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Abstract: Research on the dynamic properties of a plasma sheath coupled with pitching motion of the vehicle has great signifi-
cance in solving the problem of communication interruption in the process of vehicle reentry. This paper investigates the dynamic 
properties of the plasma sheath by using the simplified conventional Burnett (SCB) equations and the Navier-Stokes (NS) equa-
tions with the thermochemical non-equilibrium effect. The eleven-species chemical kinetic models are applied to the comparison 
and there is verification of a dynamic plasma sheath simulation for the first time. After the introduction of vehicle pitching motion, 
the dynamic results are more consistent with the experimental data than the simulated results when treating it as static state. The 
plasma sheath characteristic parameters show periodic properties, whose changing period is the same as the pitching motion 
period. However, because of different velocities of the pitching motion, phase shifts exist in different positions of the vehicle. The 
enhancement of the rarefied effect weakens the disturbance to the plasma sheath. This research reveals the distribution and reg-
ularities of the dynamic plasma sheath. It is significant in solving the ionization blackout problem and the design of the reentry 
vehicle, and provides reliable data for further research on the dynamic plasma sheath. 
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1  Introduction 

 
The plasma sheath which is formed in front of 

the reentry vehicle is a special complex electromag-
netic environment, which seriously restricts reliable 
information transmission (Yang et al., 2007). Com-
prehensive understanding of the dynamic properties 
of plasma sheath is the prerequisite to ensuring con-
tinuous navigation and communication coverage for a 
reentry vehicle. It has profound theoretical research 
significance and engineering application value (Akey 
and Cross, 1970). However, there are still some lim-
itations in the understanding of the formation mech-
anism and distribution rules of the plasma sheath in a 

complex flow environment in adjacent space. The 
lack of relevant research methods has become a re-
striction on the development of information chain 
safety and target recognition technology of a vehicle 
in the environment of a dynamic plasma sheath (Li, 
2005; Hu et al., 2006). In this context, exploring the 
plasma sheath environment of reentry vehicles and 
objectively understanding the distribution character-
istics and variation rules are cutting-edge research 
projects and are urgent requirements for engineering 
application. 

A lot of numerical investigations of plasma 
sheath for reentry vehicles, such as Radio Attenuation 
Measurement (RAM-C II) (Candler, 1988), the 
Apollo Command Module (Wright et al., 2004), and 
the Mars Space Laboratory (Edquist, 2005) have been 
studied and analyzed. Because of the lack of 
simulation methods, most studies consider the plasma 
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sheath covering the reentry vehicle to be static, but in 
the real reentry environment, the plasma sheath is 
definitely dynamic (Piziali, 1994).  

With the development of computational fluid 
dynamics and computer technology, numerical sim-
ulation has gradually become the main means of 
studying the distribution and dynamic properties of 
the plasma sheath for a reentry vehicle (Ohler et al., 
1999; Scalabrin and Boyd, 2006; Yang et al., 2013). 
Most research is based on the Navier-Stokes (NS) 
equation, but recently some have tried to apply the 
simplified conventional Burnett (SCB) equations to 
the simulation of thermochemical non-equilibrium 
rarefied flow (Zhong et al., 1993). The objective of 
this paper is to reveal the distribution and regularities 
of the dynamic plasma sheath. The numerical simu-
lation methods of the plasma flow field are 
constructed based on SCB equations and NS equa-
tions. Numerical comparison and verification are 
carried out by different chemical reaction kinetics 
models (seven-/eleven-species Gupta/Dunn & Kang/ 
Park finite rate chemical kinetics models) at altitudes 
of 71 km and 81 km, and adaptability analysis is car-
ried out on each model and of its influence on the 
plasma flow field.  
 
