]. Currently, the IEEE 1584-2002 has been considered as the predominant 

method in industry for performing arc flash calculation studies.  

However, the empirically derived equations in IEEE 1584 can only be applied to 

AC power systems. With the rise of large-scale photovoltaic arrays and DC buses in power 

system, DC arc hazards have raised great concerns. Currently, there are only limited 

research addressing to DC arc models, and most of them were done in the early 1900s, 

which may not be suitable to predict the DC arc hazards of large-scale DC applications 

lately. Thus, the second and third parts of this dissertation address the DC electric arc 

simulation and DC arc modeling respectively to provide foundation for DC arc hazard 

analysis and industry standards development. 



19 

1.4 Synopsis of Chapters 

The organizational structure of this dissertation is as follows: 

Chapter 1 presents the arc flash phenomenon, general arc flash hazards, research 

motivation and objectives. 

Chapter 2 introduces the model development for three phase AC arc flash light 

intensity estimation model, which is developed based upon the measurement results from 

approximately 1500 recording data from three phase arc flash tests.  

Chapter 3 presents the DC electric arc simulation through magnetohydrodynamic 

(MHD) approach, including electric arc physics, modeling assumption, numerical models, 

and etc. Currently, MHD approach has been considered as one of the best approaches to 

simulate the electric arc burning in the open air, which makes it possible to predict the 3D 

and time dependent interaction between the air flow and the electric arc. 

Chapter 4 discusses the DC arc model based on 3D DC arc simulation presented 

in Chapter 3. The new DC arc model provides foundations for future DC arc hazard analysis 

and industry standard development.  
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Chapter 2  

AC Arc Flash Light Intensity Model 

2.1 Literature Review 

Human’s delicate eye structures, such as retina and cornea can be damage if it is 

exposed in a high light intensity environment without wearing proper eye protective 

equipment. For example, the retinal damage will be produced by 6,830,000 lux for 0.1 

second [18]. Arc flash produces a significantly brighter light than the normal lighting 

background. Generally, the intensity of normal substation lighting is around 200 to 300 lux. 

High intensity LED flash light can produce 28,000 lux, and a camera flash can produce 

234,000 lux at 18 inches; direct sunlight at any distance is around 100,000 lux. The light 

emitted during arc flash event can easily reach over 1,000,000 lux depended on the fault 

conditions [9]. Table 2-1 provides some typical illumination levels [9].  

 

Table 2-1 Typical Ambient Illumination Levels 

Light Level Description 

50 lux Living room 

80 lux Brightly lit room 

500 lux Brightly lit office 

1000 lux TV studio 

100,000 lux Direct sunlight 

> 234,000 lux Camera flash at 18 inches 

> 1,000,000 lux Arc Flash event 

 

Figure 2-1 to Figure 2-3 show the bright light emitted for an arc flash test, where the fault 

conditions are 610 volts, 5.21kA, 2 inches gap, and arc duration is 12 cycle. Apparently, 

the extremely high intensity light, above 1 million lux, as measured at 3 meters from the 

arcing point was emitted during this arc flash event. 
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Figure 2-1 Three Phase Arc Flash Test (Voltage)  

 

 

Figure 2-2 Three Phase Arc Flash Test (Current) 
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Figure 2-3 Three Phase Arc Flash Test (Light Intensity) 
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protective equipment (PPE) when electrical hazards are present [16]. A UV-blocking shield, 
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the human eyes. Figure 2-4 compares the traditional light sensor (Si photo sensor) and the 

selected ambient light sensor with the spectral sensitivity response of the human eyes [19]. 
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Figure 2-4 Relative Spectral Sensitivity of a Standard Si-Photodector (Blue) Ambient 

Light Sensor (Red) Compared to the Human Eye (Black)  

2.2 Arc Flash Fault Configurations 

Regarding most of arc flash occurrence situation in industry, extensive arc flash 

tests have been performed in five different configurations, which considers not only the 

electrode orientations but also the arc flash in the enclosure or in the open air. This section 

attempts to give an introduction of all the tests configurations, and provide some examples 

about the configuration determination. 

2.2.1 Test Configurations 

The electrodes of the examples provided in this section are formed by 0.75 inch 

diameter hard draw cooper, and the enclosure is 20”x20”x20” for 600V, 26”x26”x26” for 

2700V, and 36”x36”x36” for 14300V three phase arc flash tests. Figure 2-5 to Figure 2-7 
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show the arc flash tests in the enclosure with different electrode orientations, and Figure 

2-8 and Figure 2-9 present the arc flash tests in the open air with vertical and horizontal 

electrodes respectively. Table 2-2 provides a typical reference to determine the 

configurations. 

  

Figure 2-5 Vertical Electrodes in the Cubic Box (VCB), Electrodes are Terminated in the 

Middle of the Box 

 

  

Figure 2-6 Vertical Electrodes in the Cubic Box (VCBB), Electrodes are Terminated at the 

Bottom of the Box 
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Figure 2-7 Horizontal Electrodes in the Cubic Box (HCB) 

 

 

            

Figure 2-8 Vertical Electrodes in the Open Air (VOA) 
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Figure 2-9 Horizontal Electrodes in the Open Air (HOA) 

 

Table 2-2 Typical Equipment Configuration and Electrodes Orientation 

Configuration 
Electrode 

Orientation 
Enclosure 

Electrode 

Termination 

Vertical Electrodes 
in the Cubic Box  

(VCB) 
Vertical Enclosed 

None, or a top in a 
bus, arcing will 
initiated at the end 
of bus 

    
Vertical Electrodes 
in the Cubic Box 

with Bottom 
Insulated Barrier 

(VCBB) 

Vertical Enclosed 
Terminated in a 
barrier, arcing is 
remaining at barrier 

    
Horizontal 

Electrodes in the 
Cubic Box  

(HCB) 

Horizontal Enclosed 
None, conductors 
extend toward in 
front locations 

    
Vertical Electrodes 

in the Open Air  
(VOA) 

Vertical Open air Same as VCB 

    
Horizontal 

Electrodes in the 
Open Air  

(HOA) 

Horizontal Open air Same as HCB 
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2.2.2 Configuration Identification 

Practically, various combination of different configurations may exist. Figure 2-10 

to Figure 2-14 provide the typical equipment configuration when performing hazard 

analysis. 

 

 

Figure 2-10 HCB/HOA Configuration on Switchgear 

 



28 

 

Figure 2-11 VCB (upper circle) and HCB/HOA (low circle) Configuration on Current Limit 

Fuse 

 

 

Figure 2-12 VCBB Configuration on Switchgear 
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Figure 2-13 VCB Configuration on Switchgear 

 

Figure 2-14 HCB Configuration on Switchgear 
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2.3 Arc Flash Light Intensity Estimation Model Development 

In order to mitigate the arc flash hazard caused by the high intensity light, the 

accurate light intensity estimation is the first and critical step of establishing proper PPE 

requirements. This section proposes an arc flash light intensity model based on 

considerable amount of three phase arc tests. 

2.3.1 Arc Flash Light Intensity Measurement System 

Trying to mimic the arcing light intensity perceived by the human eyes, the arc 

flash light intensity measurement system was applied to the three phase arc flash tests. 

The detail information about the arc flash light intensity measurement system is given in 

[19]. 

Since the intensity of the light emitted during arc flash can be higher than 1 million 

lux, the Neutral density (ND) filters, owning characteristic that can equally reduce the 

intensity of the visible light but without changing the hue of color rendition, have been used 

in the measurement system. Table 2-3 lists the theoretical attenuation rating of ND filters 

[20], and the light measurement device with ND filter is shown as Figure 2-15. 

 

Table 2-3 Theoretical Attenuation Rating of ND Filters 

ND Number Notation Optical Density Transmittance % 

ND2 0.3 50% 

ND4 0.6 25% 

ND8 0.9 12.5% 

ND16 1.2 6.25% 

ND32 1.5 3.125% 

ND64 1.8 1.563% 

ND128 2.1 0.781% 
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Figure 2-15 Light Measurement Device with ND Filter 

The light measurement devices with ND filters were set at three different distance 

from the arcing point. Generally, the distances are around 3m, 4.5m, and 6m respectively, 

however, the precise distances are affected by other factors, such as the enclosure size, 

the placement of calorimeters sensors, and laboratory environment. Figure 2-16 shows the 

layout scheme of the light intensity measurement.  
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Figure 2-16 Light Measurement Device Layout Scheme in Arc Flash Testing (HCB) 

Since the placement of the light sensors affect the measurement results, alignment 

of the light sensor is important for the measurement accuracy. To ensure the accuracy of 

the light intensity recording, the light sensors should aim at the center of the arcing point. 

An improper alignment may result an unsynchronized response among three light sensors, 

which may impact on the accuracy of measurement. Figure 2-17 illustrates the 

unsynchronized response problem. The difference of the initial readings among light 

sensors before the arc flash event are caused by the ambient light in the laboratory. 

 

 

Light Measure #3 

Light Measure #2 

Light Measure #1 Calorimeters 

6m 

4.5m 
3m 

Electrodes 
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Figure 2-17 Misalignment of Light Measurement 

A laser pointer is applied to eliminate the potential misalignment errors. Figure 2-

18 and Figure 2-19 show the test result after the alignment improvement and light sensor 

with laser pointer adjustment respectively. 

 

Figure 2-18 Light Measurement Results after Alignment Improvement 
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Figure 2-19 Light Sensor with Laser Pointer Adjustment 

To ensure the measurement accuracy,   the frequency response and transmittance 

characteristic of each ND filter was characterized before utilizing in light measurement 

system. The different combination of ND filters have been proven can measure the high 

intensity light emitted by the arc flash at desired level. For example, stacking two ND8 and 

one ND128 together is capable of measuring the light intensity up to 1 billion lux [19]. Table 

2-4 provides the information about the light measurement devices utilized in arc flash 

testing including the distance between the measurement devices and arcing point and the 

transmittance data of each measurement devices. 

 

Table 2-4 Light Measurement Device Data 

Voltage 
(kV) 

Light Near Light Near Light Near 

Dist.a Tran.b Dist. Tran. Dist. Tran. 

