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Modeling of arcing phenomena has evolved towards becoming a state-of-the-art tool, supporting the de-

sign process of power distribution equipment in low-, medium-, and high-voltage applications. Modeling 

provides a better understanding of the physical processes within the devices which is needed in order to 

enhance product performance and mitigate risks in the development cycle. In this contribution, modeling 

challenges related to some of these applications are discussed: a) the calculation of thermodynamic and 

transport properties, b) the modeling approach for contact arm motion during arc interruption in low-

voltage molded case circuit breakers (MCCB’s), c) the model approach for arc flash events in medium-

voltage (MV) switchgear. 
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1 INTRODUCTION 

Arcing phenomena are crucial in various ap-

plications in the power distribution system. 

Arcs are used either as a switching element, 

e.g. in circuit breakers with electromechanical 

contact systems or arcs occur as a fault event, 

e.g. as arc flash in low-voltage or medium-

voltage switchgear. Due to the complex non-

linear processes associated with arcing phe-

nomena, modeling has several useful aspects. 

A major factor for increased modeling activi-

ties in this field is the drive for miniaturization 

and cost reduction, which leads to increased 

power density and performance requirements. 

Here the model driven approach can help to 

optimize the design towards increased perfor-

mance. Another aspect is the expensive testing 

done during development and certification. 

Having better confidence about the design 

helps to reduce expensive design-test cycles. 

In this paper we discuss some of the challeng-

ing aspects related to the modeling of arc in-

terruption and arc flash phenomena. Basis for 

any modeling approach are the necessary input 

data. In our MHD (magneto-hydrodynamics, 

[1]) based approach which is introduced in 

section 2, the thermodynamic and transport 

properties of the plasma are crucial input data. 

The calculation method and some results are 

discussed in the 3rd section. Furthermore, two 

application specific problems will be dis-

cussed, the contact arm motion modeling ap-

proach for low-voltage molded case circuit 

breakers (MCCB’s) in section 4 and the mod-

eling approach for arc flash in medium-

voltage switchgear in section 5. 

2 SIMULATION APPROACH 

A modeling approach has been developed that 

covers the highly nonlinear physical processes 

during high-current arcing [2].  

 

Fig. 1: Simulation system 

The set of partial differential equations (PDEs) 

that describes the fluid flow, electromagnetic 

field, and radiation transport, respectively, are 

solved in a code coupling approach which is 

based on customized commercial solvers. 
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Splitting the calculation problem into separate 

tasks for fluid flow and electromagnetics ena-

bles a high performance solution. The basic 

setup of our simulation system is shown in fig. 

1.  

The mass, momentum, and energy balance 

equations as well as radiation equations are 

solved using a finite volume approach (FVM) 

by means of the ANSYS/Fluent solver [3]. 

Several sub models have been implemented as 

enhancements of the fluid flow (CFD) code, 

using the user programming interface the 

solver offers: 

 An ordinary differential equation (ODE) can 

be solved in order to describe the interaction 

with the electric network that is connected to 

the modeled device. 

 A model for the erosion of electrode material 

is used to calculate the mass of metal vapor 

that is ejected into the fluid region. 

 Another sub model predicts the ablation of 

plastic materials [4]. 

 In case of MCCB modeling an ODE can be 

solved that predicts the rotational or transla-

tional motion of the contact arm, driven by 

magnetic forces. 

To describe the electro-magnetic processes, 

the finite element approach (FEM) is used. 

Therefore the ANSYS/Emag [3] solver is cus-

tomized, dividing the solution process into 

two steps, the solution of the electric and the 

magnetic equations. For the description of the 

arc attachment, a user defined element has 

been implemented that is able to represent the 

plasma sheath voltage drop [2]. 

The necessary data exchange and interpolation 

between the two mesh based codes is provided 

by the coupling server MpCCI [5]. 