 
2  Governing equations 

 
The governing equations of a plasma flow field 

based on NS equations can be summarized as 
 

v v v ,
t x y z x y z
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where t is the time, E, F, G, Ev, Fv, and Gv are the 
inviscid and viscous components in the x, y, and z 
directions, Q is a conserved variable, and S is the 
chemical source. The specific expansion forms are as 
follows: 
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where ρ is the density of the gas mixture, E is the 
electric field intensity, evib is the vibrational energy 
per unit mass, p is the pressure, Ci is the species mass 
fraction, Di is the diffusion coefficient, τ is the stress 
tensor, u, v, and w are the velocities in the x, y and z 
directions, qx, qy, and qz are the translational- 
rotational heat in the x, y, and z directions, qvibx, qviby, 
and qvibz are the vibrational heat flux terms in the x, y, 
and z directions, respectively, ns is the number of 
components, mol is molecule, hi is the enthalpy, i  is 

species production rate, and vib  is the source term of 

vibrational energy and electronic energy. 
To simulate rarefied flow, the conventional 

Burnett (CB) equations are introduced here. These 
have a higher order constitutive relation than the NS 
equations by the Chapman-Enskog expansion 
(Chapman, 1916; Wang and Uhlenbeck, 1948). Tak-
ing into account calculation efficiency, some second- 
order stress terms of the CB equations can be ne-
glected in hypersonic flow because of the dimen-
sional analysis. Therefore, the SCB equations (Zhao 
et al., 2015) are used, and these are applicable to the 
simulation of hypersonic rarefied flow. The high- 
order stress and heat flow terms can be written as  
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where μ is the viscosity coefficient, K1, K2, K6, and 
θ1–θ5 are coefficients in the constitutive relation of 
Burnett’s equations, T is the translational-rotational 
temperature, and  is the ratio of the coefficient of 
heat conduction to the coefficient of viscosity. 
 
 
3  Chemical kinetic models 

 
A chemical kinetic model is the key point of nu-

merical simulation for a plasma flow field. For hy-
personic flow, the commonly used air reaction models 
mainly include five-, seven-, and eleven-species 
models. The five-species reaction model is mainly 
used in the flow field of a chemical reaction without 
ionization of gas, and the species involved are O, N, 
NO, N2, and O2. Since we are focusing on the plasma 
sheath, the five-species model is not applicable. The 
seven-species model is mostly used in the high-speed 
flow field with a velocity of about 7 km/s, and the 
species involved are O, N, NO, N2, O2, NO+, and e. 
According to the calculation states, the seven-species 
model is the most appropriate. The eleven-species 
model is mostly used for reentry flight flow fields 
with a velocity of about 11 km/s, and the species in-
volved are O, N, NO, N2, O2, O2

+, N2
+, O+, N+, NO+, 

and e.  
kf,j is the forward reaction rate and kb,j is the 

backward reaction rate, defined by the Arrhenius 
equation. The calculation expressions are: 
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where the values of Af, Bf, Ef and Ab, Bb, Eb are de-
termined by Gupta’s air reaction model. 

For a multicomponent chemical reaction, the 
chemical reaction formula and the corresponding 
forward and backward reaction rates must be deter-
mined to obtain the formation rate of the components. 
Dunn and Kang (1973), Park (1985), and Gupta et al. 
(1990) all proposed their own reaction and tempera-
ture models. The Gupta model provides the eleven- 
species chemical reaction rate table of air, and con-
tains 20 reaction formulas in total, and the data of the 
first seven reaction formulas are used for the  
seven-species. The Dunn & Kang model contains 26 
reaction formulas, and the data of the first 12 reaction 
formulas are used for the seven-species. The Park 
model contains 21 reaction formulas, and the data of 
the first 11 reaction formulas are used for the  
seven-species. 

 
 

4  Numerical computation methods 
 

The finite volume method (Mazumder, 2016) is 
used for the numerical computations. The advection 
upstream splitting method by pressure-based weight 
function (AUSMPW+) (Kim et al., 2001) is used for 
spatial discretization. The implicit lower-upper 
symmetric Gauss-Seidel relaxation (LU-SGS) (Yoon 
and Jameson, 1986, 1987) with double time steps is 
used for time discretization.  