0.208c 4.50 0.121 6.75 0.012 7.50 0.010 

0.48d 3.00 0.010 4.50 0.013 6.00 0.121 

0.60d 3.00 0.010 4.50 0.013 6.00 0.121 

2.7 (I)d 3.00 0.010 4.50 0.013 6.00 0.093 

2.7 (II)e 3.40 0.013 4.26 0.010 5.39 0.121 

14.3 (I)e 3.98 0.013 4.86 0.010 5.95 0.121 

14.3 (II)e 3.78 0.013 5.36 0.010 6.60 0.121 

14.3 (III)e 4.30 0.013 5.20 0.010 7.40 0.121 
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a Distance between Light Measurement Device and arcing point (m) 

b Transmittance of Light Measurement Device (%) 

c Light Near: ND8*3;             Light Middle: ND4*3+ND128;      Light Far: ND8*2+ND128 

d Light Near: ND8*2+ND128;   Light Middle: ND4*3+ND128;      Light Far: ND8*3 

e Light Near: ND4*3+ND128;   Light Middle: ND8*2+ND128;      Light Far: ND8*3 
 

2.3.2 Arc Flash Light Intensity Measurement Results 

Generally, the maximum intensity of light should be considered in the light intensity 

model development as the worst case scenario. However, the noise in arc flash test may 

generate the spike in the test record, which is shown as Figure 2-20. Thus, in order to 

ensure the accurate of the light model, all the recording data are pre-processed before 

using for the model development. All unreasonable spike data are excluded from the light 

estimation model development. 

 

Figure 2-20 Example of the Test Record with Spike Data (VCBB, 14.83kV, 20.4kA, 3” 

Gaps, 200ms, 36” Box) 
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The essential parameters (arcing current, gap width, the distance between light 

measurement device and arcing point) for light intensity modeling could be obtained after 

data processing. Table 2-5 lists some light intensity data to be used in the modeling process. 

Table 2-5 Light Intensity Modeling Data 

Config. 
Voc 
(kV) 

Ibf 
(kA) 

Gap 
(inch) 

Dist. 
(m) 

Light  
Intensity 

(Lux) 

VCB 0.61 20.02 2 3 2.6E+06 

VCBB 0.61 5.21 1.25 4.5 5.7E+04 

HCB 2.73 9.62 4.5 6 1.3E+05 

… … … … … … 

… … … … … … 

VOA 14.32 20.08 3 4.86 6.7E+06 

HOA 14.07 42 6 5.2 1.7E+07 

 

Approximately 1500 individual recording data from three phase arc flash tests were 

used for arc flash light intensity modeling, which covered open circuit voltage from 0.208 

to 15 kV. The extensive test were performed on 0.6, 2.7, and 14.3 kV, and the selective 

test on 0.208 and 0.48 kV were used to validate the estimation results of the model. The 

test parameters are listed in Table 2-6, which includes the combination of bolted fault 

current and electrode gap width in different size of enclosure. 
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Table 2-6 Three Phase Arc Flash Tests Range 

Voltage 
(kV) 

Bolted Fault 
Current (kA) 

Gap 
(inch) 

Enclosure Size 

0.208 2.5 – 100 0.25 – 1 20” x 20” x 20” 

0.48 0.5 – 100 0.4 – 3 20” x 20” x 20” 

0.60 0.5 – 100 0.5 – 3 20” x 20” x 20” 

2.70 0.5 – 63 1.5 – 4.5 26” x 26” x 26” 

2.70 20 – 40 1.5 – 4.5 36” x 36” x 36” 

14.30 0.5 – 42 3 – 6 36” x 36” x 36” 

 

2.3.3 Parameters Sensitivity Analysis 

Important parameters identification are the first step to recognize the correlation 

between dependent variable and independent variables. Figure 2-21 to Figure 2-23 provide 

the side by side comparison on some 2.7kV three phase arc flash tests results. Figure 2-

21 shows that the light intensity decrease severely along with the increase of the distance 

from measurement device to arcing point. It means that the measurement distance is an 

important parameter on light intensity estimation model. 
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Figure 2-21 Arc Flash Test – Light Intensity vs. Distance (2.73kV, 20.85kA, 1.5” Gaps) 

 

 

Figure 2-22 Arc Flash Test – Light Intensity vs. Gap Width (2.71kV, 10kA, 4.5m far from 

Arcing Point) 
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Figure 2-23 Arc Flash Test – Light Intensity vs. Bolted Fault Current (2.71kV, 4.5” Gaps, 

4.5m far from Arcing Point) 

 

Figure 2-22 and Figure 2-23 reveal that both gap width and bolted fault current 

contribute positive correlation with light intensity, and the varying of the bolted fault current 

provides more significant influence on light intensity than the change of gap width. 

This dissertation utilizes statistical approaches to analyze parameter sensitivity of 

light intensity. Partial regression analysis is applied in this dissertation to study the 

dependence between independent variables with dependent variable in the model.  Partial 

regression analysis is an approach to show the impact of adding a variable on a model 

already having one or more independent variables, which also considers the effect among 

the other independent variables in the model [21]. 

Figure 2-24 to Figure 2-26 show the partial regression plots on light intensity and 
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independent variables (Distance, Gap, Bolted fault current) and dependent variable (Light 

Intensity). 

 

Figure 2-24 Partial Regression Plot (Lux vs. Distance) 
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Figure 2-25 Partial Regression Plot (Lux vs. Gap) 

 

Figure 2-26 Partial Regression Plot (Lux vs. Bolted Fault Current) 
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The decreasing trend in Figure 2-24 indicates the negative correlation between 

distance and light intensity, whereas, the increasing trend in Figure 2-25 and Figure 2-26 

present the positive correlation between dependent variable (Light Intensity) and 

independent variables (Gap width, Bolted Fault Current). As shown in Figure 2-25 and 

Figure 2-26, one can see that the bolted fault current contributes stronger positive 

correlation with light intensity than gap width. 

2.3.4 Observation of the Arc Flash Test Results 

According to the test results from Figure 2-21 to Figure 2-23, one can see that the 

intensity of visible light emitted during open air arc flash tests are stronger than the 

enclosure arc flash tests. This is because the visible light may be blocked by the smoke 

generated during the arc flash test. Additionally, the smoke contributes the less influence 

on the VOA test configuration because of the smoke generated in VOA test will be forced 

toward to the perpendicular direction of the light measurement device. The schematic 

diagrams and snap shots of arc flash test from high speed video are given in Figure 2-27 

to Figure 2-29. 

 

    

Figure 2-27 Smoke Influence on Vertical Electrodes with Enclosure (VCB) 
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Figure 2-28 Smoke Influence on Vertical Electrodes in Open Air (VOA) 

 

        

Figure 2-29 Smoke Influence on Horizontal Electrodes in Open Air (HOA) 

2.3.5 Correlation Factor for Enclosure Size  

Regarding the influence on the light intensity contributed by the enclosure size, 

curve fitting process was performed to estimate the correction factor. This dissertation 

establish the correction factor for different enclosure by comparing the light intensity 

emitted in different enclosure dimensions under the similar arc flash fault conditions. Table 

2-7 lists the sample light intensity data for different enclosure dimension at 2.7kV arc flash 

tests. The enclosure correction equation will be applied to the light intensity model for all 
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enclosure configurations, the light intensity will be normalized to 20” x 20” x 20” enclosure 

due to consider effect of enclosure dimension. 

Table 2-7 Three Phase Arc Flash Tests Range 

Config. 
Voc 
(kV) 

Ibf 
(kA) 

Enclosure 
Dimension 

Light Intensity 
(Lux) 

HCB 2.73 20.44 26” x 26” x 26” 5.80E+06 

HCB 2.73 21.83 36” x 36” x 36” 6.57E+06 

VCB 2.73 20.44 26” x 26” x 26” 2.11E+06 

VCB 2.97 40.21 26” x 26” x 26” 3.92E+06 

VCB 2.73 20.85 36” x 36” x 36” 4.58E+06 

VCB 2.97 41.21 36” x 36” x 36” 8.89E+06 

VCBB 2.73 20.44 26” x 26” x 26” 1.90E+06 

VCBB 2.97 40.21 26” x 26” x 26” 4.48E+06 

VCBB 2.73 20.85 36” x 36” x 36” 2.79E+06 

VCBB 2.97 41.20 36” x 36” x 36” 1.90E+07 

 

2.3.6 Arc Flash Light Intensity Model 

According to the test results and parameter sensitivity analysis, bolted fault current 

level, open circuit voltage level, gap width between electrodes, and the distance from 

arcing point to light measurement device will affect the level of light intensity. In statistic, 

regression analysis focuses on the relationship between a dependent variable and other 

independent variables, which is widely applied on prediction and forecasting in the aid of 
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data analysis [22-23]. This dissertation utilizes multiple regression on light intensity 

modeling for five different configurations. 

The arc flash light intensity modeling is based on three reference voltage data 

points, 0.6kV, 2.7kV, and 14.3kV. A multiple regression can be applied on non-linearized 

independent parameters to perform curve fitting. In addition, the interpolation and 

extrapolation techniques have been used to extend the modeling range from three 

reference voltages to the voltage from 0.208kV to 15kV. Also, the enclosure size has been 

taken account into light intensity modeling through the enclosure correction equation to 

consider the light intensity affected by the enclosure dimension. The enclosure correction 

equation are provided as in Eq. (2-1) and Table 2-8 where box_size is the average of the 

enclosure width and height in inch. The enclosure correction equation is only applied on 

the enclosure configurations, for the open air configuration, the bxcf is equal to 1. 

 

( 2 _ )1 K box sizebxcf K e         (2-1) 

 

Table 2-8 Coefficients for Enclosure Correction Equation 

Coefficients VCB VCBB HCB 

K1 0.0939 0.0999 0.8224 

K2 0.0896 0.0893 0.0081 

 

The proposed light intensity model for three reference voltage are given as Table 

2-9 and Eq. (2-2), where Ibf is the bolted fault current in kilo-amperes, Gap and the Dist 

are the gap width and distance from the arcing point in millimeters. 

