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ABSTRACT

A multi-physics thermochemical non-equilibrium model is established to study the flow characteristics of the plasma sheath around an
atmospheric reentry demonstrator. This model includes the tight coupling of Navier—Stokes equations, 54 chemical reactions of air, and a
four-temperature model. The processes of dissociation, ionization, and the internal energy exchanges of air components were successfully
simulated during aerodynamic heating of the reentry vehicle. The distributions of plasma sheath temperature, the molar fraction of air spe-
cies, stagnation pressure, surface pressure, and electron number density around the reentry vehicle were obtained at different flight altitudes.
Additionally, to validate the numerical model developed in this study, the flow characteristics of the Radio Attenuation Measurement-C-II
(RAM-C-II) vehicle are also simulated and then compared with corresponding experimental data. They show good consistency in general. It
is found that when the vehicle is at a high flight altitude, there is a strong thermochemical non-equilibrium phenomenon around the vehicle.
However, the plasma sheath tends to be in local thermal equilibrium at a low flight altitude. The distance from the shock layer to the stagna-
tion point decreases with a decrease in reentry altitude from 90 to 65 km but increases with a decrease from 65 to 40 km. The electron num-
ber density in the shock layer is maximum. The distribution of the electron number density in the wake region differs significantly at
different flight altitudes.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0131460

between the aeronauts and the ground control center. The high
electron number density in the plasma sheath was reported as the
key reason for the blackout." ~

Figure 1 illustrates the formation of the plasma sheath and RF

I. INTRODUCTION

During the reentry process of a hypersonic vehicle from low-
Earth orbit to the atmosphere, the radio frequency (RF) blackout
between the spacecraft and ground communication stations or

data satellites is one of the fundamental problems needed to be
solved in the field of human spaceflight today. In the processes of
entry, descent, and landing, incoming air is rapidly heated and
compressed owing to the rapid reentry speed, forming an intense
shock layer at the front of the spacecraft, thus promoting air disso-
ciation and ionization reactions with obvious thermochemical
non-equilibrium effects. Eventually, a high-temperature gas sheath
forms, i.e., a plasma sheath. Inside the plasma sheath, there are
large amounts of free electrons and cations around the aircraft’s
surface, enabling it to reflect, absorb, and scatter electromagnetic
waves, resulting in communication interruptions, i.e., a blackout

blackout of the reentry vehicle. In reality, communication interruptions
have been previously observable by humans in various experiments of
reentry flights, including the Radio Attenuation Measurement-C-II
(RAM-C-II)," Mars Pathfinder,” Atmospheric Reentry Demonstrator
(ARD),® and Orbital Reentry Experiment (OREX).” When a com-
munication interruption occurs, the ground base station is not only
unavailable to receive the flight data from the reentry vehicle but
also has great difficulty tracking the location of the vehicle.
Therefore, in the aerospace field, the avoidance of blackout of reen-
try vehicles is a high priority, because it can lead to mistakes in
determining the landing location of the vehicle, high recovery costs,
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serious safety threats to the lives of aeronauts, and ultimately to the
failure of an entire space exploration mission. Since RF blackout is
highly correlated with the plasma sheath properties of the vehicle,
especially the electron number density, it is necessary to reveal the
complex flow characteristics of the plasma sheath before evaluating
signal loss and RF blackout. However, the available ground test facil-
ities, including hypersonic wind tunnels, not only have long experi-
mental periods and high costs but also cannot precisely reproduce
the plasma environment. With significant improvements in com-
puter performance and the accuracy of numerical algorithms in
recent decades, numerical simulation is already a useful method for
researching the plasma sheath.

