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The paper deals with a simplified model of an intensively blasted electric arc burning in the anode chan-

nel of an arc heater. The model is based on the energy conservation law, continuity equation and Ohm’s 

law. For computation, transport and thermodynamic properties of working medium and real experimental 

results describing the external manifestation of the arc are necessary. Many experimental data have been 

collected during numerous experiments made out with a modular arc heater operated under various ex-

perimental conditions, each experiment being characterized by the arc current, voltage, the sort and flow 

rate of working gas, and the flow rates and temperatures of cooling water in individual segments of the 

device. In the presented model a rectangular temperature profile of the arc is used. A dependency of the 

arc column radius rA on the distance from the cathode is prescribed and parameters of the function rA(z) 

are estimated using the total power balance at the output cross-section of the anode channel. Special at-

tention is paid to the region near the beginning. The dependencies of the arc temperature and electric 

field intensity on the distance from the cathode are calculated and iterations are stopped if the sums of 

computed increments agree with the measured values. Computed dependencies are given in diagrams and 

discussed. 
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1 INTRODUCTION 

A long-term investigation of arc heaters with 

intensively blasted electric arc stabilized by 

flowing working gas has been carried out by 

the authors. The tested device has been de-

signed as a modular structure to enable easy 

modifications both of geometry (diameter and 

length of a cylindrical anode channel), and of 

electric and cooling circuits (with/without ex-

tended anode, various segmentation of water 

cooling circuits) [1]. During numerous exper-

iments the arc heaters have been operated un-

der various conditions. Each experiment is 

documented by a set of measured data, includ-

ing namely the arc current I (A), voltage 

U (V), flow rate Qm (kgs–1) of working gas 

(Ar, N2, their mixtures) and flow rates of cool-

ing water in individual segments of the device. 

These integral measured data characterize op-

erational conditions and the behaviour of the 

device as a whole while internal distributions 

of temperature, electric field strength etc. in-

side the anode channel still remain hidden.  

Simultaneously with experimental research, 

models of electric arc burning in the anode 

channel of the arc heater have been developed, 

capable to estimate temperature, velocity and 

electric field strength distribution and conse-

quently power and mass transfer in the anode 

channel. Several versions of models of the 

electric arc in the anode channel, e.g. [2, 3] 

have been gradually designed, differing in the 

level of simplification or neglecting of some 

aspects, in the used approximations and in the 

computational method, but all of them based 

on the same basic principles: energy conserva-

tion law, continuity equation and Ohm’s law, 

and all using the same dependency of the arc 

diameter on the axial coordinate [4]. Further 

details are given bellow. 

Generally speaking, the presented model tries 

to utilize previous experience for creating a 

reasonably simple, fast and reproducible com-

putational procedure giving physically credi-

ble results. 

2 MODELLING  

2.1 PRINCIPLES, PRESUMPTIONS 

As the previous versions [2, 3], the presented 

model is based on the energy conservation 

law, continuity equation and Ohmʼs law. 

The main simplifying presumptions are as fol-

lows: Axial symmetry is assumed in the whole 

anode channel. Arc plasma is supposed to be 

in local thermodynamic equilibrium and its 

kinetic energy to be small compared with its 

enthalpy. Only the radial component of radia-

tive energy flow and axial component of en-

thalpy flow is taken into account. The conduc-

tive energy term is neglected. Mach number is 
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assumed constant over the whole channel 

cross–section. The measured power loss of the 

anode channel is assumed to be equal to the 

power transferred from the arc column, with-

out any other power exchange between the arc 

heater shell and the surrounding environment. 

Further presumptions have been stated accord-

ing to obtained prior experience. Experiments 

and computations have proven that voltage 

drops of the cathode and anode spots should 

not be neglected [3]. On the contrary, the radi-

al profile of the gas temperature across the arc 

has been found to be almost constant and the 

gas temperature in the surrounding cold zone 

to be equal to the input gas temperature. Thus, 

a rectangular radial temperature profile is used 

in the presented model, which makes compu-

tations much simpler. 

