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Discussion ItemsDiscussion Items

ÅLiterature Review and Historical 
Perspective

ÅDC Arc and Associated Incident Energy

ÅVolt-Ampere Characteristics of ñArcò 
Phenomena

ÅVoltage Gradient

ÅArc Resistance

ÅModeling, Simulations, Results and 
Discussions 
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Arcs in Air, Carbon Electrodes and a few mm Air Gap

H. Ayrton, The Electric Arc , The Electrician, London,  U.K., 1902. 

A, B, C, and D are Constants                                                                         A, B, C, and D are Constants                                                                         

A = Anode & Cathode Voltage Drop                                                             A = Anode & Cathode Voltage Drop                                                             

B = Voltage Gradient                                                                                   B = Voltage Gradient                                                                                   

L = Air Gap LengthL = Air Gap Length
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A, C, and D are Constants                                                                         A, C, and D are Constants                                                                         

A = Anode & Cathode Voltage Drop                                                                                             A = Anode & Cathode Voltage Drop                                                                                             

L = Air Gap LengthL = Air Gap Length

Arc Length of 1in (25.4mm) & Carbon Electrodes

C.P. Steinmetz, Electric Power into Light, Section VI. The Arc, Transactions of

American Institute of Electrical Engineers , 1906, p. 802
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A and B are Constants                                                                         A and B are Constants                                                                         

A = Anode & Cathode Voltage Drop             A = Anode & Cathode Voltage Drop             

n = Exponent Varies with Electrode Material                                                                                  n = Exponent Varies with Electrode Material                                                                                  

Fixed Arc Length of 10mm & Copper Electrodes

W.B. Nottingham, "A New Equation for the Static Characteristic of the Normal Electric 

Arc", Transactions of American Institute of Electrical Engineers , 1923, p. 302.
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SummarySummary

ÅÅ Early Work Early Work ïïLimited Test ResultsLimited Test Results

ÅÅ Lower Current ValuesLower Current Values

ÅÅ NonNon--Consistent Test ApproachConsistent Test Approach

ÅÅ Too Many Variables and UnknownToo Many Variables and Unknown

ÅÅ Different Research Needs and EnvironmentDifferent Research Needs and Environment

ÅÅ Inconclusive and Not Clearly UnderstoodInconclusive and Not Clearly Understood

ÅÅ Empirical Constants are Empirical Constants are NotNot Constants Constants ïïDepends on Electrode Depends on Electrode 

Materials, Gap Length, Gas Specifics, etc.Materials, Gap Length, Gas Specifics, etc.

ÅÅ It is Difficult to Determine Accurately the ConstantsIt is Difficult to Determine Accurately the Constants

ÅÅ Electrode Drops: Copper (23.5V); Steel (26.5V); Tungsten (36V)   Electrode Drops: Copper (23.5V); Steel (26.5V); Tungsten (36V)   
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P. M. Hall, K. Myers, and S. W. Vilcheck, ñArcing Faults on Direct Current Trolley Systemsò,                                 

Proceedings of the Fifty WVU Conference on Coal Mine Electrotechnology, Morgantown, WV, 1978.

Trolley Systems, 300V DC, 300A ï2,400A, Electrode Gap = 3/16 ï6in

3/8 in3/8 in

Ý (Linear Scale)
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A.D. Stokes and W.T. Oppenlander, "Electric Arcs in Open Air", J. of Physics D:

Applied Physics , 1991, pp. 26-35.

Horizontal Arc in Open Air   

Copper Electrode                                   

Continuous Lines ïMeasured                     

Dotted Lines - Calculated

500mm500mm

100mm100mm20mm20mm

5mm5mm

Ý (log scale)
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Minimum Arc Voltage for Horizontal Arcs (500 mm gap)

Stokes and Oppenlander Data Presented on Linear Scales
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A.D. Stokes and W.T. Oppenlander, "Electric Arcs in Open Air", J. of Physics D:

Applied Physics , 1991, pp. 26-35.