3 PLASMA TRANSPORT PROPER-

TIES 

In order to numerically model the arc dynam-

ics within complex circuit breaker and switch-

gear geometries, accurate thermodynamic, 

transport and radiation properties of relevant 

gas mixtures are required as input. In this 

work, we primarily focus on calculating the 

thermodynamic and transport properties of air-

metal vapor mixtures. The results will be pro-

vided for air-copper and air-tungsten mixtures, 

since copper-tungsten (Cu-W) is a commonly 

used alloy for metallic electrodes. The LTE-

based transport properties are calculated fol-

lowing the works of Devoto [6, 7], in which 

the Chapman-Enskog formulation [8] for pure 

gases was extended to consider partially ion-

ized and fully ionized gases. In this formula-

tion, all the transport properties of interest can 

be obtained as a ratio of determinants of two 

matrices and the size of the matrices depends 

on the desired degree of accuracy (ζ) of the 

properties.  

Calculation of collision integrals 𝛺𝑖𝑗
(𝑙,𝑠)

is an in-

tegral part of the Chapman-Enskog method, 

which requires the solution of equations (1)-

(3). 

𝛺𝑖𝑗
(𝑙,𝑠)

= (
𝑘𝑇𝑖𝑗

∗

2𝜋𝜇𝑖𝑗
) ∫ 𝑒−𝛾𝑖𝑗

2

𝛾𝑖𝑗
2𝑠+3∞

0
𝑄𝑖𝑗

(𝑙)
𝑑𝛾𝑖𝑗      (1) 

Here the superscripts (l,s) are related to coeffi-

cients of the Sonine polynomials. The integral 

collision cross section of lth degree, associated 

with the collisional dynamics between “i-j” 

pair of species and dependent on the relative 

speed of collision g, is expressed as 

𝑄𝑖𝑗
(𝑙)(𝑔) = 2𝜋 ∫ 𝜎(𝑔, 𝜒)(1 − 𝑐𝑜𝑠𝑙𝜒)

∞

0

𝑠𝑖𝑛𝜒𝑑𝜒 

                 = 2𝜋 ∫ (1 − 𝑐𝑜𝑠𝑙𝜒)
∞

0
𝑏𝑑𝑏 ,          (2) 

where 𝜎(𝑔, 𝜒) is the differential collision 

cross section, b is the impact parameter, and χ 

is the angle of deflection given as 

 𝜒 = 𝜋 − 2𝑏 ∫
𝑑𝑟

𝑟2√(1−
𝑏2

𝑟2−2
𝛷𝑖𝑗

𝜇𝑖𝑗𝑔2)

∞

𝑟𝑚𝑖𝑛
 .          (3) 

The most important parameter in equation (3) 

representing the collision dynamics is the in-

teraction potential Φij of the collision, which 

depends on the interaction partners i and j. In 

this work, while the elastic neutral-neutral and 

ion-neutral interactions have been character-

ized by the phenomenological Lennard-Jones 

potential [9], the shielded-Coulomb potential 

has been utilized for charge-charge collisions. 

Additionally, the contribution from inelastic 

charge-exchange interactions has been includ-

ed for ion-parent neutral collisions using the 

approach suggested by Devoto. Finally, elec-

tron-impact momentum transfer cross sections 
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data are obtained from relevant databases for 

the electron-neutral interactions. The reduced 

mass 𝜇𝑖𝑗, reduced temperature 𝑇𝑖𝑗
∗  and dimen-

sionless kinetic energy 𝛾𝑖𝑗 mentioned in equa-

tions (1)-(3) are given by 

𝜇𝑖𝑗 =
𝑚𝑖𝑚𝑗

𝑚𝑖+𝑚𝑗
 

𝑇𝑖𝑗
∗ = [

1

𝑚𝑖+𝑚𝑗
(

𝑚𝑖

𝑇𝑗
+

𝑚𝑗

𝑇𝑖
)]

−1

 

𝛾𝑖𝑗 = (
𝜇𝑖𝑗𝑔2

2𝑘𝑇𝑖𝑗
∗ )

1

2
  .            (4) 

In this section, we provide the transport prop-

erties results for air-copper and air-tungsten 

mixtures at atmospheric pressure, for different 

proportions of copper and tungsten vapors. 