Since the calculated states belong to the rarefied 
flow, the first-order Maxwell slip velocity boundary 
condition is used for the surface boundary condition.  
The free flow boundary condition is used for the su-
personic inflow boundary condition, and extrapola-
tion interpolation processing is used for the outflow 
boundary condition. The simulation results of the 
steady flow field are taken as the initial value of the 
dynamic flow field. 

 
 

5  Calculation conditions 
 
The experiments on the RAM-C II vehicle focus 

on the plasma sheath distributions, and are widely 
used in the comparison and verification of hypersonic 
vehicle flow field simulation algorithms. The blunt 
cone RAM-C II model’s ball head radius is Rn= 
0.1524 m, half cone angle is 9°, and the total length is 
1.295 m. The computational grid of the vehicle is 
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shown in Fig. 1. The inlet velocity in the test is 
7650 m/s (Walters et al., 1992; Boyd, 2007; An-
drienko et al., 2014). To quantify the distribution of 
the plasma sheath, points A and B are selected on the 
vehicle. Point A locates at x/Rn=1, and point B locates 
at x/Rn=7. The calculation conditions are given in 
Table 1. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

The sinusoidal pitching motion is defined as 
 

max sin(2 ),ft                                  (5) 

 
where α is the time-varying angle of attack, αmax is the 
pitching motion amplitude, and f is the pitching motion 
frequency. The time step is ∆t=10−6 s. 

It is generally considered that the result of nu-
merical simulation converges when the residuals 
decrease by 4 to 5 orders of magnitude. Fig. 2 shows 
the residual convergence curve of dynamic simulation 
results at the altitude of 71 km. This example was 
calculated for more than 40 000 steps, and the con-
vergence curve of the electron mass fraction is also 
given. The convergence curves show that the calcu-
lated results have converged very well, and would 
ensure the accuracy of results.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The grid independence for the numerical simu-

lation of the pitching motion vehicle is analyzed by 
three different grids. The coarse grid sizes (axial× 
normal) are 60×80 nodes. The medium grid sizes are 
80×100 nodes, and the fine grid sizes are 100×120 
nodes. Fig. 3 shows the distribution of heat flow (Qdot) 
under three different grid conditions at the altitude of  
71 km. The results show that the coarse grids cannot 
predict the heat flow correctly. The results show little 
difference between medium and fine girds. To im-
prove the computational efficiency, the medium grids 
with 80×100 nodes are selected for the dynamic 
pitching motion simulation. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