To date, many researchers have conducted extensive investi-
gations on the plasma sheath of the reentry vehicle. Tchuen et al.'’
employed a multi-temperature Navier—Stokes model to evaluate
various aerothermodynamic parameters of a vehicle with zero
angle of attack in flight. They found that the effects of electron
relaxation and ionization on the species concentration and temper-
ature distribution of the vehicle plasma sheath were significant. If
these factors were ignored in the simulation, they would cause dis-
torted predictions of heat flux and chemical reactions. Takahashi
et al. simulated the aerodynamic heating phenomena of the
Hayabusa vehicle'' and the inflatable membrane vehicle'”'” by a
combination of numerical simulation and experimental validation.
They investigated the characteristics of plasma flow and expansion
flow around the vehicle, respectively, as well as the ability of the
flexible membrane vehicle to mitigate aerodynamic heating.
Palharinl et al.'* used the direct Monte Carlo method to calculate
the hypersonic rarefied gas flow in a cavity, focusing on the chem-
istry and flow field structure in the rarefied environment and ana-
lyzing the cavity flow field structure for different length-to-depth
cases. Surzhikov et al.'” studied the characteristics of the ionized
flow field near the RAM-C-II vehicle using a self-developed non-
equilibrium flow-field simulation model and explained the result-
ing spatial effects. Jung'® simulated a three-dimensional and

@ Radio Frequency
Blackout
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FIG. 1. lllustration of the plasma sheath
and blackout of a reentry vehicle.

axisymmetric model of the OREX plasma sheath. The results
showed that both models could reproduce the vehicle plasma
sheath flow characteristics, although some errors owing to recom-
bination reactions were observed near the vehicle surface. Yao
et al.'” studied the plasma properties of the shock layer along the
stagnation line by developing a high-temperature air collisional
radiation model. The results showed that vibrational processes
mainly control the energy transfer and the role of electron excited
modes is ignorable at low altitudes and low Mach conditions. Liu'*
validated two types of chemical reaction kinetic models, which
were developed by Park and Gupta, using a blunt-headed return
capsule, and the results showed that both models matched the
experiments in terms of capturing shock wave and pressure calcu-
lations, but the Gupta model could obtain more accurate heat flux.
Hao et al.'” used a three-temperature model to investigate the
effect of electron energy non-equilibrium on the characteristics of
a hypersonic flow field. The results showed that the energy modes
rapidly equilibrate and that the electron-energy non-equilibrium
does not influence the flow heat transfer between the surfaces at
very high temperatures. Liang™’ studied the problem of the radia-
tive properties caused by high-temperature gases based on flow
field simulation of hypersonic vehicles, focusing on two types of
high-temperature gas radiation modeling and calculation prob-
lems, namely, equilibrium radiation and non-equilibrium radia-
tion. In the non-equilibrium radiation case, the absorption and
emission decrease with increased flight altitude.

In this study, the ARD is used as the research object to establish a
multi-field coupled model that accurately predicts the variation of the
plasma sheath parameters of the reentry vehicle. A numerical iterative
method is used to solve the Navier—Stokes equations, coupled with the
thermodynamic non-equilibrium model and the 54 chemical kinetic
model. Through the simulation of high-temperature ionization and
internal energy exchange during the aerodynamic heating of the vehi-
cle, the variation of electron number density, particle molar fraction,
pressure, and electron temperature in the plasma sheath of the vehicle
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under different altitude conditions are obtained. This study provides
basic data and theoretical guidance for predicting the flow characteris-
tics of the plasma sheath of a reentry vehicle.

Il. PHYSICAL MODEL AND COMPUTATIONAL DOMAIN

The ARD is an Apollo-like blunt-head return capsule with 70%
of the volume of the Apollo vehicle, the geometry is shown in Fig. 2.
The main components of the vehicle are the head shield, the rear cone,
and the rear cover.”' The head shield is a hemispherical structure with
a radius of 3360 mm, which is connected to the rear cone with an incli-
nation angle of 33° through a shoulder with a cross-sectional radius of
140 mm. The maximum projected diameter of the shield is 2800 mm.

In 1998, the European Space Agency used the Ariane 5 V503 rocket
to send the ARD into its target orbit in space and separated it by using
the ejection mechanism. The ARD relied on its inertia to reach the top of
its intended orbit before reentry into the atmosphere of Earth. Eventually,
the ARD dropped into the Pacific Ocean at a speed of 6.7 m/s owing to
the action of atmospheric friction and an onboard parachute.””

