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Abstract: A modeling study is performed to investigate the demixing process in the low 
power arcjet. The all-speed SIMPLE algorithm is employed to solve the governing 
equations, which takes into account the effects of compressibility, Joule heating and the 
Lorentz force, as well as the temperature, pressure and component dependence of the gas 
properties. Demixing is treated by introducing a conservation equation for one of the gases 
and making use of the combined diffusion coefficient method. The modeling results show 
that considering demixing leads to a larger heat flux to the anode, but no significant effects 
on the flow characteristics in the nozzle. 

Nomenclature 
cp = specific heat at constant pressure 

P
ABD  = combined pressure diffusion coefficient 
T
ABD  = combined temperature diffusion coefficient 
x

ABD  = combined ordinary diffusion coefficient 

e = elementary charge 
h = specific enthalpy 
kB = Boltzmann constant 

Am  = average mass of heavy species of gas A 

Bm  = average mass of heavy species of gas B 

n = plasma number density 
p  = gas pressure 
T = temperature 
Ur = radiation power per unit volume of plasma 
u  = axial (z-) component of the velocity vector V 
v  = radial (r-) component of the velocity vector V 

AX  = mole fraction of all the components of gas A 
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   = electric potential 

ρ = gas density 
μ = viscosity 
  = thermal conductivity 
  = electrical conductivity 

I. Introduction 
URING the past several decades, electric propulsion research has been largely commercialized for 
stationkeeping, and orbit topping applications[1]. The arcjet thrusters can be operated by a variety of different 

propellants such as hydrogen, argon, helium, nitrogen, ammonia etc. In most of ground-based tests, the mixtures of 
two different gases are often used as working gas to investigate the performance of arcjet thruster. In the previous 
simulation studies, the assumption usually used is that the mixture gases remain fully mixed. But it has been found  
that demixing due to diffusion, which driven by the temperature gradients and pressure gradients, can lead to the 
partial separation of gases in arcs, particularly when the gases have very different masses, such as in argon–helium 
and argon–hydrogen arcs[2, 3]. Normally, the partial separation of gases in arcs will affect the gas properties, and the 
affects the performances of the thruster. Modeling studies are conducted for the low-power (kW class) arcjet 
thruster[4] designed by NASA Lewis Research Center. 

II. Modeling Approach 
The main assumptions employed in the modeling study are as follows. (i) the gas flow in the arcjet nozzle is 

steady, axisymmetric, laminar and compressible; (ii) the bulk plasma is in the LTE (local thermodynamic 
equilibrium) state and thus the thermodynamic and transport properties of argon/helium mixtures are completely 
determined by the gas temperature pressure and component; non-LTE effects are only considered by appropriately 
increasing the values of gas electrical conductivity in the near-anode region, as suggested in [4, 5]; (iii) the plasma is 
optically thin to radiation; (iv) the azimuthal (swirling) velocity component is negligible in comparison with the 
axial velocity component, and (v) the flow-induced electric field is negligible in comparison with the static electric 
field. Based on these assumptions, the governing equations in the cylindrical coordinate system can be written as 
follows[4, 6]: 
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The symbol Sf  in Eq. (6) is calculated by[7] 
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where the diffusion coeffience f  is calculated by 
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The physical properties ρ, cp, h, μ,  ,   and Ur are temperature- pressure- and component-dependent, and are 
calculated for each spatial point based on local temperature and pressure by using pre-compiled LTE plasma 
property databases (covering the temperature range 300 K – 30000 K and pressure range 10 Pa – 3×105 Pa) for each 
of the studied plasmas. 

The Lorentz force terms have been included in the momentum equations (2) and (3) and the Joule heating rate 
and the electron-enthalpy transport terms have been included in the energy equation (4) in order to include the 
effects on the plasma flow and heat transfer of electromagnetic fields related to the DC electric arc discharge. 
Current density components jr and jz appearing in Eqs. (2), (3) and (4) are calculated by using  
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where 0 is the permeability of free space.  

In this study, the temperature distribution along the inner surface of the anode nozzle is determined by the 
iterative computation process itself in this study, instead of being artificially specified. To this end, the energy 
equation is solved for the solid region, which is listed as follows: 
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Boundary conditions are similar to that used in Ref. [4]. For the Eq. (6), fA is set 0.9 at the inlet, extrapolated at 
the outlet, and fA is calculated by setting the mass flux to the anode 0AJ


 at the anode surface. 

III. Results and Discussion 

A. Combined Diffusion Coefficients 
The dimixing effect is considered based on the combined diffusion coefficient method, which was used in Refs. 

[2,3,7]. The diffusion coefficients method, that describes demixing in terms of gases rather than of species as in 
previous treatments, is an algebraically simple and physically transparent mathematical description of demixing. The 
combined diffusion coefficients are defined by an expression for the diffusive mass flux of gas A for a two-species 
gas: 
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x
ABD , P

ABD  and T
ABD  are calculated by using the method in Refs. [2, 3]. 