6  Simulation results and discussion  
 
To study the formation mechanism of the plasma 

sheath, the numerical simulation of a steady plasma 

Table 1  Calculation conditions 

Parameter 
Value 

Case a Case b 

Altitude (km) 71 81 

Velocity (m/s) 7650 7650 

Mach No. 25.9 28.3 

Angle of attack (°) ±2 ±2 

Frequency (Hz) 100 100 

Density (kg/m3) 7.19×10−5 1.57×10−5 

Temperature (K) 216.846 196.686 

Fig. 2  Convergence curves of residual and electron mass 
fraction 

Fig. 1  Computational grid of RAM-C II vehicle 

Fig. 3  Heat flow distribution of RAM-C II vehicle 
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sheath is carried out. Figs. 4 and 5 intuitively show 
that as the flight height increases, SCB equations 
acquire thicker shock waves than NS equations, and 
therefore the characterization of the plasma sheath is 
more accurate. The results calculated by the SCB 
equations are superior to those of the NS equations in 
the rarefied flow region. As can be seen from Fig. 5, 
there is a significant difference between translational- 
rotational temperature (T) and vibrational temperature 
(Tv) behind the shock wave region. It indicates that 
there is an obvious translation-vibration non- 
equilibrium phenomenon in this region. The  
translation-vibration non-equilibrium effect is signifi-
cantly enhanced with the increase of flight altitude, 
which indicates that the rarefaction degree of the inflow 
increases with the increase of altitude. The effects of 
rarefied gas on the chemical reaction non-equilibrium 
and thermodynamic non-equilibrium are different. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Numerical comparison and verification are car-
ried out by different chemical reaction kinetics mod-
els (seven-/eleven-species Gupta/Dunn & Kang/ Park 
finite rate chemical models) at altitudes of 71 km and 
81 km, and the adaptability analysis is performed on 
each model and of its influence on the plasma flow 
field. As shown in Figs. 6 and 7, from the contours of 
the temperature distribution, the results calculated by 
different chemical models and different species air 
reaction models are different. The thickness of the 
shock wave calculated by the seven-species air reac-
tion models is greater than that calculated by the 
eleven-species air reaction models. In order to more 
carefully compare the advantages and disadvantages 
of several models, the peak value of electron density 
along the axis of RAM-C II vehicle is given below, so 
that it can be analyzed with quantitative data and 
experimental data. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Contours of temperature for RAM-C II vehicle at 71 km (a) and 81 km (b) 

Fig. 5  Translational-rotational and vibrational temperature distributions along the stagnation at 71 km (a) and 81 km (b)
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As shown in Fig. 8, at the altitude of 71 km, for 

the seven-species model, the error between the peak 
value of electron number density at each section 
calculated by the Dunn & Kang and Gupta models 
and the experimental data is within half an order of 
magnitude, while the error of the Park model is within 
one order of magnitude. At the altitude of 81 km, for 
the seven-species model, the error between the peak 
value of electron number density at each section 
calculated by the Dunn & Kang model and the ex-
perimental data is within half an order of magnitude, 
while the error of the Gupta and Park models is within 
an order of magnitude. For the eleven-species model, 
the results calculated by the Dunn & Kang, Gupta, 
and Park models are significantly different at the 
altitudes of 71 km and 81 km, but the eleven-species 
results of the Park model are more similar to the 
seven-species results of other models. From the above 

results, the seven-species Gupta model and Park 
two-temperature model are adopted for subsequent 
numerical simulation of the dynamic plasma sheath 
with pitching motion in order to improve computa-
tional efficiency. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Under the condition of rarefied flow, the aircraft 

pitching motion can still induce significant dynamic 
characteristics of the plasma sheath. The time-varying 
curves of plasma characteristic parameters at points A 
and B at altitudes of 71 km and 81 km after 13 
pitching motion periods and corresponding attack 
angles of the aircraft are given in Fig. 9. The rarefied 
gas effect resulted in a significant increase in the 
difference of plasma collision frequency between the 
shoulder region and the body region of the reentry 
vehicle. The collision frequency exhibits the same 
periodic time-varying regularity as the pitching  

Fig. 6  Contours of temperature for RAM-C II vehicle at 
71 km 
7: seven-species; 11: eleven-species; DK: Dunn & Kang
model; Gupta: Gupta model; Park: Park model 

Fig. 7  Contours of temperature for RAM-C II vehicle at 
81 km 

Fig. 8  Peak value of electron number density in each 
chemical reaction model at 71 km (a) and 81 km (b) 
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motion frequency of the vehicle at the altitude of 
71 km and 81 km. However, because of different 
velocities of pitching motion, the phase shifts existed 
in different positions of the vehicle. In addition, the 
higher pitching motion velocity of the vehicle still 
does not cause additional disturbance to the charac-
teristic frequency of the wall plasma. 

Fig. 10 shows the plasma collision frequency 
normal to the surface at the altitude of 71 km and  
81 km. T is the period of pitching motion. It can be 
clearly seen that the dynamic results are more con-
sistent with the experimental data than the simulated 
results when treating it as a steady state, and more 
accurate plasma collision frequencies are obtained. 
With the increase of flight altitude, the thickness of 
plasma boundary layer at 71 km and 81 km increased, 
and the change gradient of the collision frequency 
along the normal direction of the object surface is  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

significantly reduced. The difference of steady state 
space plasma collision frequency at different angles 
of attack gradually decreases with the increase of 
flight altitude. The maximum relative deviations of 
steady state of 2° and −2° angles of attack and steady 
state of 0° angle of attack at 81 km are 21.8% and 
23.6%, respectively. 
 