A total of six antennas are installed in the rear cone and are
responsible for communication with the tracking and data relay satellite
(TDRS), the global positioning system (GPS). The GPS and TDRS oper-
ate at 1.575 and 2.267 GHz, respectively.” During the actual reentry of
the ARD to Earth, measurements of the altitude at the beginning and
end of the communication blackout and the electromagnetic wave
amplitude revealed that although there was a serious RF blackout of the
GPS link from 90 to 40 km, the TDRS link has a strong electromagnetic
attenuation phenomenon from 86 to 44km, no RF blackout was
observed. It is difficult to evaluate the blackout phenomenon through
numerical simulations because of the long duration of GPS link disrup-
tion. Therefore, the TDRS link is an ideal tool to study the electron
number density in the reentry flow field, and its installation position is
shown in Fig. 2. The critical electron number density causing RF disrup-
tion can be calculated according to the TDRS link frequency”*

wp 1

2
b € Ne crit
2n 2w

1)

frors = s
€oMie

where frprs represents the TDRS link frequency; e it represents the
critical electron number density causing the RF blackout; and e, m,,

Rc=140 mm

33°
TDRS

In
i

1043 mm

2800 mm

60 ™™

R

-

FIG. 2. Geometry of the ARD.
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and ¢ represent the fundamental charge, electron mass, and free space
permittivity, respectively.

The axisymmetric computational grid of the ARD at 85km in
this paper is shown in Fig. 3. A similar flow field grid is used for the
rest of the altitude. The flow field computational domain is
—10’mm < x < 10*mm, 0mm < y <6000 mm and consists of
141 x 170 grid nodes. To accurately capture the shock layer and simu-
late the flow-field properties, the grid is optimized for the head of the
vehicle and the area near the shock layer.

lll. GOVERNING EQUATIONS AND NUMERICAL
METHODS

A. Flow-field equations

To simplify the calculation, it is assumed that (1) the flow gas
air is composed of 79% N, and 21% O,; (2) the flow field is ther-
mochemically non-equilibrium; (3) the flow meets the conditions
of stability, continuity, and axisymmetry; (4) a four-temperature
model (translational, vibration, rotation, and electron tempera-
ture) is used for the temperature of the flow field; and (5) the
effects of surface catalysis, ablation, radiation, and turbulence are
ignored in the calculation.

Based on the above assumptions, the numerical simulation of the
plasma sheath requires not only the coupling of the total mass,
momentum, and energy conservation equations but also the vibration,
rotation, and electron energy conservation equations of the gas micro-
scopic particles and the air chemistry reaction kinetics model. The
final numerical model is a system of thermochemical non-equilibrium
hydrodynamic equations, thus

0Q  OF _oF,

+ W. ()

The conservation variables Q, the inviscid flux F, the viscous flux F,,
and the source term W in Eq. (2) are represented by the following
matrix vectors. The first to seventh rows of the matrix equations repre-
sent the total mass, momentum, total energy, mass of particle s, rota-
tional energy, vibrational energy, and electron energy conservation
equations, respectively,

.10’ mm < x < 10 mm
5000 F 0mm <y <6000 mm
ixj = 141x170

I
R

4000 [
Inflow
—_

£ 3000 | 7H1]
711
- ]
T T
1L, 177 177
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FIG. 3. The axisymmetric calculation grid of the ARD at an altitude of 85 km.
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where J;; represents the Kronecker delta. D; and X, represent the
diffusion coefficient and molar fraction of species s, respectively,
which can be calculated by the equations given by Curtiss and
Hirschfelder.”” @, represents the mass-production rate of species s.
Sint represents the internal energy exchange rate. u; (or u;) and x;
represent the velocity and the right-angle coordinate system ten-
sor, respectively.
The viscous stress tensor t;; is calculated as follows:

Ouj Ouj  20u
i=Hl st 559 | 4
b N(@xj+6‘xi 3 Oxy 5’) @)

where p represents the viscosity. The total heat flux g; can be described by

T, oT, 0Ty oT. = ;
e ij et 2PV )
where Ty, Trot> Tyib, and Te represent the translational temperature,
rotational temperature, vibrational temperature, and electronic tem-
perature, respectively. A, Arot> Avib, and /. represent the translational,
rotational, vibrational, and electron components of the thermal con-
ductivity, respectively. The first three of these can be calculated by the
Yos formula®?’ and . is calculated by the third-order Sonine
polynomial.”* *’

The gas pressure p is given by

ns ns—1
P - ZPS - Z psRsTtr + peReTe - pRTtr +Pe7 (6)
s s#e

where p,, p. represent the density of species s and charge density,
respectively. R, represents the gas constant. The total internal energy E
is calculated by the following:

ns
1
E= Etr + Erot + Evib + Ee + Z PsAhg + Epuiuiv (7)
s

scitation.org/journal/phf

where Ey, Eio, Evib, and E. represent the translational, rotational,
vibrational, and electron energies, respectively, which are expressed as
follows:

ns

3
E, = ZipsRsTm (8)
s#e
nm
Eror = Z psRsTmty 9)
s=M
nm
psRsG)vib.s
Evio = ' ; (10)
' S:ZM exXp (®Vib,S/Tvib) —1
3
Ee :EPeReTe7 (11)

where Oy, s represents the characteristic temperature of the vibration.