The one-to-one correspondence between combined diffusion coefficients and demixing processes allows the 
contribution of each process to be calculated separately, thereby allowing the physical causes of demixing to be 
examined. 

Fig. 1 presents the combined diffusion coefficients at the pressure p=1 atm and  p=0.001 atm, which are 
calculated by A. B. Murphy. It can be concluded that with the decreasing of pressure, the combined ordinary 
diffusion coefficient and combined pressure diffusion coefficient decrease strongly, but the combined temperature 
diffusion coefficient has not largely changes.  

The Eq. (12) shows the relationship between the mass flux of the gas A (argon) and the gradients of mole 
fraction, the gradients of pressure and the gradients of temperature. And Fig. 1 shows that the combined diffusion 
coefficients are all positive, so the following laws can be obtain: 

1) The mole fraction gradients drive the argon from the higher mole fraction region to the lower mole fraction 
region; 

2) The pressure gradients drive the argon from the lower pressure region to the higher pressure region; 
3) The temperature gradients drive the argon from the higher temperature region to the lower temperature region. 
Table I and Table II show the values of the terms   P

ABBA
2 DmmMρ  and T

ABD , which are the coefficients of the 

gradients of pressure and temperature in Eq. (12), near the constrictor and in the near-outlet region of the thruster 
nozzle. Table I shows that the terms   P

ABBA DmmM 2  and T
ABD  have the same order of magnitude. From the constrictor 

to the outlet of the nozzle, the combined pressure diffusion coefficient P
ABD  largely increases as the pressure decrease 

to 0.001 atm, but the combined temperature diffusion coefficient T
ABD  keeps the same order of magnitude, which is 

shown in Fig. 1. But the density decreases and M  increases as the pressure increases, so the terms   P
ABBA DmmM 2  and 

T
ABD  also have the same order of the magnitude near the outlet, which can be indicate in Table II. So the dominant 

driven force for demixing depends on the values of gradients of pressure and temperature. 
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Figure 1. Combined diffusion coefficients for mixture of argon and helium by weight. (a) Combined 
ordinary diffusion coefficient (p=1 atm); (b) combined pressure diffusion coefficient (p=1 atm); (c) 
combined temperature diffusion coefficient (p=1 atm); (d) Combined ordinary diffusion coefficient 
(p=0.001 atm); (e) combined pressure diffusion coefficient (p=0.001 atm); (f) combined temperature 
diffusion coefficient (p=0.001 atm).  
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Table I the values of the terms in Eq. (12) near the constrictor (p=1 atm, T=7000 K or 15000 K) 

 
  P

ABBA DmmM 2  T
ABD  

7000 K 2.64 10-5 4.25 10-5 

15000 K 8.7 10-5 8.8 10-5 

 
Table II the values of the terms in Eq. (12) near the outlet (p=0.001 atm, T=3000 K) 

 
  P

ABBA DmmM 2  T
ABD  

3000 K 1.4 10-5 1.88 10-5 

B. Modeling Results and Discussion 
In the modeling, the mixture of 90% argon and 10% helium by mass is used as the propellant, the inlet pressure 

pin=2.5 atm, and the arc current I=10 A. Table III shows the performances of the Arcjet thruster for the case 
considering demixing and neglect demixing. It can be concluded that the demixing in the argon/helium arcjet leads 
to larger heat flux to the anode, but due to the small atomic mass of helium (gas B), demixing has no significant 
effects on the flow characteristics in the nozzle. Accordingly, demixing has no significant effect on the specific 
impulse and thrust. 

 
Table III the performances of the Arcjet thruster considering demixing and neglect demixing  

(Ar:He=9:1 by mass, I=10 A) 

 

Mass 
flow rate 
(mg/s) 

The 
highest 
velocity 

(m/s) 

The highest 
temperature 

(K) 

The velocity 
at the outlet 
centerline 

(m/s) 

The 
temperature 
at the outlet 
centerline 

(K) 

Thrust 
(mN) 

Isp 
(s) 

The heat 
flux to 
anode 
(W) 

Considering 
demixing 

38.1 5280 15978 4672 2085 111.9 300 172.3 

Neglect 
demixing 

39.5 5250 15989 4702 2205 119.2 308 132.4 
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Figure 2. Axial velocity distributions (Unit: m/s).       Figure 3. Temperature distributions (Unit: K). 
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Fig. 2 and 3 compare the computed distributions of axial velocity and gas temperature, respectively, within the 
thruster nozzle for the case considering demixing and the case neglect demixing. Fig. 2 plots the computed axial 
velocity distributions in the gas flow region of the nozzle, due to the conversion of the pressure energy and internal 
energy into the kinetic energy, the gaseous propellant flowing into the nozzle is rapidly accelerated to rather high 
velocities within a short axial distance. Figure 2 
shows that axial velocity distributions within the 
thruster nozzle are similar overall for the case 
considering demixing and the case neglect demixing. 
The computed gas temperature distributions in the 
gas flow region and in the solid-wall region of the 
nozzle for the case considering demixing and neglect 
demixing are shown in Fig.3. It is seen that the 
considering demixing leads to an increase in the 
anode temperature. 