Vertical Arc in Open Air   

Aluminum Electrode                                   

Continuous Lines ïMeasured                     

Dotted Lines - Calculated

500mm500mm

100mm100mm

20mm20mm

5mm5mm
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Transition Level :  It (A) = 10 + 0.2 zg

zg = Gap Length in mm

Above Transition Level

A.D. Stokes and W.T. Oppenlander, "Electric Arcs in Open Air", J. of Physics D:

Applied Physics , 1991, pp. 26-35.
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Electrode Gap (mm)Electrode Gap (mm) Arc Voltage (V)Arc Voltage (V) Arc Resistance (ɋ)Arc Resistance (ɋ)

11 13.04 I13.04 Iarcarc
0.0980.098 13.04 I13.04 Iarcarc

--0.9020.902

55 14.13 I14.13 Iarcarc
0.2110.211 14.13 I14.13 Iarcarc

--0.8380.838

1010 16.68 I16.68 Iarcarc
0.1630.163 16.68 I16.68 Iarcarc

--0.8360.836

2020 20.11 I20.11 Iarcarc
0.1900.190 20.11 I20.11 Iarcarc

--0.8100.810

5050 28.35 I28.35 Iarcarc
0.1940.194 28.35 I28.35 Iarcarc

--0.8050.805

100100 34.18 I34.18 Iarcarc
0.2410.241 34.18 I34.18 Iarcarc

--0.7590.759

200200 52.63 I52.63 Iarcarc
0.2640.264 52.63 I52.63 Iarcarc

--0.7350.735

J. Paukert, The Arc Voltage and Arc Resistance of LV Fault Arcs", Proceedings 

of the 7th International Symposium on Switching Arc Phenomena , 1993, pp. 49-51. 

Up to 300kA; DC and AC; Vertical and Horizontal, Seven Researchers; Up to 300kA; DC and AC; Vertical and Horizontal, Seven Researchers; 

Electrode Gap: 1Electrode Gap: 1--200mm200mm
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SummarySummary

ÅÅArc Resistance is NonArc Resistance is Non--LinearLinear

ÅÅIt Depends on a Number of Variables:It Depends on a Number of Variables:

ïïGap LengthGap Length

ïïElectrode MaterialsElectrode Materials

ïïArc Current MagnitudeArc Current Magnitude

ïïElectrode ConfigurationsElectrode Configurations

ïïOthers?Others?

ÅÅNeeds Additional (Controlled) TestingNeeds Additional (Controlled) Testing

ÅÅPossibly New Arc Resistance Equation! Possibly New Arc Resistance Equation! 
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Arc Current
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d

Spherical Energy Density

at a Distance ñdò from the Arc Source

ES = Earc/(4 d́2)

Arc Source

Arc Energy (Earc)=  Iarc
2Rarcȹt

2
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d́4

tȹ R I
 =

EnergyIncident 
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Arc Resistance vs. Arc Current

(5 mm Electrode Gap)
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Preliminary ObservationsPreliminary Observations

Å Arc Resistance is Non-
Linear and Varies with the 
Arcing Current

Å Arc Resistance Reduces 
with the Increase of the 
Arcing Current

Å Arc Resistance is Approx. 
Constant at Very High 
Current

Å At Low Current (say, less 
than 1kA) Arc Resistance is 
Highly Unpredictable

Å Three Model are Somewhat 
Close

Arc Resistance vs. Arc Current

(5 mm Electrode Gap)
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Arc Resistance vs. Arc Current

Sensitivity to Electrode Gap
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Preliminary ObservationsPreliminary Observations

ÅÅArc Resistance Varies Arc Resistance Varies 
with the Arc Gap with the Arc Gap 
LengthLength

ÅÅArc Resistance Arc Resistance 
Increases with the Arc Increases with the Arc 
Gap LengthGap Length

ÅÅAs the Arc Gap Lengths As the Arc Gap Lengths 
Increases the Increases the 
Discrepancies between Discrepancies between 
the Models becomes the Models becomes 
MoreMore

Arc Resistance vs. Arc Current

Sensitivity to Electrode Gap
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Arc Resistance vs. Electrode Gap

Sensitivity to Arc Current
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Preliminary ObservationsPreliminary Observations