The results for air-copper mixtures have al-

ready been validated in a previous work [10], 

while published data does not exist for air-

tungsten mixtures to the best of the authors’ 

knowledge. 

Fig. 2 depicts the variation of the electrical 

conductivity σ with temperature for different 

mole fractions of copper and tungsten in air at 

1 bar pressure. The following observations can 

be made:  

i. The addition of Cu or W results in a sig-

nificant increase in σ at temperatures 

lower than 15 kK compared to pure air 

(the red 0% Cu curve).  

ii. Above 15000 K increasing content of 

copper and tungsten decrease σ compared 

to air. 

iii. Tungsten content intensifies the behavior 

in both temperature ranges resulting in 

lower conductivity than copper for high 

temperatures and higher σ for tempera-

tures below approximately 15000 K. 

The observation (i) is of concern, since the in-

crease in σ at lower temperatures due to metal 

vapor increases the joule heating effect and 

thereby can contribute to a thermal breakdown 

close to current zero in a circuit breaker.  

The variation of dynamic viscosity with tem-

perature for different copper and tungsten con-

tent is shown in fig. 3. The viscosity peaks for 

metal vapor mixtures are lower than that for 

pure air, while those for 50% and 100% Cu 

are lower than those for 50% and 100% W re-

spectively. 

 

Fig. 2: Plot of electrical conductivity vs. tempera-

ture for different mole fractions of either Cu or W 

in air atmosphere 

 

Fig. 3: Plot of viscosity vs. temperature for differ-

ent mole fractions of Cu and W in air 

The viscosity peaks are associated with the 

onset of ionization and subsequent creation of 

electrons and ions, thereby increasing the 

charge-charge cross section and reducing the 

mean free path. The importance of dynamic 

viscosity in arc simulations appears through 

Reynolds number (Re), which is the ratio of 

inertial and viscous forces. For a given geome-

try, a critical Reynolds number (Recrit) can be 

determined based on simplifying assumptions. 

If the Reynolds number exceeds the critical 

limit (Re > Recrit), a transition from laminar to 

turbulent flow occurs. Turbulent flows are 

well-known to drastically increase heat and 

mass transfer, and hence can efficiently cool 

and extinguish the arc. 

Finally, the variation of total thermal conduc-

tivity with temperature for different copper 

and tungsten fractions is presented in fig. 4. 

Increasing %Cu, %W 

Increasing %Cu, %W 

Increasing %Cu, %W 
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The total thermal conductivity is the sum of 

four different contributions: (i) heavy-species, 

(ii) electron, (iii) reactive, and (iv) internal 

thermal conductivities. The contribution from 

internal thermal conductivity is usually negli-

gible in the entire temperature range, while at 

temperatures above 20 kK, the contribution 

from electron thermal conductivity dominates. 

The three peaks observed for air at 3.5 kK, 

7.0 kK and 15 kK correspond to those for dia-

tomic oxygen (O2) dissociation, diatomic ni-

trogen (N2) dissociation and combined first 

ionizations of atomic nitrogen (N) and oxygen 

(O), respectively. Increasing the fraction of 

metal vapor results in the decrease of all peak 

magnitudes; with all the peaks vanishing for 

pure Cu and W. The thermal conductivity of 

50% Cu has been observed to be higher than 

that of 50% W at temperatures above 15 kK, 

while the thermal conductivity of pure Cu is 

observed to be higher than that of pure W at 

temperatures above 20 kK. Physically, thermal 

conductivity is important since it improves the 

conduction cooling within a circuit breaker 

and greater thermal conductivity results in a 

better gas cooling. 

 

Fig. 4: Plot of thermal conductivity vs. tempera-

ture for different mole fractions of Cu and W in air 

4 MCCB MOVING CONTACT ARM 

For low-voltage molded case circuit breakers 

(MCCB’s), the interruption of high short-

circuit currents cause large thermal and me-

chanical stresses. Due to device miniaturiza-

tion and increasing demands for higher per-

formance, a prediction of the interruption pro-

cess is needed to enable design optimization. 