B. Chemical reactions model

To accurately simulate the dissociation, ionization, molecular
recombination, and other chemical reactions occurring in the plasma
sheath of the reentry vehicle under high-temperature conditions,”" as
shown in Fig. 4, this paper proposes to use the complex chemical non-
equilibrium kinetic model, which contains 11 air species
(N3,0,,NO, N, O, NO™, N, O, N*, O",ande") and 54 chem-
ical reactions. The types of species and chemical reactions are listed in
Table I.

The mass production rate of a species @, can be calculated by the
following equation:”>°

NO*

Ionization

Digsociation

wRotatlon Pl Sy \

Translation Q

| Molecule electron excitation

Internal energy modes

FIG. 4. Internal energy exchange and chemical reactions in the plasma sheath of
the reentry vehicle.
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TABLE I. 54 chemical reactions of air. My =Ny, Oy, NO, Nj, 05, NO"; My =N, O, N", O"; M3 =Ny, O, N, O;; Ms=NO, N, O, NO*, N*, O" and

Tf1 = \/TtrTvi ) Tb1 = \/TtTe-

r Reactants Products Ty Ty C, n 0, Reference
1-6 N, + M, = N+ N+ M, Ta T 7.0 x 10% —1.60 113200 32
7-10 N, + M, = N+N+ M, Ta T 3.0 x 102 —1.60 113200 32
11-16 0, + M, = 0+0+M, Ta Ty 2.0 x 10 —1.50 59 500 32
17-20 O, + M, = O+0+M, Th T 1.0 x 10% —1.50 59 500 32
21-24 NO + M; = N+O+M; Ta T 5.0 x 10" 0.00 75500 32
25-30 NO + M, = N+O+ M, T T 1.1 x 10V 0.00 75500 32
31 NO+O = N+0, T Ter 8.4 x 1012 0.00 19450 32
32 N, +0 = NO+N T T 6.4 x 10V —1.00 38400 32
33 NO™ +0 = N* +0, T Ty 1.0 x 1012 0.50 77 200 32
34 O™ +NO = Nt 40, Tee Tee 1.4 x 10° 1.90 26 600 32
35 NO" +N = 0" +N, Te Te 3.4 x 108 —1.08 12 800 32
36 NO*+0 = Oy +N Ty Ty 7.2 x 10%2 0.29 48 600 32
37 NO* +N = Ny +0 Ty T 7.2 x 10" 0.00 35500 32
38 07 +N = N* 40, T T 8.7 x 1013 0.14 28 600 32
39 OF +N, = N +0, T Tee 9.9 x 102 0.00 40700 32
40 0; +0 = 0"+ 0, T T 4.0 x 10" —0.09 18 000 32
41 NO* 40, = 0f +NO T T 2.4 %101 0.41 32600 32
42 O +N, = N; +0 T Ter 9.1 x 101 0.36 22800 32
43 N, +N* = N +N T T 1.0 x 10'2 0.50 12200 32
44 N+N = NJ +e” T T 4.4 %107 1.50 67 500 33
45 0+0 = Of +e Te Te 7.1 x 10? 2.70 80 600 33
46 N+O = NO*t +e” T T 8.8 x 10° 1.00 31900 33
57 N, +e” = N+N+-e~ T. T 3.0 x 10%# —1.60 113200 32
48 N+e™ = Nt +e +e T. T. 2.5 x 103 —3.82 168 600 32
49 O+e™ = Ot +e +e Te T. 3.9 x 10 —3.78 158 500 32
50 NO*™ +0 = NO+O™ Te Tee 3.63 x 101° —0.60 50 800 34
51 NO™ +N = NO+N* Ty Te 1.00 x 10* —0.93 61000 34
52 0,+N, = NO+NO* + e~ Th T. 1.38 x 102 —1.84 141 000 34
53 N, +NO = N, +NO* +e~ Th T. 2.20 x 10" —0.35 108 000 34
54 0, +NO = 0,+NO" +e- Th T. 8.80 x 10'° —0.35 108 000 34