 

 

 

( ) 10 ^ ( 3 4 log( ) 5 log( ) 6 log( ))ref bfLux V K K I K Gap K Dist bxcf             (2-2) 
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Table 2-9 Coefficients for Arc Flash Light Intensity Models 

600 

Config. K3 K4 K5 K6 

VCB 22.472 0.350 0.384 -4.935 

VCBB 23.677 0.750 0.177 -5.399 

HCB 23.744 0.676 0.257 -5.301 

VOA 23.630 1.146 0.138 -5.210 

HOA 25.373 0.672 0.510 -5.804 

2700 

Config. K3 K4 K5 K6 

VCB 24.857 0.916 1.304 -6.172 

VCBB 26.377 1.270 1.292 -6.741 

HCB 28.634 0.894 0.879 -6.919 

VOA 27.897 1.123 1.245 -6.820 

HOA 25.564 0.834 0.920 -6.028 

14300 

Config. K3 K4 K5 K6 

VCB 18.996 1.034 0.849 -4.313 

VCBB 17.073 0.854 1.400 -4.035 

HCB 19.826 1.376 1.287 -4.789 

HOA 19.869 1.194 1.438 -4.694 

VOA 20.325 1.094 1.004 -4.589 

 

This dissertation uses interpolation to estimation the system between 2.7kV and 

14.3kV. According to the interpolation approximation, the light intensity can be estimated 

for the specific voltage V between 2.7kV and 14.3kV as in Eq. (2-3), where V is the voltage 

in volts, V2700 and V14300 are two adjacent reference points. Similarly, the system between 

0.6kV and 2.7kV can be obtained through the same procedure as in (2-4).  
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14300 2700
2700 2700

14300 2700

( ) ( )
( ) ( ) ( )

Lux V Lux V
Lux V Lux V V V

V V


  


  (2-3) 

2700 600
600 600

2700 600

( ) ( )
( ) ( ) ( )

Lux V Lux V
Lux V Lux V V V

V V


  


  (2-4) 

 

The extrapolation technique is applied to the system between 14.3kV and 15kV as 

in (2-5).  

14300 2700
14300 14300

14300 2700

( ) ( )
( ) ( ) ( )

Lux V Lux V
Lux V Lux V V V

V V


  


  (2-5) 

 

Below 0.6kV light intensity model is derived from 0.6kV model directly because the 

arc flash at low voltage is more dynamic and unstable, equation (2-6) provides the light 

intensity model below 0.6kV system.  

 
0.5

600( ) ( ) ( / 600)Lux V Lux V V     (2-6) 

 

The flow chart of arc flash light intensity model application is illustrated in Figure 2-30.  
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Figure 2-30 Arc Flash Light Intensity Model Flow Chart 

The proposed arc flash light intensity model cover system open circuit voltage in 

the range of 0.208kV to 15kV; bolted fault current from 0.5kA to 100kA and 0.2kA to 65kA 



49 

for 0.208kV to 0.6kV and 0.601kV to 15kV respectively; electrodes gap between 0.25inch 

to 10 inches, where 0.25inch to 3 inches for the system voltage below 0.6kV, 0.75 inch to 

10 inches above 0.6kV; the maximum enclosure size is considered as 50 inches in the 

model, and the width of enclosure must be larger than four times of the gap width. Figure 

2-31 through 2-35 and Table 2-10 show the comparison results between model estimations 

and real arc flash tests. 

 

Table 2-10 Arc Flash Light Intensity Estimation Results 

Config. 
Voc 
(kV) 

Ibf 
(kA) 

Gap 
(inch) 

Dist 
(m) 

Light 
Intensity 
from Test 

(Lux) 

Light 
Intensity 

from Model 
(Lux) 

VCBB 0.215 2.50 0.75 4.5 1.14E+04 1.07E+04 

HOA 0.61 5.75 0.50 6 3.30E+04 3.29E+04 

HOA 2.73 11.10 1.50 5.39 2.50E+05 2.51E+05 

VCBB 2.97 41.20 1.50 4.26 1.03E+06 1.03E+06 

HCB 2.73 32.01 3.00 6 3.17E+05 3.19E+05 

VOA 14.32 40.00 3.75 6.604 4.91E+06 4.99E+06 

VCB 2.71 30.51 4.50 6 3.83E+05 3.69E+05 

VCB 0.483 2.67 0.39 4.5 5.00E+04 4.79E+04 
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Figure 2-31 Model Estimation Comparison (VCB) 

 
 
 
 

 
Figure 2-32 Model Estimation Comparison (VCBB) 
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Figure 2-33 Model Estimation Comparison (HCB) 

 
 
 
 

 
Figure 2-34 Model Estimation Comparison (VOA) 
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Figure 2-35 Model Estimation Comparison (HOA) 

 
2.3.7 Auto Darkening Welding Lens 

Exploring a possible mitigation for extremely high intensity light hazard, the auto 

darkening welding lens is used to attenuate the light intensity in the arc flash tests. Figure 

2-36 shows the auto darkening welding lens utilized in the arc flash test. Figure 2-37 

indicates the auto darkening welding lens influence on an arc flash test. The light intensity 

was around 4.58E+06 lux, after applying auto darkening into the test, the light intensity was 

decreased as 4.01E+04 lux, attenuated more than 100 times. 

  

Figure 2-36 Auto Darkening Welding Lens 
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Figure 2-37 Auto Darkening Influence on Arc Flash Test (VCBB, 0.6kV, 30kA, 1” Gap, 

200ms, 3m from Arcing Point) 

2.4 Summary 

In order to estimate the potential arc flash hazard due to the high intensity light 

during an arc flash event, this dissertation develops an arc flash light intensity estimation 

model based on approximate 1500 recording data from arc flash tests. To mimic the 

response of the human eyes, an ambient light sensor was utilized in the light measurement 

system to record the light intensity perceived by human eyes. In addition, different 

combinations of ND filters is applied on the measurement to adapt different light intensity 

level in arc flash tests. 

 Statistic approaches, such as partial regression and multiple regression are used 

in the model development process. Considering not only in regression but also in physics, 

the effect of enclosure size is considered through the enclosure correction equation in the 

model. Additionally, the interpolation and extrapolation techniques have been applied to 

the modeling due to extend the modeling range. Compared with the test results, it reveals 
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that the proposed light intensity model can provide the compatible results with the lab 

testing.   

 The auto darkening welding lens is used in the testing to attenuate the light 

intensity. The light intensity was attenuated more than 100 times after applying the auto 

darkening welding lens in the testing, which provides a possible method to mitigate the 

light hazard during arc flash event, and more tests are needed to validate its applicability 

for light hazard mitigation. 
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Chapter 3  

3D Magnetohydrodynamic Modeling of DC Arc in Power System 

3.1 Literature Review 

The concern on DC arc flash hazards are increased since photovoltaic (PV) arrays 

and DC buses in power systems are more broadly used. Recently, large-scale PV arrays 

have been deployed, which may connect hundreds or even thousands of PV modules 

together. The combined DC output capacity at aggregation points, such as combiner 

boxers or inverter-input combiner compartments, may be higher than 1MW, the voltage 

may reach 1000V, and the current may exceed 1000A. Any equipment failure or human 

blunder may cause arc flash events in the energized power system, which can cause 

destruction of equipment, fires, and injury not only the workers but also bystanders [24, 66, 

78-79].  

For proper system protection and potential hazard estimation/mitigation, accurate 

estimation of arcing current is essential, as it determines the operating time of the 

protective device. Furthermore, the incident energy is proportion to the arcing current. 

Therefore, an accurate arcing current estimation is the first and the most critical step to 

understand the potential hazards of an arc flash event.  

Since 1902, several DC arc models were presented. However, the early works 

were focused on the theoretical approaches and only had limited test results. Arcings are 

very dynamic phenomena and the arcing voltage and resistance are dependent on multiple 

factors, such as the gap width between two electrodes and the arcing current magnitude. 

Though comprehensive laboratory testing are the best way to develop DC arc flash model, 

performing rigorous testing is not only time-consuming but also limited by the scale of the 

laboratories. Currently, several semi-empirical DC arc models were developed from 

statistical relationships recorded through limited arc testing designed to simulate real arcing 
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currents and arcing voltage; they are only valid within the range of measured data. 

Moreover, statistical analysis is not truly based on physical observation, and it may 

introduce incorrect relationships obscure fundamental phenomena. The commercial 

software package is mainly applied to analysis AC arc [65, 68], which assumes that it exists 

1D temperature field inside the electric arc and using finite difference method to solve 

electric field and temperature. In contrast to traditional semi-empirical methods to estimate 

DC arcs, this dissertation presents a DC arc MHD model as an innovative method to 

understand DC arc behavior and to predict the potential arc flash hazards in a DC power 

system. It provides sound theoretical base for future model validation and possible range 

expansion in the cases that the capabilities of the laboratories are limited. 

3.1.1 Electric Arc Physics 

The arcing phenomenon is a dynamic process. Poisson’s formula can express the 

random nature of the arc lifetime [25]. An electric arc, an electrical breakdown of the 

resistance of medium (gas or air), can be generated in an electrical system with sufficient 

voltage through a path to ground or lower voltage. Two separated electrodes in a gas will 

conduct electric charge under certain conditions. This section attempts to give a brief 

account of the physical processes that operate to allow the passage of large electric 

currents through a gaseous medium and across the junctions between gases and metallic 

conductors.  

3.1.1.1 Arc Discharge  

The phenomena associated with the passage of the current, which is called 

‘discharge’ through the gas, depend markedly on the nature and pressure of the gas, the 

electrode materials, the geometry of the electrodes and its containing vessel, and the 

magnitude of the flowing current. There are several ways to initiate electric arcs. Arcs can 

be made through glow to arc transitions in power system. In the cathode region, the glow 
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state is described by a low current flow and large voltage drop. The transition from the glow 

to arc in the cathode region can be characterized by a larger current flow and smaller 

voltage drop, is caused by the electrons released from cathode. Figure 3-1 illustrates the 

shape of the static voltage-current characteristic for transitions through several discharges 

until an arc is formed, and the specific voltage and current magnitudes differ with conditions 

[26]. 