Fig.4 shows the argon mass fraction distribution 
in the nozzle when considering demixing. Although 
the propellant is fully mixed before into the nozzle, 
the demixing will occur due to the gradients of 
temperature, pressure and mole fraction, and the 
argon mass fraction will not be uniform anymore. 

Fig. 5 and Fig. 6 show the axial velocity along the axis and at the outlet. Fig. 7 and Fig. 8 show the temperature 
along the axis and at the outlet. The axial velocity has no significant change along the axis and at the oulet plane, but 
the temperature has large discrepancy. At the outlet plane, the temperature profile considering demixing is more like 
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Figure 4. Argon mass fraction. 
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Figure 5. Axial velocity along the axis.                       Figure 6. Axial velocity profile at the oulet. 
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Figure 7. Temperature along the axis.                      Figure 8. Temperature profile at the oulet. 
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the non-monotonic temperature profile which has been observed by Walker[8] in an experimental study of a helium 
arcjet thruster, because of the concentration of helium near the axis. 

Fig. 9 shows the argon mass fraction radial profiles in the constrictor. From near anode region to axis, the argon 
mass fraction first increase and then decrease. Fig. 10 shows the temperature and pressure distributions in the 
constrictor region of the nozzle. There are strongly temperature drops from axis to anode, and largely pressure drops 
along the axis in the constrictor of the nozzle[4, 9]. Fig. 10 indicates that the pressure is almost constant along the 
radial direction, so the argon mass fraction radial profiles in the constrictor mostly depend on the temperature 
distribution. 

Fig. 11 and Fig. 12 show the first derivative and second derivative of ln(T) with respect to r, respectively. It can 
be concluded from the Eq. (12) that the mass flux of gas A  AJ


 is related to Tln ; the Eq. (6) indicates that the 

argon mass fraction distribution is related to AJ


 . So the argon mass fraction is related to the second derivative of 
ln(T) with respect to r, the argon mass fraction increases with negative 22 ln drTd  and decreases with positive 

22 ln drTd . The 22 ln drTd  is negative first and then changes to positive from anode to axis in Fig. 12, so the 
argon mass fraction increases first and then decreases from anode to axis, which is shown in Fig. 9. 

Fig. 13 and Fig. 14 show the second derivative of ln(P*) and ln(T*) with respect to z. Here P* and T* are the 
reduced pressure and temperature, which calculated by Eq. (13). 
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         Figure 9. Argon mass fraction profiles          Figure 10. Temperature (K) and pressure (Pa) 
                     in the constrictor.                                               distributions in the constrictor. 
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        Figure 11. first derivative of ln(T)                            Figure 12. second derivative of ln(T)  
       with respect to r.                                                               with respect to r. 
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The Eq. (6) and Eq. (12) indicate that the argon mass fraction distribution is related to AJ


 , and AJ


  is related 

to the second derivative of ln(P) and ln(T). The term   P
ABBA

2 DmmM  in the Eq. (12) is comparable to T
ABD , which have 

been shown in III B, and the second derivative of ln(P*) with respect to z is about 3~4 times to the second derivative 
of ln(T*), so the pressure gradient is the dominant driven force in the divergence region of the nozzle. Because of 
the positive second derivative of ln(P*), the average argon mass fraction at a cross-section of the divergence region 
increases along the axis, which can be indicated in Fig. 4. 

IV. Conclusion 
Numerical simulations have been carried out to study the effect of demixing on the plasma flow and heat transfer 

of the low-power (kW class) arcjet thruster using the mixture of 90% argon and 10% helium by mass as propellant. 
Modeling results were compared with the case neglect demixing. The modeling results show that considering 
demixing leads to an increase in the anode temperature, but no significant change in the axial velocity distribution. 
This indicates that the demixing in the argon/helium arcjet leads to larger heat flux to the anode, but no significant 
effects on the flow characteristics in the nozzle. Accordingly, demixing has no significant effect on the specific 
impulse and thrust. Due to quasi one-dimensional pressure distribution in the constrictor of nozzle, the argon mass 
fraction is related to second derivative of ln(T) in the near-constrictor region. And the pressure gradient is the 
dominant driven force in the divergence region of the nozzle. 
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Figure 13. Second derivative of ln(P*) with respect to z. Figure 14. Second derivative of ln(T*) with respect to z. 
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