.s:Ms 3 Sb,r_vf,r
é ;(V )
ns p Vir ns p y]{yy
ke, L) —k, L , 12
oGy ]

=1 =1\

where M, represents the molar mass of species s. > and 1" are the
stoichiometric coefficients of products and reactants of a reaction r of
a chemical species s, respectively. The forward reaction rate k¢, and
the backward reaction rate k,, for a chemical reaction r can be calcu-
lated as follows:™

0
ke (T5y) = CT7  exp [ — 1, (13)
r.r(Tf 7. ( Tm)
kt.r (To.r)
Koy (Tpy) = b2 14
br(Tor) K (Thy) (14)

where C,, 1, and 0, are chemical reaction coefficients. K9 is the equi-
librium constant, which can be calculated from the curve-fitting
equation.”’

C. Internal energy exchange model

To simulate the internal energy exchange processes, the rota-
tional energy exchange rate Siy o, Vibrational energy exchange rate
Sintvib> and electronic energy exchange rate Siy . should be used as the
energy source term in Eq. (2). The specific calculation method is as
follows:

Sintrot = Qr-r — Qrov — Qrc + Q" (15)
Sintvib = Qr-v + Qr-v + Qe-v + ng, (16)
Sint,e = QTfe + QRfe - Qefv + QT:) + Qiy (17)

where Qr—g, Qr-v, Qr-e> Qr-v, Qe—v, and Qr_e represent energy
transfer between the translational-rotational energy modes,”
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. . . 39 .
rotational-vibration ~energy modes,” rotational-electron energy
40 : . . 39 . .
modes, ’ translational-vibration energy modes,” electron-vibration
41 . 42 .
energy modes,  and translational-electron energy modes, - respectively.

o QI°, Q5,, and QS represent the energy loss of air molecules.”

D. Boundary conditions

For the boundary conditions of the flow field: (1) at the inflow,
the velocity, temperature, and density of the freestream are used as the
calculation conditions, and the specific values are obtained by the
flight data of the ARD,'® as listed in Table II. The Knudsen number
K,,*? is calculated as shown in Eq. (18). The computed Knudsen num-
ber K, at each altitude is shown in Table II. As summary, the evaluated
Knudsen numbers are less than 0.01 at all altitudes, so the fluid conti-
nuity assumption is reasonable. (2) At the outflow, the flow character-
istics can be obtained by zeroth extrapolation because the flow field is
at supersonic speed. (3) At the vehicle wall, it is assumed that there is
no catalytic effect, no slip, and no pressure gradient. (4) At the central
axis, axisymmetric boundary conditions are used.

K, = (18)

Z )
where L represents the characteristic length of the research target.
L=2.80 m for the ARD."" ] represents the mean free path of molecules.

E. Numerical methods

To obtain the flow field characteristics of the plasma sheath, the
mathematical model already developed in this paper needs to be
solved numerically. For the flow field, the Navier—Stokes equations
involve many conservation equations, such as the total density,
momentum, and total energy equations. The finite volume method is
used to discretize the governing equations. The simple low-dissipation
advection upstream splitting method is introduced to evaluate the
inviscid fluxes of the governing equations. The viscous terms are
obtained by the second-order central difference method. Owing to the
large difference in timescale between the chemical reactions and the
fluid motion in the simulation of thermochemical non-equilibrium
flow, this paper has combined the point-implicit method and the
lower-upper symmetric Gauss—Seidel method to avoid the stiffness

TABLE II. Calculation conditions and Knudsen number for different altitudes.

Altitude Velocity ~ Temperature Density

(km) (m/s) (K) (kg/m?) K,

90 7545 188.3 346 x10°  7.95%x107°
85 7577 191.0 822x10° 335%x10°
80 7609 195.8 1.85x10°  1.49x107°
75 7592 201.7 401x10° 686x10*
70 7452 210.9 883x10° 3.11x10*
65 7145 225.3 1.78x10*  1.54x107*
60 6105 242.0 340x10*  8.09x107°
50 4567 265.2 1.15x10°  239x10°
45 3323 255.6 225%x107° 1.22x107°
40 2218 250.3 436x10° 631x10°
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problem in the calculation results. For the chemical reaction equations,
the finite volume method is used for discretization and the Thomas
algorithm is used for the iterative solution.