The arc boundary corresponds to the tempera-

ture where electric conductivity of the work-

ing gas falls to zero (6000 K for argon). As in 

the previous versions, the axial dependency of 

the arc radius rA(z) is as follows 
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where r0 is the arc radius at the cathode and nr 

is the parameter being searched for during the 

computation. For arc currents up to 2.16 kA 

the arc current density is taken j0 = 108 Am–2 

[4] which defines r0 for the corresponding arc 

current I. 

Transport and thermodynamic properties of 

the working medium are obviously necessary 

for the computation. In the following, electric 

arc burning in argon is studied [5,6,7].  

The boundary conditions that must be met by 

the computed dependencies of the arc radius 

rA(z) and temperature TA(z) are given by the 

measured integral data, namely: voltage drop 

over the arc column of the total length zL  
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and energy balance of the anode channel 

 

     

L

c

loss

0

0

Ma

, , , 2 d d

z

r

UI P z

T r z a T r z h T r z r r z 

 

  
           

  





 

  (3) 

where ρ (kgm−3) is the mass density, h (J kg−1) 

the enthalpy, a (ms−1) the sound velocity (ve-

locity c = Ma·a, Ma is Mach number), 

σ (Sm−1) the electric conductivity of the work-

ing gas, rc (m) the anode channel radius, z the 

axial coordinate (m). 

2.2 COMPUTATIONAL PROCEDURE 

For computation, the anode channel is divided 

into cylindrical slices in axial direction. The 

step Δz of the axial net was tested between 2 

and 0.5 mm with the total anode channel 

length zL in order of higher tens of millime-

tres. Basic equations have been modified in 

accordance with the above mentioned pre-

sumptions, integration has been replaced by 

summation and iterations in individual cylin-

ders of the anode channel volume have been 

made to meet the boundary conditions given 

by the measured integral data. 

The computational complexity of the original 

version of the model was rather high and re-

mained that even with a rectangular radial 

temperature profile. A significant decrease of 

computational costs has been reached with the 

presented model by segmenting the computa-

tion into two main steps.  

First, the output arc radius rA(zL) and tempera-

ture TA(zL) are searched for using the follow-

ing equation derived from the energy and con-

tinuity equations  
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where RAH(T) and RA(T) stand for products 

of ρ(T)a(T)h(T) and ρ(T)a(T) respectively. 

Solving (4), pairs of rA(zL) and TA(zL) are ob-

tained for which the energy balance condition 

(3) is fulfilled. This way, the axial dependency 

of the arc radius is determined (1). 

In the next step, axial dependencies of the arc 

temperature TA(z), Mach number Ma(z) and 
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electric field strength E(z) are computed using 

the following equations  
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Here, UA(z) is the voltage drop over the arc 

column from the beginning to z, pcloss = 

Pcloss /
 UcI is the power loss of the anode chan-

nel Pcloss  divided by the net input power of the 

arc, Uc = U – Ucat – Uan is the net voltage of 

the arc in the anode channel, thus the total 

voltage decreased by the cathode and anode 

spot voltage drop. The cathode voltage drop 

Ucat is determined from the separately meas-

ured cathode power loss while the anode volt-

age drop is estimated [8]. Supposing that pos-

sible mutual power exchange between the 

neighbouring segments does not deteriorate 

the power balance of each segment, iterations 

are performed to compute TA(zk), Ma(zk) and 

E(zk).  

The described procedure fails in the region 

just near the cathode where the conditions for 

the arc burning are only formed. To avoid 

rough estimations used in previous versions 

for this region, the following consideration is 

used [9]. Let s be the axial distance from the 

cathode tip where the arc is fully developed 

with electric conductivity σ[TA(s)] > 0 across 

the arc column of the arc radius rA(s) obeying 

the same rule (1) as in the rest of the arc col-

umn. Let σ[TA(s)] > 0 be the effective conduc-

tivity in the layer close to the cathode while 

the electric field intensity here E(s) = Ucat/s. 