 

One challenge connected to the modeling of 

MCCB’s is the representation of the contact 

arm motion. In fig. 5 a sketch of a double 

break contact system of a 630 A rated MCCB 

is shown, with two different contact arm posi-

tions, current path, indication of the arc posi-

tions, and two stacks of ferromagnetic splitter 

plates. In comparison to other contact designs, 

like in IEC type miniature circuit breakers, the 

arc burns relatively stable between the fixed 

and movable contact during contact opening. 

After a certain contact gap is achieved the arc 

is pushed by magnetic forces into the stack of 

splitter plates in order to quench and cool the 

arc. 

For high short-circuit currents the design of 

these breakers depends on limiting the current 

to levels well below the prospective short-

circuit current in order to reduce the stress on 

the installation. This is achieved by quickly 

raising the voltage of the arc above the line 

voltage through intensive arc cooling and 

lengthening of the arc by a combination of 

magnetic forces and fast opening of the mova-

ble contact arm. Breakers using this principle 

are referred to as current-limiting breakers. 

Because of this current limiting design princi-

ple, the contact motion and therefore arc elon-

gation has a large impact on the arc voltage 

and interruption performance, since a fast arc 

voltage increase is needed for the limitation of 

the fault current. 

 

Fig. 5: Arm motion and arc lengthening in a 

MCCB double-break contact system (sketch) 

Therefore the contact arm motion needs to be 

included in the model; otherwise the whole 

current limiting process cannot be predicted. 

For the representation of moving objects in the 

FEM or CFD model, several different basic 

opportunities exist, as described in [11]:  

 

Increasing %Cu, %W 
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 Mesh deformation: move contact arm 

nodes, use mesh morphing algorithm to 

deform other cells 

 Remeshing: on the fly agglomeration or 

splitting of cells based on mesh quality 

metrics or remeshing of whole domain 

 Layering: insertion or removal of cell 

layers 

 Overset grids: Assembly of several over-

lapping movable structured grid blocks, 

interpolation of variables on the bounda-

ries of the blocks 

 Mesh replacement: Exchange parts or 

complete mesh with previously prepared 

mesh, interpolate data from old to new 

mesh 

The selection of the most appropriate method 

for this application is based on several re-

quirements. First of all the method needs to be 

easy to use since a complex setup of parame-

ters or procedures is fault prone. Next an em-

phasis needs to be put on the performance, 

costly mesh related operations at every time 

step would limit the overall performance. Fur-

thermore a high mesh quality needs to be as-

sured at any time, since bad mesh quality as 

result of mesh changes introduces errors and 

could cause the solution to fail. Finally the 

method needs to be supported by the applied 

simulation tools, the CFD solver, FEM solver 

as well as the coupling tool.  

All of these requirements could be met with 

the mesh replacement approach. Here we cre-

ate all needed meshes upfront, where each 

mesh represents a certain contact position. 

While the simulation is running, meshes are 

swapped on the fly when needed to represent 

the motion of the contact. This involves the 

interpolation of the field values only when 

meshes are swapped. 

Fig. 6 shows the mesh for different contact 

arm positions and compares morphing with 

mesh replacement approach. Starting from the 

mesh that represents the initial contact gap 

(fig. 6a) several morphing steps while opening 

the contact arm would lead to a deformed 

mesh with bad quality metrics. On the other 

hand, the mesh replacement (fig. 6b) offers 

high mesh quality any time, depending on the 

effort spent during mesh generation. 

 

 

Fig. 6: Mesh at different contact arm position: a) 

initial contact gap, b) mesh after some morphing 

steps, c) mesh after several replacement steps 

A challenging aspect is the fact that 3 codes 

have to support this procedure, and the mesh 

swap needs to be synchronized. When the 

CFD mesh is changed, the FEM mesh needs to 

be updated as well; also the neighborhood 

search that the coupling tool is evaluating to 

enable the data interpolation needs to be up-

dated. Otherwise invalid data would be trans-

ferred between the codes, leading to an invalid 

solution (or a solver crash). A signal based 

communication scheme was implemented to 

handle this appropriately.  