 
Figure 3-1 Static voltage-current diagram of a discharge at low pressure (at 1 

mm Hg) 

In addition, an electric arc can be formed through spark discharge. This discharge 

will occur once the voltage between two electrodes is high enough to breakdown the 

medium (gas or air) in the environment. The shape of voltage and current for spark 

discharge is illustrated in Figure 3-2, where the point A represents the beginning of the 



58 

sudden voltage collapse. There may be a relatively long time interval between the initial 

breakdown and the point A. The un-stable discharge, beginning at A, is called a ‘spark’ 

[26]. 

 

 
 

Figure 3-2 Arc Formation from Spark Discharge (at 1 Atm) 

 
Sometimes, sparks may cause arcing on old transmission and distribution systems, 

whose voltage is greater than 4kV. The 4kV may generate a spark across a 0.762mm (0.03 

inch) gap at 1 Atm. Figure 3-3 is the plot of the necessary electric field and minimum voltage 

to produce a spark [27]. 
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Figure 3-3 Voltage and Electric Field Needed for Sparking (at 1 Atm) 

 
Generally, the electrode material type has no measurable influence on the 

breakdown voltages [27]. Ionization lower the breakdown or restrike voltage below than 

the breakdown voltage of a spark gap [29]. 
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Besides, an arc may be formed by drawing apart two current-carrying electrodes 

initially in contact. An arc formed in this way is said to be ‘drawn’.  

In 1889, Friedrich Paschen stated that the breakdown voltage of a gas between 

parallel plates can be represented as a function of pressure and gap distance [30], as 

shown in (3-1), where V is voltage in volts, P is pressure in atmospheres, Gap is the gap 

distance in meters, a and b is 43.6x106 and 12.8 respectively under 1 atmosphere. 

 

( )

ln( )
breakdown

a P Gap
V

P Gap b




 
    (3-1) 

 

3.1.1.2 Arc Types 

Typically, the types of electric arc can be divided into two classes, “high-pressure” 

arc and “low-pressure or vacuum” arc. The arc burning in air or gasses of significant 

pressures is usually considered to be a high-pressure arc. The plasma column of a high-

pressure arc is collision dominated. Therefore, the plasma properties of high-pressure arc 

should be described by continuum dynamic theory. On the other hand, the plasma column 

of low-pressure or vacuum arc is more dominated by electrode region effects [31].  

 High-pressure arcs can be further subdivided into axisymmetric and non-

axisymmetric arcs. An axisymmetric arc burns symmetrically along the electrode axis, and 

non-axisymmetric arc is either in a state of dynamic equilibrium or continuous motion [31]. 

Figure 3-4 illustrates a free burning axisymmetric arc. Most studies of arcs prior to the 

1990s, which will be presented in Section 3.1.2, were involved in single phase arcing 

between series electrodes. In industrial applications, most of the arcing faults are free-

burning arcs in open air. To validate the simulation results and make it applicable for 

industry purposes, this dissertation will perform the simulation based upon this 

configuration. 
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Figure 3-4 Axisymmetric – Free Burning, Vertical Arc [31] 

 
3.1.1.3 Arc Regions and Voltage Distribution 

An electric arc can be characterized as three regions: the plasma column regions, 

anode (positive electrode) region, and cathode (negative electrode) region. An electric arc 

is an electrical discharge flowing between two electrodes through a medium (vapor or gas), 

and the voltage drop across the cathode region must be higher than the minimum ionizing 

potential of the medium [32]. The electrode (anode or cathode) voltage drop is comprised 

of the electrode fall and the drop in the electrode boundary layer. Mostly, the cathode fall 

is between 10 to 20V over a region of 1 to 10µm, and the anode fall is between 0 to 5V 

over a region of 1µm [33]. The boundary regions for electrode can be a few millimeters 

thick [34]. The voltage gradient across the plasma column has been described as being 

fairly uniform [35], but is somewhat dependent on the length of the arc and the arc current 

magnitude. The arc regions and the distribution of arc voltage are shown as Figure 3-5. 
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Figure 3-5 Arc Regions and Arc Voltage Distribution 

 
The cathode, plasma column, and anode region can be subdivided as in Figure 3-

5. Generally, the temperature in cathode region is between the temperature of the plasma 

column region and the cathode-fall region, however, when the density of charge carries 

increased, the cathode region’s temperature will exceed the temperature of plasma column 

region [33]. 

 At the end of the cathode region exists a high luminosity zone, where vapor atoms 

become excited because of electron collisions. A positive ion is generated and the atom 

emits a photon and keeps in the unstable state due to the collision of electrons. Compared 

to the positive ions, the electrons are much lighter and move faster through the cathode-

fall region than positive ions traversing in the opposite direction, which let the positive 

space charge establishes a strong electric field. The strong electric field not only forces 
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electron emission from the cathode region but also accelerates the movement of electron 

[33].  

Differing with the cathode region, the anode region is populated by electrons, not 

positive ions. The voltage fall of anode depends upon the energy required for electrons to 

ionize the atoms of anode vapor. The number of positive ions increases in the anode region 

toward the plasma column, so the electric field in anode region is weaker than the electric 

field in cathode region, which causes the current density of the anode is less than at the 

cathode.  

Considering the energy conservation theory, the energy must be balance at the 

electrodes and at plasma column region. After the ion bombardment and electron emission, 

the remaining of cathodic spot energy is primarily released by vaporizing the material of 

cathode [36]. Generally, electrodes only takes 1 s to reach vaporization temperatures 

[37]. Similarly, the energy conservation theory can also be applied to anode region. Once 

the arcing current is greater than 30 amps, the electrodes will loss energy due to the 

radiation outward from the surface. Additionally, the radiation losses for non-refractory 

(copper, steel) electrodes are more significant than refractory (carbon) electrodes [38].  

3.1.1.3.1 Cathode 

Naturally, air is a good insulator, and an arc may not ignite even if the voltage drop 

across the cathode region is capable of supplying the minimum ionization potential. 

Generally, there are two conditions at cathode that distinguish arc from other discharges: 

a high current density at cathode surface and a high concentration of neutral and charged 

particles at cathode region [39].  

Cathode deliver the electrons to the arc column, mostly, the cathode can be 

divided into two categories: refractory (thermionic) cathode and non-refractory (non-

thermionic) cathode, and the boiling points of non-refractory cathode is lower than 
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refractory’s. The refractory cathode are heated to 3500 K or higher temperature in 

thermionic emission process, and the current density of refractor cathode is on the order 

of 104 A/cm2 [34]. At the temperatures lower than the temperature of thermionic emission 

the significant evaporation will happen for non-refractory cathode, the electron emission 

for non-refractory cathode probably involves a combination of thermionic and field 

emission, which is called as TF emission [34]. In the field emission process, the electrical 

field is enhanced by local surface imperfections, which becomes sufficiently high to draw 

electrons from the metal, so the current density of non-refractory cathode is greater than 

the current density of refractory cathode. Typically, the current density of non-refractory 

cathode is 106 to 108 A/cm2 [34].  

In TF emission process, the strength of electric field at the cathode let cathodic 

spots augment the number of electrons released. These high electric fields are generated 

by the positive ions. The positive ions compensate for the energy lost caused by electron 

emission through bombarding the cathode surface. However, the TF emission theory 

cannot explain electrons carrying more than 99% of the current in the plasma. The major 

part of the current in cathode region are carried by the positive ions, but these positive ions 

only carry less than 1% of the current at plasma region. Therefore, more electrons must be 

generated between the plasma and the cathode surface through electron-ion or ion-ion 

collisions [35]. In addition, the high electron velocity caused by low electron mass may 

explain the extremely large percentage of plasma current carried by electrons. Besides, 

the positive ions are limited by their own kinetic energy (0.5 mass velocity2) [40]. 

Surface irregularities contributes more significant influence on the formation of 

cathode spot than material properties [41]. The delay time of cathodic spot formation has 

been correlated with surface variations. Smooth surfaces emit relatively small pre-currents 
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across the plasma sheath, but rough surfaces emit extremely high pre-currents [42]. Those 

pre-currents will assist the transition from a glow to an arc discharge. 

Actually, the cathodic spot is comprised of numerous little spots, tiny cathodic 

spots are forming simultaneously and extinguishing. Along with the increase of arcing 

current, the power supplied to the cathode increased simultaneously, which results the 

severer erosion of cathode material due to the temperature distribution over the cathode 

increases with the total number of emitting sites.  

According to the energy conservation theory, the energy must be balance at the 

cathode region. Energy is supplied by joule heating and ion bombardment, and energy is 

lost through electron cooling, heat conduction, and neutral particle loss. Generally, the 

magnitude of current density at cathode is two or more orders higher than in plasma column 

region, which results in a magnetic pressure gradient from the changing self-magnetic field. 

The gas flow away from the cathode is accelerated by this pressure gradient. 

3.1.1.3.2 Anode 

Similar to cathode region, a magnetic pressure gradient also exists at the anode 

region, which draws cold gas into the anode region. The material of anode can be 

vaporized and entrained into the plasma.  

The fall voltage of anode is caused by a space charge over a small distance 

adjacent to the surface of electrode. The magnitude of the anode fall voltage depends on 

the energy required to liberate the atoms in the anode vapor. Positive ions generated by 

collisions move in the cathode direction.  

The anode collects electrons carrying current from the arc column. Also, the 

evaporated material from anode may provide ions to the plasma. The amount of the heat 

fluxes radiated and conducted from the plasma are the power supplying to the anode. The 

heat flux associated with the electron current, comprised of the electron enthalpy, supplies 
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energy to the anode. Also, energy is lost from large particles [33]. The surface of anode 

loses heat by heat conduction into the bulk of the material, material evaporation, and heat 

radiated by the surface or convected away from the surface.  