 
7  Conclusions 

 
Comprehensive understanding of the dynamic 

properties of the plasma sheath is a prerequisite for 
hypersonic reentry vehicle navigation and commu-
nication. In this study, the method of steady and dy-
namic plasma sheath simulation for rarefied flow is 
proposed. The results calculated by SCB equations 
with thermochemical non-equilibrium effect are  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 9  Plasma collision frequency for RAM-C II vehicle at 71 km (a) and 81 km (b) 

Fig. 10  Plasma collision frequency normal to the surface at 71 km (a) and 81 km (b) 
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superior to those from NS equations in the rarefied 
flow condition. The shock waves predicted by the 
SCB equations are thicker, which leads to the initial 
position of the chemical reaction of air species farther 
away from the surface, and also have an obvious 
influence on the description of the characteristic pa-
rameters of the plasma sheath.  

The numerical comparison and verification are 
carried out by different chemical reaction kinetics 
models. The results calculated by the seven-species 
Gupta model are superior to the other models, and the 
errors are within half an order of magnitude.  

Finally, the dynamic results are more consistent 
with the experimental data than the simulated results 
when treating it as in steady state. The plasma sheath 
characteristic parameters show periodic properties, 
where the changing period is the same as the pitching 
motion period, but it has a phase delay in the body 
region because of the higher pitching motion velocity. 
With the increase of flight altitude, the rarefaction 
effect leads to an increase of the molecular mean free 
path, and the chemical reaction gradually weakens 
and tends to freeze, which leads to the significant 
decrease of plasma concentration. The enhancement 
of the rarefied effect weakens the disturbance to the 
plasma sheath caused by the vehicle pitching motion. 

This research reveals the distribution and regu-
larities of the dynamic plasma sheath. It has signifi-
cance for solving the ionization blackout problem and 
the design of the reentry vehicle, and provides more 
reliable data for further research on the dynamic 
plasma sheath. However, this paper only studies the 
dynamic characteristics of the plasma sheath  
with pitching motion. More forms of dynamic prop-
erties can be studied to gain a more comprehensive 
understanding. 
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中文概要  
 

题 目：俯仰运动下等离子鞘套动态特性数值研究 

目 的：通过对俯仰运动情况下的钝锥体等离子鞘套进行

数值模拟，揭示动态等离子鞘套的分布规律，提

高数据的可靠性，为进一步研究入射电磁波与动

态等离子鞘套的相互作用机理提供有力依据，并

为再入飞行器黑障问题的解决和再入飞行器设

计提供参考。 

创新点：考虑热化学非平衡效应的简化常规 Burnett（SCB）

方程能够更准确地描述再入飞行器等离子鞘套

的动态分布规律。 

方 法：1. 提出稀薄流域稳态与动态等离子鞘套数值模拟

方法；2. 对不同化学反应动力学模型和热力学模

型进行数值比较和验证；3. 引入俯仰运动后对再

入飞行器等离子鞘套的动态特性进行数值模拟。 

结 论：1. 在稀薄流条件下 SCB方程模拟得到的激波更厚,

对等离子鞘套的刻画更为准确精细。2. 7 组元

Gupta 化学反应模型与 Park 双温模型的计算结果

优于其他模型。3. 引入俯仰运动后，飞行器不同

位置的碰撞频率等关键参数与俯仰运动的周期

存在相位差；同时增强稀薄效应将减弱俯仰运动

对动态等离子鞘套的扰动。 

关键词：等离子鞘套；动态；热力学非平衡；稀薄流 