Model results highlighting the difference be-

tween a stationary mesh model and the mesh 

replacement approach are shown in fig. 7. For 

better comparison of measured and calculated 

voltage, the model result was low-pass filtered 

since the analog-digital converter used in the 

test has this characteristic. Therefore one dis-

advantage of our approach is not visible right 

away. Due to the small discrete steps that are 

used to define the contact arm position, the arc 

voltage also shows a stepwise profile rather 

than a continuous profile that would be ex-

pected by continuous arm motion, as shown in 

fig. 8. In order to smooth the voltage profile, 

the arm motion step size could be reduced or 

additional mesh morphing steps could be in-

troduced. 
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Fig. 7: Comparison of calculated and measured 

arc voltage, simulation with and without consider-

ation of contact arm motion (440 V, 50 kA, 630 A 

breaker) 

 

Fig. 8: Contact arm position vs. time curve 

In case of no arm motion, the model repre-

sents the situation of completely opened con-

tact over the entire duration of simulation. In 

this case the initial arc is defined as a long 

conductive channel with a small diameter be-

tween fixed and moveable contacts. In this 

model the current was used as a predefined 

load rather than as a result of the electric net-

work ODE solver, to allow direct comparison 

between the two contact arm modelling ap-

proaches.  

The ignition procedure in case of open con-

tacts is not straightforward, since the long ini-

tial arcs lead to a high power input right at the 

beginning of the simulation, which is started at 

the time point where Lorentz forces exceed 

the contact spring forces (pop up current, here 

about 14 kA at 0.7 ms). In order to get the 

model running at all, it is necessary to ramp up 

the current from zero to the pop up current 

level in a short time (0.1 ms, see dashed cur-

rent curve in fig. 7) rather than starting direct-

ly at 14 kA. The impact of the open contact 

position is clearly visible, comparing the volt-

age trace (simulation: no arm motion) with the 

measured voltage. Right at the beginning until 

about 2.5 ms the arc voltage is largely overes-

timated; therefore the arc energy (46 kJ vs. 

24.9 kJ) as well, as shown in fig. 9. The cur-

rent limiting would be overestimated as well, 

if this approach would be combined with the 

electric network ODE model. 

 

Fig. 9: Arc energy: simulation and test results 

The result for the model that includes the con-

tact arm motion is also shown in fig. 7. A 

much better representation of the arc voltage 

rise due to arc lengthening and delayed arc 

splitting in the splitter plates can be seen, in 

good agreement with the measurement results. 

With this arc voltage result, the arc energy 

prediction (28 kJ vs. 24.9 kJ) is much closer to 

the test results (fig. 9). 

A visualization of the model result is given in 

fig. 10. The arc shape represented by a 

12000 K iso-surface is shown for three differ-

ent time points. In the initial time period (here 

0.95 ms) the arc exists in the still small contact 

gap, which leads to an ejection of a hot plasma 

jet towards the splitter plates. This hot gas 

stream heats up the splitter plates, enhancing 

arc attachment and splitting later on when the 

arc is moving towards the plates. With in-

creasing contact gap, the arc moves out of the 

contact gap towards the plates and is finally 

split into several arcs in the stack of plates, 

leading to a rapid increase of the arc voltage. 
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Fig. 10: Model result: temperature inside the 

MCCB chamber visualized by means of a 12000 K 

iso–surface (440 V, 50 kA, 630 A breaker) 

 

5 MV SWITCHGEAR ARC FLASH  

As a third example illustrating modeling chal-

lenges, an arc modeling approach for the pre-

diction of arc flash events in medium-voltage 

(MV) arc flash resistant switchgear is dis-

cussed. A typical design of a MV switchgear 

section is shown in fig. 11. 

IEC type arc resistant switchgear is tested 

according to IEC 62271-200 Annex A, where 

the switchgear has to withstand up to 1s of 

internal arcing, causing high mechanical and 

thermal stresses. 

Because these tests are very expensive, 

various modeling approches have been 

developed in the past [12] in order to predict 

the mechanical loads (pressure rise) due to the 

arc flash to reduce the number of tests. With a 

simplified model that is based on the 

assumption of uniform distribution of 

temperature and pressure, prediction of the 

peak pressure is possible [13]. But in order to 

perform this calculation, values for the arc 

energy are needed as input, which are not 

available without initial testing so far. 