3.1.1.3.3 Plasma Column 

The plasma column can be characterized as a “small intensely brilliant core 

surrounded by a cooler region of flaming gases called the aureole [43],” for high pressure 

gases. For an electric arc, the changing current magnitude causes changes in the arc 

temperature and ionization level, the gasses around the arc will expand, which will 

generate the pressure waves from around the arc and radiate outward [44].  

The plasma temperature range for high pressure gases is from 5,000 K [45] to 

20,000 K [38] depended on the magnitude of arcing current.  Figure 3-6 indicates the 

theoretical and experimental plasma temperatures at arcing point for a vertical arc burning 

in air under 1 atmosphere [38].  
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Figure 3-6 Arc Temperature as a function of Current 
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According to Figure 3-6, once the current is greater than 30 A, the convection 

induced from the magnetic field of arcing current contributes significant influence on arc 

properties, which means the arc properties are largely determined by the convection [14]. 

The density and conductivity of plasma may be determined by Saha’s equation which 

estimates the thermal ionization level at particular temperature regarding the equilibrium 

conditions. Saha’s equation is given as (3-2), where f is the fraction of the total number of 

ionized molecules, p is the gas pressure in mmHg, T is the temperature in Kevin, Ei is the 

potential of ionization of the gas, q is the charge associated with an electron, and k is 

Boltzman’s constant [29].  

2
4 2.5

2
2.4 10

1

iqE

kT
f

p T
f




 


                    (3-2) 

 

Generally, the electrical power supplied to the arc plasma is dissipated as radiation, 

conduction, and convection, which is shown as Figure 3-7 [31].  
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Figure 3-7 Radial Arc Energy Release 
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Mostly, the high pressure arc columns, owning a radial structure, can be modeled 

as two zones, “consist of a high temperature, low density and low thermal storage core 

surrounded by a lower temperature, high density and high thermal storage annulus [31].” 

 Usually, compared with the thermal constant of the arc, the electrode’s thermal 

constant is much longer. Figure 3-8 shows the “arc is therefore able to move through a 

succession of quasi-steady states whilst following the thermal evolution of the electrode 

[31].”   
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Figure 3-8 Time Delay between Arc Current and Radiation Loss (5 mm above a cathode 

of a free burning arc) 

 
Approximately, the direction of the plasma jet is normal to the surface of arc root 

attachment. However, the plasma column is not always linear. If the plasma jet direction 

does not correspond with the path of the shortest distance between the electrodes, the 
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actual arc path will be normal to these points for a short distance and then bridge between 

these two jets. The complex dynamics, driven by the interplay between plasma and airflow 

and the wandering of the arc roots, prevent the arc from staying entirely stable conditions 

[46].  

3.1.2 Historical DC Arc Models 

It is very difficult to develop theoretical models by using arc physics because the 

physical processes of an electric arc are chaotic and complex in nature. Currently, there 

are two main methods addressing the DC arc power in power systems. The first method is 

the theoretical arc model based on the maximum power transfer theory, and second 

method is semi-empirical models based on the results of some early DC arc tests. 

Figure 3-9 shows a typical DC arc test set-up and its equivalent circuit. In reality, 

the gap between two electrodes (L in Figure 3-9) is not equal to the actual arc length. Since 

the precise measurement of arc length is difficult to achieve, most of the early DC-arc 

models assume that an arc length is equal to the gap width [47]. 
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Figure 3-9 DC Arc Test Circuit and Equivalent Circuit 

 
3.1.2.1 Theoretical DC Arc Model 

Currently, the most widely used model to estimate DC arc is based on Ralph Lee’s 

arc model, which assumes that the arc is a spherical radiant source and the entire electrical 

energy of the arc converts to heat energy. The electrical arc power in this model is 

determined based on the maximum power transfer theorem [48]. The maximum electrical 

arc power is 25% of the bolted fault when the arc resistance is equal to the source 

resistance, as illustrated as Figure 3-10. 
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Figure 3-10 Maximum Power Transfer to DC Circuit 
 

 
3.1.2.2 Ayrton Equation 

In 1902, Ayrton presented the steady-state arc model, as in (3-3), where constant 

A describes the voltage fall of carbon electrodes, constant B represents the voltage 

gradient of the plasma column, whose arc length is equal to L, expressed in millimeters, 

and the constants C and D model the nonlinear characteristics of the electric arc. The Varc 

and Iarc represent arcing voltage in volts and arcing current in amperes, respectively [26]. 

Typically, Ayrton Equation can be represented as (3-4). 
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3.1.2.3 Steinmetz Equation 

Steinmetz provided another arc model based on carbon electrodes in 1906, as in 

(3-5). The constants A, C, D are dependent on the material of electrodes, where L, Varc, Iarc 

are the arc length in inches, arcing voltage in volts and arcing current in amperes, 

respectively [49]. Equation (3-6) shows the arcing voltage for 1 inch gap width with carbon 

electrodes. 
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3.1.2.4 Nottingham Equation 

In 1923, Nottingham produced his arc model based on his arc research, as in (3-

7). The power n varies as a function of the electrode material, and the constant A and B 

are determined by the arc length and electrode material. Varc and Iarc are arcing voltage in 

volts and arcing current in amperes, respectively [50]. For cooper electrodes and arc 

lengths ranging from 1mm to 10mm, the Nottingham equation can be represented as (3-

8). 
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3.1.2.5 Hall, Myers, and Vilicheck 

A research group published over 100 DC arc test results of DC trolley systems in 

1978 [52]. A 325V DC power supply was used in these arc tests, the arcing current ranged 

from 300 to 2400A, and the gap widths between two electrodes ranged from 4.8 to 152mm. 

Some test results are listed as Table 3-1, which are matched with the estimation from the 

equation (3-5). 

 

Table 3-1 Hall’s Arcing Fault Data (9.525 mm Gap) 

System 
Voltage 
(Volts) 

System 
Resistance 

(Ohms) 

Bolted Fault 
Current 
(Amps) 

Arc Current 
(Amps) 

Arc Voltage 
(Volts) 

325 0.6 500 375 75 

325 0.2 1380 1200 58 

325 0.15 1800 1500 80 

 

3.1.2.6 Stokes and Oppenlander Equation 

In 1991, Stokes and Oppenlander conducted over 200 open air single phase AC 

and DC arc tests, which can be considered as the most complete study of free-burning 

arcs between series electrodes in open air [46]. They used a 6kV DC power supply, and 

produced 0.1 to 20kA arcing current between series copper and aluminum electrodes, with 

gap widths of 5, 20, 100, and 500mm respectively. The model is shown as (3-9), where L 

is the gap width between two electrodes in millimeters. Varc and Iarc are arcing voltage in 

volts and arcing current in amperes, respectively. This DC arc model has been cited by the 

NFPA 70E 2015 edition to estimate the DC arc.  
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0.12(20 0.534 )arc arcV L I                  (3-9) 

 

3.1.2.7 Bruce Power DC Arc Flash Tests 

In 2007, recognizing the lack of available references of DC arc hazards, Bruce 

Power contracted Kinetrics laboratory to perform a review of the DC arc hazards present 

at battery rooms and the plant DC distribution system [52]. The DC arc flash tests from 

Bruce Power are shown as Table 3-2 and Figure 3-11.  

Table 3-2 Bruce Power Arcing Fault Data 

System Voltage 
(Volts) 

Gap 
(Inch) 

Bolted Fault 
Current 
(Amps) 

Arc Voltage 
(Volts) 

260 1 2370 95 

260 1 10100 154 

260 1 11600 140 

260 2 1985 137 

260 2 6700 183 

260 2 9550 205 
 

 

Figure 3-11 Bruce Power DC Arc Test Bolted Fault Current vs. Arc Current 
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3.2 MHD Modeling of DC Arc 

Unlike the historical semi-empirical DC arc models, this dissertation studies and 

models the DC arc in the power system from the physical point of view. This section 

presents the assumptions, numerical model, simulation flow chart, computational grids, 

relevant boundary conditions of a DC electric arc numerical MHD model, and simulation 

results.  

3.2.1 Model Assumptions  

This dissertation utilized the computational fluid dynamic software Code Saturne®  

v. 3.0, electric arc module [58], developed by the Electricity of France (EDF), to simulate 

the DC electric arc. The model assumptions provided in this section are based on the 

theory guide of the Code Saturne®  [74], these assumptions are commonly used in MHD 

modeling [55]. 

This model is based on a magnetohydrodynamic approach (MHD) and coupled 

with the Navier-Stokes equations for a non-isothermal fluid (air) with the Maxwell equations 

of electromagnetic fields. Recently, the MHD approach has been considered as one of the 

best methods to simulate the electric arc burn in the open air [53-54]. The three dimensional 

model of the DC electric arc is based on the following commonly used assumptions [55]. 

First, the plasma is considered as a continuous fluid (air) and at Local Thermodynamic 

Equilibrium (LTE) to reduce the computational burden. Second, the gas is incompressible. 

In fluid dynamics, the Mach number is a dimensionless quantity representing the ratio of 

flow velocity past a boundary to local speed of sound. Since the Mach number is a 

posteriori confirmed always less than 0.3, the gas can be considered as incompressible. 

Third, the gas flow is laminar and time dependent. This dissertation simulates the electric 

arc burns in open air, so the Reynolds number is less than 2000 and laminar flow is 

commonly assumed for the electric arc zone [54-57]. Fourth, the magnitude of gas pressure 
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is much higher than the magnetic pressure after electric is generated [75-77], so the 

plasma beta, the ratio of gas pressure to magnetic pressure, is much greater than 1. Fifth, 

the inductive currents are neglected since there is no power frequency in DC and its ripple 

is relative small. 

3.2.2 Numerical Model 

The fluid equations are expressed in a conservative form as a balance of 

accumulation, net flux by convection, diffusion and net production. The time dependent 

fluid conservation set of equations can be described as below. The mass conservation 

equation is represented in (3-10), where ρ and u  are the mass density in kg/m3 and the 

velocity vector in m/s, respectively.  