IV. RESULTS AND DISCUSSION
A. Flow field characteristics

Figures 5(a) and 5(b) show the temperature and air density pro-
files along the stagnation line of the ARD at 85 and 65 km, respec-
tively. The translational, rotational, vibrational, and electronic
temperatures are completely separated when the air crosses the shock
layer at an altitude of 85km, and there is a strong thermal non-
equilibrium in the flow field. The differences between the four temper-
atures near the shock layer are minimized at an altitude of 65 km. This
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FIG. 5. Temperature and air density profiles along the stagnation line at (a) altitude
of 85 km and (b) altitude of 65 km.

Phys. Fluids 34, 126103 (2022); doi: 10.1063/5.0131460
Published under an exclusive license by AIP Publishing

34, 126103-6


https://scitation.org/journal/phf

Physics of Fluids

is because of the different air densities and the different energy transfer
rates between the internal energy models at the two altitudes. Thermal
equilibrium regions are observed at both altitudes in the shock layer. It
is a result of the rapid increase in air density behind the shock layer.
The increased number of collisions between chemical species and the
accelerated energy transfer between the internal energy models result
in the chemical reactions absorbing a large amount of heat. Eventually,
the temperature of the shock layer decreases. There is a big tempera-
ture gradient owing to the vehicle wall being set as an isothermal wall,
whose values are far smaller than the temperature in the shock layer,
so the temperature decreases rapidly near the wall.

Figures 6(a) and 6(b) show the molar fraction profiles of each
species of the ARD along the stagnation line at 85 and 65 km, respec-
tively. The rates of species reactions in the shock layer at 85 km are sig-
nificantly slower than at 65km, but the trends are similar. When the
air does not pass through the shock layer, O, and N, are the main
components of the inflow. The temperature of the flow field is low, no
chemical reaction takes place, and the molar fraction of the two com-
ponents changes slowly. The molar fraction of O, and N, molecules
decrease when the inflow passes a certain point in the flow field. This
is because the activation energy of the gas molecule is excited by the
rapid increase in the temperature of the flow field when it passes
through the shock layer, causing the dissociation of O, and N, into
oxygen and nitrogen atoms, respectively. In addition, the dissociation
reaction of O, in the shock wave proceeds faster than that of N, owing
to the different temperatures required for the dissociation reaction of
the two molecules, so the molar fraction of O, decreases more rapidly.
The dominant chemicals are N,, N, and O in the shock layer. With the
decrease in the flow field temperature, some of the nitrogen and oxy-
gen atoms undergo a recombination reaction to produce nitrogen and
oxygen molecules, respectively, causing the molar fractions of N, and
O, to rise near the wall. At the same time, the molar fraction of various
ions and electrons decreases due to reduced dissociation and ioniza-
tion reactions.

Figures 7(a) and 7(b) present the molar fraction distributions of
N, and N in the flow field at 85 and 65 km, respectively. Because of
the big temperature difference in the flow field around the vehicle, N,
is more dissociated at 85km and less dissociated at 65km altitude.
Compared with the 65km case, N, in the wake region of the ARD
decreases and N increases significantly in the 85km case, and the dis-
tance from the shock layer to the stagnation point is larger. Similarly,
the molar fraction distribution of O, and O in the flow field at both
altitudes are similar.

Figure 8 shows the gas pressure profiles along the stagnation line
at different altitudes, where p represents the pressure. The external
frame shows the gas pressure profiles from 90 to 70 km, and the local
frame shows the gas pressure profiles from 65 to 40 km. The trend of
the profile is similar at all altitudes, the gas pressure rises rapidly when
passing through the shock layer, slowly rises in the shock wave, and
finally reaches its maximum near the vehicle wall. The maximum gas
pressure increases gradually with a decrease in reentry altitude at all
altitudes except 40 km, where the gas pressure does not follow the pre-
vious rule because of the reentry velocity of the vehicle at 40 km. The
distance from the shock layer to the stagnation point decreases with
decreasing in reentry altitude from 90 to 65 km. The distance increases
with decreasing reentry altitude from 65 to 40 km, resulting from the
combined effect of gas density and velocity of the vehicle.
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FIG. 6. Molar fraction profiles of chemical species along the stagnation line at (a)
altitude of 85 km and (b) altitude of 65 km.