The temperature TA(s) and the thickness of the 

near-cathode layer s are then bound by the re-

lation 

  
r

2
1

0
A

cat 0

1
n

j s s
T s

U r




  
      
   

.  (8) 

As demonstrated in the next section, a suitable 

TA(s) can be estimated according to the shape 

of axial dependency of TA(z) over several 

mesh steps near the beginning.  

The voltage drop UA(zk) between the begin-

ning and zk is UA(zk) = UA(zk – 1) + E(zk)Δz. In 

the region of a very steep change of electric 

field strength a trapezoidal instead of rectan-

gular approximation is used; e.g. for the first 

cross-section UA(z1) = ½[E(s) + E(z1)](z1 – s). 

3 RESULTS AND DISCUSSION 

In this section the results of the model are giv-

en for the following experiment: The arc was 

burning in the anode channel of the diameter 

rc = 8 · 10–3 m and the length zL = 109 · 10–3 m 

in argon of the flow rate Qm = 22.5 · 10-3 kgs–

1. The arc current was I = 162 A with the total 

voltage U = 113.4 V and the net arc voltage 

Uc = 102.4 V. Anode channel power loss 

Pcloss = 2339 W. 

Using (4), the range of possible nr 2.80, 

3.80 and the output arc temperature TA(zL) 

10039, 13960 K was found with the best 

fitting around nr = 3.16, TA(zL) = 12057 K. 

The iterative computation along the anode 

channel was performed for several estimated 

TA(s) and the corresponding near-cathode lay-

er thickness s determined from (8) as illustrat-

ed in Figs 1 to 4. It is obvious that the chosen 

value of TA(s) strongly influences the curves 

TA(z), E(z) near the beginning of the anode 

channel while the dependencies in the rest of 

the anode channel remain almost unchanged 

(Fig.1,2). The shapes of TA(z), E(z) near the 

beginning of the anode channel clearly indi-

cate the range of reasonable choice 

T A(z ), n r = 3.03, parameter T A(s ) 
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Fig.1: The influence of the estimated TA(s) on the 

dependency of TA(z) at the beginning of the anode 

channel 

of TA(s). Fig.3 shows how the arc voltage de-

pends on the chosen TA(s) and again confirms 
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the relation between a properly chosen TA(s) 

and the total voltage drop UA(zL). Finally, in 

Fig.4 the axial dependencies of all the main 

parameters are given. 

E (z ), n r = 3.03, parameter T A (s ) 
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Fig.2: The influence of the estimated TA(s) on the 

dependency of E(z) at the beginning of the anode 

channel 

U A  (z ), n r = 3.03, parameter T A (s )
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Fig.3: The influence of the estimated TA(s) on the 

dependency of UA(z) along the anode channel 

n r = 3.03, T A(s ) = 9500 K
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Fig.4: Computed axial dependencies of the arc 

temperature, arc radius (in 10–4 m), voltage drop 

over the electric arc, and Mach number (in 0.01) 

in the anode channel 

 

4 CONCLUSION 

The paper describes the mathematical-physical 

model of the intensively blasted electric arc 

burning in the cylindrical arc heater’s anode 

channel. The computation has been carried out 

in the two steps, the first one determining the 

output arc radius and temperature, and the 

second one calculating especially the axial de-

pendency of the arc temperature, Mach num-

ber and electric field strength. Special atten-

tion has been paid to the near-cathode region 

and a method of estimation of the arc tempera-

ture at the end of the near-cathode layer has 

been introduced. Real experimental data have 

been used as input data of the model and the 

obtained results are given in figures and dis-

cussed. The model is planned to be refined as 

far as more precise approximation of gas 

properties is concerned, and will be used with 

other data sets to collect further experience. 
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