0u
t





 


                   (3-10) 

 
The momentum conservation equation is given as in (3-11), where p,  , J , and 

B   are pressure in Pa, shear stress tensor, current density vector in A/m2, and magnetic 

field vector in Tesla. The term J B  indicates the Lorentz force induced by the circulation 

of the electric current in the plasma flow. 
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The energy conservation equation is listed as in (3-12), where h, λ, CP, and E  are 

gas enthalpy in Joule, thermal conductivity in W/m/K, specific heat in J/kg/K, electric field 

vector in V/m, respectively. The term J E  represents the Joule effect resulted from the 

passage of the electric current through the resistive plasma.  
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 The ideal gas law and the relationship between enthalpy and temperature for ideal 

gas are provided as in (3-13 to 3-14), where p, ρ, R, T are the pressure of gas in Pa, the 

mass density in kg/m3, specific gas constant for air in J/kg/K, and temperature in K. 

p RT                (3-13) 

Ph C T                (3-14) 

 

With the simplified Ohm’s law approximation and electrical global neutrality, the 

set of Maxwell’s equation is shown in (3-15 to 3-19), where σ, φ, µ0, and A  are electrical 

conductivity in S/m, electrical potential in J, vacuum permeability, and vector potential in 

V·s/m, respectively.  

J E                (3-15) 

 

E                  (3-16) 

 

  0J            (3-17) 

 

B A             (3-18) 

 

0A J                  (3-19) 

 
3.2.3 Simulation Flow Chart 

The DC electric arc simulation described in this dissertation is based on the 

computational fluid dynamic software Code Saturne®  v. 3.0, electric arc module, which is 

developed by the Electricity of France (EDF) [58]. The summary of the electric arc module 

simulation flow chart is illustrated in Figure 3-12, and the variables for Code Saturne are 

listed in Table 3-3. The calculation procedure is illustrated as follows: 

• Form the file of the physical properties which serves as the basis for calculating the 

entire field at the beginning of each time step.  
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• Solve the physical equations based on the imposed boundary of the computational 

domain. Then, the software begins by solving the equation of the amount of movement, 

the speed and the pressure are deduced with the conservation of mass.  

• Solve the energy conservation equation to obtain the mass enthalpy.  

• Obtain the electric potential by solving the current conservation.  

• Acquire the electric physical properties, electric field, current density, magnetic vector 

potential, and magnetic field through Maxwell equations and Ohm’s law 

This software can also simulate some physical phenomena of plasma, such as the 

Lorentz force exerted on plasma and the Joule effect.  

 
Table 3-3 Variables for Code Saturne 

Variable Definition Variable Definition 

ρ Mass density u  Velocity vector 

p Pressure   Shear stress tensor 

h Gas enthalpy J  Current density 

λ Thermal conductivity B  Magnetic Field 

CP Specific heat E  Electric field 

σ Electrical conductivity A  Vector potential 

φ Electrical potential µ0 Vacuum permeability 
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Figure 3-12 Simulation Flow for Code Saturne 
 

3.2.4 Computational Grid 

A typical example of a DC electric arc computational grid is shown in Figure 3-13. 

Similar procedures can be applied on other configurations and fault conditions. The grid 

mesh is created by the software Salome 6© . The computational domain refers to the 

functional fluid area of the arc’s evolution. Since the simulation of the entire 3D reactor is 

computationally taxing, a non-uniform hexahedral mesh is used for all the areas of the 

computational domain, and the mesh is refined in the vicinity of the electrodes gap to 

balance between the accuracy and the computational burden. The gap between two 
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electrodes is 1 inch; the length and radius of the electrode are 4 inches and 0.5 inches, 

respectively. The depth and width of the computational domain are both 10 inches. 

 

 

 

Figure 3-13 Computational Grid Example (Entire View and Cross Section View) 

3.2.5 Boundary Conditions 

The boundary conditions of this example are detailed and shown in Figure 3-14 

and Table 3-4. Since this example simulates the free burning of the vertical arc in open air, 

there is no inlet velocity, and atmospheric pressure is imposed at the outlet. Regarding the 

thermal conditions, the sublimation temperature of the electrodes is imposed at the 

electrodes tip as the initial conditions for the simulation (4000K for graphite electrodes and 

2900K for copper electrodes) [59-60]. The boundary conditions for copper electrodes are 

shown in Table 3-4. 
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Table 3-4 Boundary Conditions 

Zone 
Pressure 

(atm) 
Temperature 

(K) 
Velocity 

(m/s) 
𝜑 

(V) 
A  

(T.m) 

Outlets 

(AB, CD, 

EF, GH, 

AE, DH) 

1 0
T

n





 0

u

n





 0

n





 0 
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0
P

n





 

2900K on the 

tip, else 0
T

n






 0 0 0
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0
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n
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 0 

System 

Voltage 
0
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n





 

 

 

Figure 3-14 Cross Section View of the Computational Domain and Boundaries 
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3.2.6 Simulation Results 

The 3D transient model of the DC electric arc was simulated by using the software 

Code Saturne®  v. 3.0, electric arc module [58]. The time step of the simulation is 5µs, 

which has been shown to be a reasonable computation time for the electric arc modeling 

[61-62].  

3.2.6.1 Case 1: System Voltage: 260V, Bolted Faulted Current: 11600A, Gap: 25.4mm 

The simulation results provided in this section considered system voltage and arc 

current to be 260V and 5900A, respectively to match the conditions of the high current DC 

arc test from Kinetrics laboratory [52]. The total simulation time is 100ms, and the 

initialization of the simulation takes the first 1000 iterations (5ms). In order to ignite the first 

arcs at the first time step, a hot zone at 6000K is artificially implemented between the 

electrodes, and the current is set ramping from 5A to the target current (6010A) in 5ms.  

The dynamic evolution of the post-discharge electric arc flow is shown as from 

Figure 3-15 to Figure 3-18. The arcs are represented with three different temperature iso-

surfaces (2000, 6000, and 13000K) colored according to the temperature level in the color 

map. In the beginning, due to the surrounding gas pressure, the initial hot zone moves 

toward the torch outlet, as shown in the Figure 3-15. The temperature in this hot region is 

a privileged area for arc discharge; the initial hot zone shape is similar to Figure 3-5. The 

arc is generated as shown in Figure 3-16. Once the arc is generated, as shown in Figure 

3-17, the Lorentz force will produce arc curvature. The Figure 3-18 shows the arc behavior 

at 100ms, which also illustrates the hot air expansion of the vertical arc burning in the open 

air. 
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Figure 3-15 Electric Arc Evolution Moment (t=0.25ms) 

 

 

 

 
 

Figure 3-16 Electric Arc Evolution Moment (t=1.5ms) 
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Figure 3-17 Electric Arc Evolution Moment (t=25ms) 

 

 

 

 
 

Figure 3-18 Electric Arc Evolution Moment (t=100ms) 
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The origin of the arc motion is due to the combination of magnetic and 

hydrodynamic forces. Figure 3-19 shows the jet interaction producing a radial mass 

expulsion in all directions. The Lorentz force will have a strong influence on the arc motion.  

 
 

Figure 3-19 Temperature Iso-surface of an Electric Arc between Two Electrodes 

The simulation results have been verified by comparing with previous experiment 

results, as shown in Table 3-5. 

 
  

Lorentz 
Force 
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Table 3-5 Arcing Fault Data (Vs=260V, Bolted Fault Current=11600A, Gap=25.4mm) 

 

3.2.6.2 Case 2: System Voltage: 480V, Bolted Faulted Current: 21744A, Gap: 1 inch 

The simulation provided in this section comparing the simulation results with the 

high current arc test from KEMA high current laboratory [64]. The system voltage, the gap 

between two electrodes and bolted fault current are 480V, 1 inch, and 21.74kA respectively.  

Though the test performed in the KEMA high current laboratory is an AC arc flash test and 

it is not exactly the same as DC arc testing, the arc discharge between single phase AC 

and DC are quite similar in the arc initialization stage. 

Figure 3-20 shows the arc test with vertical metal electrodes performed in the open 

configuration. This configuration is usually described as Faraday Cage or Faraday Shield 

Structure, the 3-D view of Faraday Cage is shown as Figure 3-21. Using the Faraday Cage 

in the testing provides the bench mark results of the arc flash phenomena which will be the 

base for model development. The assumption of the proposed 3D DC arc simulation 

matches the arc discharge within the Faraday cage and will be beneficial to improve the 

accuracy of model development 

 

Description 
Arc Current 

(Amps) 
Arc Voltage 

(Volts) 
Arc Power 

(kW) 

Bruce Power 
DC Arc Test [52] 

5354 140.7 749.54 

Theoretical Method [63] 
(Maximum Power Method) 

5800 130 754 

Iterative Method [46] 
(Stokes and Oppendlander) 

7249 97.52 706.92 

MHD Simulation 6010 121.6 730.82 



87 

  
 

Figure 3-20 Faraday Cage Arc Flash Test 

 
 

Figure 3-21 3-D View of Faraday Cage 

Gap 

Electrode 

Electrode 

Center of Arc Flash 
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Figure 3-22 compares the dynamic evolution of the post-discharge electric arc flow 

between the real arc flash test and the simulation, and the comparison between simulations 

and real arc flash test is given in Table 3-6. 

Table 3-6 Arcing Fault Data (Vs=480V, Bolted Fault Current=21744A, Gap=1 inch) 

 

   

   

Description 
Arc Current 

(Amps) 
Arc Voltage 

(Volts) 
Arc Power 

(kW) 

KEMA 
Arc Test [64] 

15.81 131 2.071 

Theoretical Method [63] 
(Maximum Power Method) 

10.872 240 2.609 

Iterative Method [46] 
(Stokes and Oppendlander) 

16.89 107.25 1.811 

MHD Simulation 16.00 126.76 2.028 
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Figure 3-22 Arc Evolution for Different Moments 
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3.3 Summary 

Historically, DC arc energy predictions are obtained through either the theoretical 

method or the semi-empirical method. The estimation results obtained from theoretical 

approaches overall produce the estimation on the conservative side, sometime it may 

overestimate the DC arc energy. Semi-empirical models based on early works have limited 

test results that depend on electrode materials, the gap width, gas specifics, etc. Thus the 

semi-empirical models may not be suitable to estimate all DC arcs in a power system.  