Figure 9 shows the wall pressure profiles of the ARD at different
altitudes. The wall high-pressure region is primarily concentrated in
the vehicle head, and its value rapidly decrease in the rear cone and
back cover region. When the air density gradually increases and the
reentry velocity is high, the wall pressure increases with decreasing alti-
tude. In particular, the increase trend of the wall pressure is more obvi-
ous in the head region of the vehicle. In the rear cone region and the
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back cover region, the pressure profiles calculated at each altitude
almost coincide and the difference in the values is not obvious, which
means that the wall pressure in these two regions is less affected by the
inflow conditions.

The distribution of electron number density in the flow field at
eight different altitudes is depicted in Figs. 10(a)-10(h). The maximum
value of the legend, 6.4x10'® m~, is the critical electron number den-
sity that would cause the RF blackout, which is calculated by substitut-
ing the TDRS link frequency into Eq. (1). The results show that, on
the one hand, the electron number density in the shock layer at all
eight altitudes is greater than the critical value owing to the strong
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shock wave. The electron number density in the wake region, on the
other hand, differs significantly at different altitudes. Particularly, for
the altitude range of 80-65km, the gas density increases slightly due
to the narrow convergence of the expansion flow behind the shoulder
of the vehicle, increasing the electron number density in the wake
region as the reentry altitude decreases. At the same time, the region
where the electron number density exceeds the critical value
completely blocks the ARD, so that the electromagnetic signals
responsible for ground-to-space communications are attenuated,
refracted, and reflected when crossing the area, resulting in a serious
RF blackout. At other altitudes, either because of the thin gas at high
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altitude or owing to the expansion of the inflow, the electron number
density in the wake region is below the critical value, which means
that the electromagnetic wave can relatively easily propagate in the
wake region.

B. Comparisons of the results simulated by different
chemical-reaction models

Figure 11 shows a comparison of the two chemical reaction mod-
els for the flow field parameters at 85km. The models are the 49-
reaction model”” and the 54-reaction model for the 11 air species. The
difference is that the 54-reaction model adds more ionization and elec-
tric charge exchange reactions (i.e., the r = 50-54 reactions in Table I)
relating to NO and NO™ to the 49-reaction model. The differences
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FIG. 11. Comparisons of the results simulated by 54 and 49 chemical-reaction
models at 85 km for the ARD: (a) molar fraction profiles of chemical species along
the stagnation line and (b) distributions of electron number density.
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between the results of the two chemical reaction models are almost
negligible in the molar fraction of chemical species along the stagna-
tion line and electron number density in the shock layer. However, the
distribution of the electron number density in the wake region differs
significantly. It is clearly seen from the comparison that the electron
number density in the wake region obtained from the 49-reaction
model is close to the critical electron number density for the occur-
rence of the RF blackout and even exceeds the critical value in some
areas, while the 54-reaction model obtains an electron number density
that does not exceed the critical value in the wake region. The main
reason for the difference is that with the supplement of NO and NO™
related reactions, the reactions among O,, N,, and NO generate more
NO™, ie., the reactions r=52-54. The concentration of NO™"
increases, which promotes the reactions r = 5051, leading to an accel-
erated consumption of O and N. Eventually, a few associative ioniza-
tion reactions and electron impact ionization reactions occur. In
summary, the 54-reaction model considers more associative ionization
reactions (r=52-54 in Table I) and more electric charge exchange
reactions (r=50-51 in Table I) than the 49-reaction model, the
54-reaction model has higher numerical accuracy in predicting air
chemical concentrations. Therefore, the 54-reaction model has good
application potential in the numerical simulation for the supersonic
flow field of the reentry vehicle.