 

 

Fig. 11: Eaton MV switchgear: bus bar compart-

ment (4), circuit breaker compartment (5), and ca-

ble compartment (10) 

In case of a new design, the application of the 

3D arc model is attractive, since arc energy as 

well as pressure rise can be predicted directly. 

Additionally, when solving beyond the initial 

arcing period of about 60 ms, thermal loads 

that could lead to a burn through e.g. of the 

side panels could also be predicted. But in 

comparison to a LV circuit breaker, the 

volume that has to be modeled is significantly 

larger (e.g. 100x) and the arcing time is much 

longer (e.g. 1000 ms vs. 10 ms). This leads to 

high computational cost with calculation time 

being a major challenge. 
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Fig. 12: Simplified test setup for arc flash experi-

ments 

To investigate the applicability, a simplified 

switchgear model as described in [14] has 

been used. The setup as shown in fig. 12 con-

tains a compartment with two sections 

(1200 mm × 600 mm × 500 mm) with a vent-

ing chimney at the top (152 mm × 152 mm). 

Three electrodes are mounted in the lower sec-

tion side by side with a gap of 85 mm between 

each other. In front of the electrodes a metal 

sheet is mounted where the arc can attach. The 

model results given in the following text are 

compared with test results obtained with an 

18 kA asymmetrical short circuit current at 

24 kV, as can be seen from fig. 13. 

A 3D model has been created and calculation 

was performed for 60 ms of arcing time. In the 

experiment the arc was ignited with a copper 

wire across the three electrodes. In the model 

a conductive channel with 5 mm radius was 

defined as initial condition. 

 

Fig. 13: Three-phase short circuit current 

 

 

Fig. 14: Arc shape at t=2 ms (1000 K iso surface) 

After ignition the arc is moved due to Lorentz 

forces, as seen in fig. 14. At 2 ms the arc be-

tween L1 and L2 bends away from electrodes 

and the arc between L2 and L3 bends towards 

the electrodes due to the current loops formed.  

Further on the arc elongates and attaches to 

the metal sheet in front of the electrodes, 

which causes the arc voltage to fluctuate due 

to the shortening of the arc length. The com-

parison of the phase-to-phase voltage from 

simulation and experiment is shown in fig. 15. 

Considering the complexity of the model, the 

achievable voltage prediction is sufficient, alt-

hough the frequency of fluctuations in the 

simulation result exceeds the measurement re-

sults. But more important is the prediction ca-

pability with respect to the power and espe-

cially of the arc energy, since these values can 

be used for further investigation using reduced 

models (CFD or simplified model [12]). These 

values are given as model and test results in 

fig. 16. The overall level of arc power is suffi-

ciently predicted and therefore the arc energy 

as well. 
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Fig. 15: Phase-to-phase arc voltage, simulation 

and test results 

 

Fig. 16: Arc power and arc energy, comparison of 

simulation and test results 

6 CONCLUSION 

Numerical methods are used to predict the arc 

interruption in low-voltage circuit breakers 

and the fault arc in medium-voltage switch-

gear, where a number of challenges were ad-

dressed. Any simulation model needs input 

parameters which determine the result quality. 

In case of 3D MHD arc modeling the thermo-

dynamic and transport properties of the plas-

ma, composed of air and metal vapor in our 

case, are needed. A state of the art calculation 

approach has been discussed and results for 

copper and tungsten are presented.  

The application of the model is presented for 

short-circuit interruption of low-voltage circuit 

breaker (MCCB) and medium voltage switch-

gear arc flash. In case of MCCBs, the contact 

motion needs to be modeled and the chosen 

mesh replacement method provides the best 

result quality with high-quality meshes pre-

pared upfront. This avoids a solution depend-

ency of the mesh related procedures which 

could lead to problems in a long running cal-

culation. The arc flash modeling approach has 

been presented by means of a simplified com-

partment, showing the prediction opportunities 

for arc energy and arc power. 
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