This dissertation presents a MHD numerical model to simulate DC electric arc by 

using the CFD software Code Saturne®  that uses the SOLU (Second Order Linear Upwind) 

scheme and a fractional step method. The example of the simulation results show that the 

proposed approach in this dissertation provides an innovative method to study the DC arc 

energy in power system.  
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Chapter 4  

DC Arc Model Based on 3D DC Arc Simulation 

4.1 Literature Reviews 

The possibility for DC arc flash events has increased with the broader application 

of photovoltaic arrays and DC buses in power systems. However, modeling and testing for 

DC arc hazard assessment are limited. There are four common DC arc models used to 

estimate the DC arc flash in power systems, which are summarized in Table 4-1, where Ibf 

and Iarc are the bolted fault current and arcing current in kilo-amperes for equation (4-3), 

and in amperes for equation (4-2) and L and G is the gap width in millimeters and inches 

respectively. The detail review of these DC arc models is provided in [65].  

The theoretical model, referred by the latest NFPA 70E [16], is derived based on 

the maximum power transfer theorem, which may provide an arc flash estimation on the 

relative conservative side. Besides, this model cannot be used with nonlinear systems such 

as photovoltaic (PV) systems due to its nonlinear I-V characteristics [66]. 

Table 4-1 Commonly Used DC Arc Models 

DC Arc Model Description 

Theoretical  

Model [48,63] 

0.5

0.5

arc s

arc bf

V V

I I




                                                                        (4-1) 

Ammerman’s 

Model [67] 
0.12(20 0.534 )arc arcV L I                                                          (4-2) 

Commercial 

Software [68] 

A commercial software, verified by Bruce Power arc flash tests 

[52] 

600-V open air [69] 
0.10930.89270.9063 0.1051 ( 1)bfI

arc bfI I e G                        (4-3) 



92 

Ammerman’s DC arc model, the mathematical model of Stoke and Oppenlander 

[46], is cited by the latest NFPA 70E 2015 edition [16].  It can be considered as the most 

complete DC arc model, because it covers broader ranges and provides more accurate 

estimations than other DC arc models. Similarly with other DC arc models, Ammerman’s 

DC arc model considers arcing voltage to have almost linear relationship with gap width; 

however, practically, the arcing voltage is determined by the arc length [26,35,49]. A 

commercial software package [68], mainly for AC arc analysis, has been modified to 

include DC arc study based upon the assumption that it exists 1D temperature field inside 

the arc and using finite difference method to solve electric field and temperature. Its results 

were verified based on arc flash tests performed in Bruce Power [52]. The 600-V open air 

DC arc model is derived based on 125V and 250V DC systems [69]. 

In order to provide more accurate estimations of DC arc flash in modern power 

systems, a new DC arc model is necessary to overcome the limitations of previous models. 

This dissertation proposes a new DC arc model based on the 3D Magnetohydrodynamic 

(MHD) modeling of a DC electric arc mentioned in Chapter 3.   

4.2 Proposed New DC Arc Model 

From the system protection point of view, the accurate estimation of arcing current 

is very important because the arcing current determines the operating time of the protective 

device, which will have significant influences on the  incident energy estimation, because 

both the arcing current and arc duration time are critical components of the incident energy 

during arc flash event.  

Currently, most of the DC arc models are derived from a few available DC arc 

tests, which may not be adequate to estimate arc flash in the commonly used DC power 

system. In order to provide a more accurate DC arc model, conducting more DC arc tests 

is necessary; however, performing real DC arc tests is not only time consuming but also 
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limited by the scale of the laboratories. Thus, this section presents a new DC arc model 

based on the simulations that can provide comparable results with the available lab testing. 

The new DC arc model provided in this dissertation covers the system voltage range from 

100V to 1500V, bolted fault currents range from 0.5 to 25kA, and the gaps range from 0.25 

to 3 inch. 

4.2.1 Modeling Parameters Sensitivity Analysis 

The first step of DC arc model development is to study the correlation between 

dependent and independent variables through parameter identification. The 325V DC arc 

simulation results are provided in Figure 4-1 and Figure 4-2. Figure 4-1 reveals that along 

with the increase of the arc current, the amount of arc voltage change in large gap is greater 

than the small gap. Apparently, the arc voltage increases consistently in different arc 

currents while the gap width increases, because all the lines have the similar shape in 

Figure 4-2. According to Figure 4-1 and Figure 4-2, gap width contributes more significantly 

to arc voltage than arc current.  

 
Figure 4-1 DC Arc Simulation Results (325V, Varc vs. Iarc) 
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Figure 4-2 DC Arc Simulation Results (325V, Varc vs. Gap) 

 

Statistical approaches have been utilized in this dissertation to analyze parameter 

sensitivity to arc voltage. The single variable linear regression is capable of providing the 

response indication of the nature of the relationship between a dependent variable and 

independent variables; however, multiple independent variables may interact with each 

other to affect the dependent variable and complicate the analysis. Thus, this dissertation 

applies partial regression analysis to study the impact of adding a variable to a model 

including independent variables due to consider the effect among other independent 

variables in model [21]. Figure 4-3 and Figure 4-4 are the partial regression plots on arc 

voltage modeling process. Figure 4-3 and Figure 4-4 indicate the dependence between 

gap width and arc current with arc voltage respectively.  
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Figure 4-3 Partial Regression Plot (Varc vs. Gap) 

 
Figure 4-4 Partial Regression Plot (Varc vs. Iarc) 
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Observably, the plots illustrate good linearization performance between dependent 

variables (Iarc, and Gap) and independent variable (Varc), which means that the dependent 

variables are influenced by partial regression coefficients significantly. The increasing trend 

indicates the positive correlation between independent variable and dependent variables. 

In addition, by comparing with Figure 4-3 and Figure 4-4, it is revealed that the gap width 

has a stronger positive correlation with arc voltage than arc current. 

4.2.2 New DC Arc Model 

According to Table 4-1, currently, all available DC arc models consider the arcing 

voltage for DC arc owning the nonlinear relationship with arcing current but almost linear 

relationship with the gap. However, in reality, the arcing voltage should be determined by 

the length of electric arc, and the arc length will be affected by the Lorentz force during the 

electric discharge flow. Thus, the accuracy of arcing voltage estimation can be improved 

significantly by imposing its nonlinear relationship with the gap width. 

In the DC arc test, the precise measurement of arc length is difficult to achieve, so 

it has been historically difficult to consider the arc length while deriving DC arc models. 

Fortunately, the 3D MHD modeling of DC electric is able to simulate the arc length in 

different fault conditions, which provides an innovative method to study the DC electric arc 

by considering the arc length instead of gap width while developing the new DC arc model. 

Figure 4-5 and Figure 4-6 show the arc length in the DC arc simulation under different fault 

conditions, where Figure 4-5 simulation the DC arc at system voltage, bolted fault current, 

and the gap width are equal to 1500V, 10kA, and 3inchs, respectively. Figure 4-6 shows 

the arc length under the arcing fault condition, system voltage is 1500V, bolted fault current 

is 11.6kA, and the gap between two electrodes is 1 inch. 
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Figure 4-5 Arc Length in DC Arc Simulation (3” Gap) 

 

Figure 4-6 Arc Length in DC Arc Simulation (1” Gap) 
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The new DC arc model based on the 3D MHD electric arc simulation results. Since 

the electric arc owns the inverse V-I characteristic when the arc current is below the 

transition current, similar with Ammerman’s model, the proposed new DC arc model is only 

valid when the arc current is above the transition current. The transition current is defined 

by Stokes & Oppenlander paper [46] and also described in Ammerman DC’s model [67]. 

The transition current is given in (4-4), where It is the transition current in ampere, L is gap 

width in millimeters. 

 

10 0.2tI L          (4-4) 

 
 For the arc current above the transition point, the arc voltage is provided in (4-5), 

where Varc is the arcing voltage in volt, L is the gap width in millimeters, and Iarc is the arcing 

current in ampere, and the arc resistance and corresponding arc power are given in (4-6) 

and (4-7), repressively. 

 
1.238 0.154(13.11 0.287 )arc arcV L I         (4-5) 

 
1.238 0.846(13.11 0.287 )arc arcR L I          (4-6) 

 
2

arc arc arcP I R           (4-7) 

 
 

Differing with previous DC arc models, the new DC arc model considers the arcing 

voltage to have a nonlinear relationship with both arcing current and the gap width. The 

DC arc model proposed in this dissertation uses the nonlinear term of gap width to 

represent the influence of real arc length on arcing voltage. The constant term in (4-5) 

expresses the voltage drop at the electrodes. According to the early DC arc studies, the 

voltage drop at the electrode remained practically constant and measured 20 to 40 volts 
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for different material of electrodes [70-71]. Besides, the equation (4-5) indicates that both 

the gap width and arc current have positive correlation with arc voltage.  

The comparison between the estimation results from different DC arc models and 

DC arc tests are listed as from Table 4-2 to Table 4-4, which reveals that the new DC arc 

model provides more accurate estimation results than historical DC arc model.  