ÅÅArc Resistance for a Arc Resistance for a 

Given Arcing Given Arcing 

Current Varies Current Varies 

Linearly with the Air Linearly with the Air 

Gap LengthGap Length

ÅÅFor a Lower Arcing For a Lower Arcing 

Current the Arc Current the Arc 

Resistance is HigherResistance is Higher

Arc Resistance vs. Electrode Gap

Sensitivity to Arc Current
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Arc Resistance vs. Electrode Gap

Sensitivity to Arc Current
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Arc Resistance vs. Electrode Gap

Sensitivity to Arc Current
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Arc Resistance vs. Electrode Gap

Arc Current Comparison
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Preliminary ObservationsPreliminary Observations

ÅÅConsiderable Considerable 
Difference Between Difference Between 
the Two Models (By the Two Models (By 
a Factor of 1.5)a Factor of 1.5)

ÅÅPaukertôs Model is Paukertôs Model is 
Higher than the Higher than the 
Stokes and Stokes and 
Oppenlanderôs Oppenlanderôs 
ModelModel

Arc Resistance vs. Electrode Gap

Arc Current Comparison

0.0000

0.0100

0.0200

0.0300

0.0400

0.0500

0.0600

0.0700

0.0800

0.0900

0 20 40 60 80 100 120 140 160 180 200

Electrode Gap (mm)

A
rc

 R
e
s
is

ta
n

c
e
 (

O
h

m
s
)

Stokes and Oppenlander
Iarc = 6 kA

Paukert
Iarc = 6 kA

Stokes and Oppenlander
Iarc = 20 kA

Paukert
Iarc = 20 kA



8/3/2008 Dr. P.K. Sen, P.E. 30



8/3/2008 Dr. P.K. Sen, P.E. 31

Assumptions:Assumptions:

Fault Current = 10 kA                                          Fault Current = 10 kA                                          

Fault Duration = 0.2 s (12 Cycles)                  Fault Duration = 0.2 s (12 Cycles)                  

Gap Length = 50mm (1.97in)                               Gap Length = 50mm (1.97in)                               

Distance from the Arc = 24in (Distance from the Arc = 24in (ºº61cm) 61cm) 

RRarc arc (Stokes and Oppenlander) =(Stokes and Oppenlander) =

= 0.014 = 0.014 WW

Incident Energy (Open Air) = Incident Energy (Open Air) = 

88.0

arc

g

arc
I

z534.0+20
=R

22

2

2

Cal/cm 1.44  Ū J/cm 6 =

(61)ˊ4

(0.2) (0.014) )000,10(

d

Spherical Energy Density

at a Distance ñdò from the Arc Source

ES = Earc/(4 d́2)

Arc Source

Arc Energy (Earc)=  Iarc
2Rarcȹt

2

arc

2

arc

d́4

tȹ R I
 =

EnergyIncident 
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ÅÅWhat happened if the What happened if the CurrentCurrent

is is DoubledDoubled??

ÅÅWhat happened if the What happened if the TimeTime is is 

HalvedHalved??

ÅÅWhat happened if we Use What happened if we Use 

Paukertôs Resistance Value?Paukertôs Resistance Value?

ÅÅWhat happened if the Arc is What happened if the Arc is 

Directed in a Directed in a BoxBox of 24in x 24in of 24in x 24in 

Square instead of Open Air?Square instead of Open Air?

2

arc

2

arc

d́4

tȹ R I
 =

EnergyIncident 
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Parting Thoughts!!Parting Thoughts!!

ÅÅUncertainties and Unknown BehaviorUncertainties and Unknown Behavior

ÅÅNeeds More ResearchNeeds More Research

ÅÅDefinitely Needs More Actual Test Results Definitely Needs More Actual Test Results 
Under Controlled EnvironmentUnder Controlled Environment

ÅÅActual Case Studies to Determine the Incident Actual Case Studies to Determine the Incident 
Energy LevelEnergy Level

ÅÅTaking into Account All the Variables and Taking into Account All the Variables and 
Perform Sensitivity Analysis to Determine the Perform Sensitivity Analysis to Determine the 
Effects (Statistical Design of Experiments)Effects (Statistical Design of Experiments)

ÅÅMore Attention and Continued ResearchMore Attention and Continued Research
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