C. Model validation with experimental data

We validate and evaluate the numerical model using the electron
number density test data of the published electromagnetic attenuation
measurement program C (RAM-C-II) flight test.”** The subject geom-
etry is shown in Fig. 12. It is a blunt spherical cone with a spherical
radius of R, = 0.1542m, a half-cone angle of 0 = 9°, and a total
model length of L =1.295 m. The computational domain of its flow
field grid is —100 mm < x < 1295mm, 0 < y < 1000 mm and consists
of 81 x 91 grid nodes. The flight altitudes used for the validation
model are 61 and 71 km, respectively, and the initial inflow conditions
are listed in Table III.

Figure 13 shows the electron number density along the RAM-C-
IT wall at two altitudes with different wall temperatures compared to
the flight test data. The horizontal coordinate is the horizontal distance
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FIG. 12. Two-dimensional axisymmetric calculation grid of the RAM-C-1.
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TABLE Ill. Free flow conditions.””

Altitude Velocity Temperature Density
(km) Ma (m/s) (K) (kg/m?)
61 23.9 7636 254 2720 10°*
71 259 7658 216 0.769 x 10°*
10” . . . . . .
A Measured data
T (cal.) =550 K
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FIG. 13. Comparison of the electron number density along the RAM-C-II wall with

different wall temperatures set in the simulations at (a) altitude of 61 km and (b) alti-
tude of 71 km.
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along the vehicle wall to the stagnation point, and T, represents the
wall temperature setting in the simulations. By comparing the results
at the two altitude cases, the overall trend and magnitude of the calcu-
lated results for different wall temperatures agree with the experimen-
tal values, with a maximum error of no more than one magnitude. It is
also found that the electron number density calculated for the different
wall temperatures differs despite the same altitude case. As the wall
temperature increases, the electron number density gets closer to the
experimental value. This may be because the higher the wall tempera-
ture, the more intense the chemical reactions in the flow field near the
wall, resulting in the number of electrons generated being closer to the
actual value. Essentially, the vehicle wall temperatures are considered
constant in the numerical simulations. In contrast, the reality is that
the temperatures on different walls of the vehicle vary from time to
time, making it difficult to determine the actual value of the wall tem-
perature. The setting method is one of the vital factors influencing the
reentry environment prediction. So, further study on the accurate
computational method of the wall temperature of a reentry vehicle
might be performed in future to reveal the effect of the wall boundary
condition on the flow-field numerical results of a hypersonic reentry
aircraft.

V. CONCLUSIONS

In this study, the non-equilibrium flow-field characteristics of the
plasma sheath around the ARD were studied at different altitudes. A
multi-physics numerical model developed in this study was used as an
efficient computational method for simulating the plasma flow around
a hypersonic vehicle. The numerical results obtained could provide
basic data and theoretical guidance for revealing the characteristics of
the plasma sheath and the aerodynamic heating of the reentry vehicle.
In summary, the following conclusions are obtained from this study:

Inside the shock wave, the dominant chemical species are N, O,
and N,. A strong thermal non-equilibrium phenomenon occurs at
85 km, but the plasma flow tends to be in local thermal equilibrium at
65km. The flow temperature decreases rapidly near the vehicle wall,
and the molar fraction of N, and O, increases slightly. As the free
stream passes through the shock layer, the gas pressure increases rap-
idly and eventually reaches a maximum near the vehicle wall. The
high-pressure region of the wall is concentrated near the head of the
vehicle. The wall pressure decreases rapidly in the rear cone and rear
cover section of the vehicle. The distance from the shock layer to the
stagnation point decreases with a decrease in the reentry altitude from
90 to 65 km, but increases with a decrease from 65 to 40 km. The elec-
tron number density in the shock layer is the highest, but in the wake
region, it differs significantly at different flight altitudes. RF blackout
occurs from 80 to 65 km. The ARD is completely blocked in the region
where the electron number density exceeds the critical value, while the
electron number density increases with decreasing altitude.

The 54 chemical-reaction model of air considers more associative
ionization reactions and more electric charge exchange reactions relat-
ing to NO and NO™ than the 49 chemical-reaction model. The 54-
reaction model has higher numerical accuracy in predicting air chemi-
cal concentrations, and simulates the plasma sheath environment of
hypersonic reentry vehicles more realistically. The variation trend and
magnitude of the calculated results from the numerical model pre-
sented in this study agree with the experimental data, with a maximum
error of no more than one magnitude. The different setting of the
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vehicle wall temperature influences the electron number density signif-
icantly near the wall.
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