 
Table 4-2 Bruce Power DC Arc Test (Vs=260V, Bolted Fault Current=2370A, 

Gap=25.4mm) 

 

Table 4-3 Bruce Power DC Arc Test (Vs=260V, Bolted Fault Current=11600A, 

Gap=25.4mm) 

 
 

Description 
Arc Current 

(Amps) 
Arc Voltage 

(Volts) 
Arc Power 

(kW) 

DC Arc Test [52] 1504 95 143 

Theoretical Method [63] 1185 130 154 

Ammerman’s Model [67] 1627 81.51 133 

600-V DC Arc Model [69] 1958 45.20 89 

New DC Arc Model 1554 89.47 139 

Description 
Arc Current 

(Amps) 
Arc Voltage 

(Volts) 
Arc Power 

(kW) 

DC Arc Test [52] 5354 140 750 

Theoretical Method [63] 5800 130 754 

Ammerman’s Model [67] 7249 97.52 707 

600-V DC Arc Model [69] 8082 78.85 637 

New DC Arc Model 6611 111.82 739 
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Table 4-4 Dr. Hall’s Arc Test (Vs=325V, Bolted Fault Current=1800A, Gap=9.525mm) 

 

 
Figure 4-7 to Figure 4-9 and Table 4-5 provide more comparison between DC arc 

models and DC arc testing performed in two voltages, 130 volts and 260 volts [52, 80]. The 

proposed new DC arc model improve the predicting arc currents specifically for higher arc 

currents. 
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Figure 4-7 130 Volt Testing (0.5” Gap) 

 

Description 
Arc Current 

(Amps) 
Arc Voltage 

(Volts) 
Arc Power 

(kW) 

DC Arc Test [51] 1500 50 75 

Theoretical Method [63] 900 162.5 146 

Ammerman’s Model [67] 1467 60.17 88 

600-V DC Arc Model [69] 1612 83.26 134 

New DC Arc Model 1496 54.83 82 
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Figure 4-8 260 Volt Testing (1” Gap) 
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Figure 4-9 260 Volt Testing (2” Gap) 
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Table 4-5 Test Data VS. Calculated Arc Current  

 

1DC Arc Test 

2Theoretical Method 

3Ammerman’s Model 

4600-V DC Arc Model 

5New DC Arc Model 

 

 

 

 

 

 

 

System 
Voltage 

(V) 

Bolted 
Fault 

Current 
(kA) 

Gap 
(inch) 

Iarc1 
(kA) 

Iarc2 
(kA) 

Iarc3 
(kA) 

Iarc4 
(kA) 

Iarc5 
(kA) 

130 4 0.5 2.3 2 1.95 3.21 2.03 

130 20 0.5 6.2 10 7.90 13.61 7.88 

260 2 1 1 1 1.38 1.68 1.33 

260 4 1 2.5 2 2.67 3.12 2.52 

260 8 1 4.5 4 5.12 5.80 4.73 

260 12 1 6.5 6 7.48 8.33 6.82 

260 20 1 10 10 12.03 13.14 10.73 

260 25 1 11.75 12.5 14.79 16.04 13.06 

260 2 2 0.5 1 1.16 1.55 0.90 

260 4 2 2 2 2.18 2.96 1.59 

260 22 2 6.5 11 9.96 13.15 5.84 

260 31 2 9.5 15.5 13.42 16.32 7.39 
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4.2.3 Incident Energy Estimation 

According to the 3D DC arc simulation results, the heat energy released during 

electric arc discharge is similar to a spherical radiant source with uniform heat transmission 

in all directions. Figure 4-10 uses different temperature iso-surfaces to represent the heat 

energy transmission. Hence, it is reasonable to use Wilkins’ work [72] to determine the DC 

incident energy density, which is also applied in Ammerman’s DC arc model. Therefore, 

the incident energy of DC arc can be determined by doing an iterative process in (4-5) to 

(4-7) calculate the arcing voltage, arcing resistance, and arcing power, and then estimate 

the incident energy through (4-8 to 4-10), where t is the arcing duration time in seconds, d 

is the distance from the arc in millimeters, Es and E1 represent the incident energy in open-

air and enclosures, respectively. Three typical equipment described in IEEE 1584 are 

provided in Table 4-6 including the optimum values of a and k [17].  

 
Table 4-6 IEEE Std. 1584 Optimum Values of a and k 

Enclosure 
Width 
(mm) 

Height 
(mm) 

Depth 
(mm) 

a k 

Panelboard 305 356 191 100 0.127 

LV Switchgear 508 508 508 400 0.312 

MV Switchgear 1143 762 762 950 0.416 

 

 

arc arcW P t          (4-8) 

 

24

arc
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          (4-9) 
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        (4-10) 
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Figure 4-10 Heat Energy Transmission during DC Electric Arc Discharge 

4.2.4 Two-Seconds Rule 

Owing to the different characteristic of AC arcs, DC arcs do not have zero-current 

times and do not require re-ignition in each half cycle. Once the DC arc is generated, the 

arc will be sustained until the arc is cleared by the protective devices; in other words, the 

arcing duration will be infinity if all the protective devices fail to clear the DC arc. 

 According to the equation (4-7), the total arcing energy is affected by arcing 

duration time t proportionally. The arcing energy will be infinite when the arcing duration is 
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infinite. In this situation, if the incident energy of DC arc is determined by equation (4-7), 

the estimation result is not reasonable.  

IEEE 1584-2002 Amendment 2 Section IV-F states that 2s is usually a reasonable 

maximum time for incident energy calculation because 2s is the length of time that a person 

will remain in the location of an arc flash before moving away to safety. Therefore, the 

maximum arcing duration time should be considered as 2s while using equation (4-7) to 

determine the incident energy of DC arc flash events.  

4.3 Summary 

Regarding DC arc flash calculations, this dissertation proposes a new DC arc 

model based on the DC electric arc simulation, which have been verified by the available 

real arc tests data. In comparison with the real DC arc tests, the new proposed DC arc 

model provides more accurate estimation results than historical DC arc models.  

Similarly with the Ammerman’s DC arc model, this dissertation uses Wilkins’ work 

to determines the DC incident energy density. Besides, the two second rule is applied while 

predicting the incident energy of DC arc due to provide more reasonable estimations. The 

new DC arc model provides a reference to future DC arc hazard analysis and industry 

standard development. 
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Chapter 5  

Conclusions and Future Work Directions 

5.1 Conclusions 

In order to provide more comprehensive protection for arc flash hazards in the 

workplace, regarding the lack of research on light intensity in AC power system and the 

estimations of DC arc flash, this dissertation proposed an AC arc flash light intensity model 

and DC arc model for arc flash hazards analysis.  

Currently, the personal protective equipment (PPE) required by NFPA 70E focuses 

upon mitigating the thermal hazard in an arc flash event. According to the PPE 

requirements in NFPA 70E 2015 edition, the safety glasses or goggles are the only 

protection for human eyes. However, these required PPE can only provide the protection 

for ultraviolet spectrums during an arc flash event, which is not capable of providing the 

protection for the extremely high intensity visible light emitted in an arc flash event.  

Thus, in order to estimate the arc flash hazard caused by the intense light, this 

dissertation proposes an AC arc flash light intensity estimation model based on 

approximate 1500 recording data from three phase real arc tests. The light intensity data 

is recorded by an arc flash light intensity measurement system through ambient light 

sensors. Three measurement devices were set at different distances from the arcing point, 

the typical distances are 3m, 4.5m, and 6m respectively. The laser pointers were applied 

into the measurement system to avoid the misalignment errors. In order to analyze the 

parameter sensitivity of arc flash light intensity model, the statistical approaches have been 

utilized in the modeling process. Additionally, the enclosure size correlation analysis is 

performed in this dissertation due to studying the impact of enclosure size on the light 

intensity emitted in an arc flash event. Finally, this dissertation proposes AC arc flash light 

intensity estimation models of five different configurations. An auto darkening welding lens 
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were applied in some tests to explore its ability to provide necessary protection for human 

eyes from the extremely high intensity of light emitted in an arc flash event. 

Recently, the application of large scale PV and DC buses have grown substantially 

in industry, however, the latest study regarding DC arc flash still halted in 1900s. 

Considering the lack of research addressing to the DC arc flash, this dissertation utilizes 

the MHD approach to simulate the electric arc in DC power system through a CFD 

software, Code Saturne®  v. 3.0, and proposes a new DC arc model based on 3D DC arc 

simulation.  

From the physical point of view, the electric arc physics are introduced briefly in 

this dissertation, including arc discharge, arc types, arc regions and voltage distribution. 

Then, the magnetohydrodynamic (MHD) approach DC electric model is presented in this 

dissertation, which couples the Navier-Stokes equations for air with the Maxwell equations 

of electromagnetic fields. The detail information about MHD modeling of DC arc is given in 

this dissertation, such as model assumptions, numerical model, simulation flow chart, 

computational grid, and boundary conditions. Finally, this dissertation provides two 

simulation cases, similar procedures can be applied on other configurations and fault 

conditions.  

Currently, there are limited testing addressing to DC, the recent IEEE/NFPA 

collaborative arc flash research project focuses on AC arc testing. It plans to start to 

perform DC arc testing after the revision of IEEE P1584. The proposed 3D MHD modeling 

provides greatly compatible results with currently available lab testing and can be double 

verified with future DC arc testing and improve the accuracy of DC arc model development. 

The modeling method proposed in this paper is not only a complement for future DC arc 

testing parameters setup but also beneficial for future model development, which will assist 

IEEE or NFPA to establish the theoretical and empirical combination DC arc model. 
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 Similar with the AC arc flash light intensity modeling, the statistic approaches were 

also applied into the DC arc modeling. Compared with real arc flash tests data, the 

proposed new DC arc model can predict more accurate estimations than recent commonly 

used DC arc models. 

5.2 Future Work Directions 

Nowadays, the emphasis on the electrical safety in the workplace has become a 

great concern, thus, it is important to improve the recognition of the potential risks and 

hazards of an arc flash event. The research presented in this dissertation provides deeper 

insight into arc flash phenomena and the hazards. 

This dissertation presents a light intensity model to estimate the potential intense 

light emitted in an arc flash event, which provides a foundation for light hazard analysis 

and industry standards development. The auto darkening welding lens gives a method to 

mitigate the light hazard during arc flash events, and other protection method may be 

provided by the PPE manufactories in the future. 

Compared with the available DC arc test results, although the proposed new DC 

arc model in this dissertation is capable of providing more accurate estimations for the 

arcing current and arcing voltage than recent commonly used DC arc models, the new DC 

arc model still need to be verified by more DC arc tests, because the arc phenomena in 

reality is really dynamic, which is difficult to simulate comprehensively from physical point 

of views. Besides, the incident energy estimation in this dissertation still assumes that the 

heat energy released during electric arc discharge is similar to a spherical radiant source 

with uniform heat transmission in all directions. Therefore, more tests are needed in the 

future to address the verification for proposed new DC arc model and estimation of incident 

energy during a DC arc flash event.  
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