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Effects of weakly ionized hypersonic flow on propagation
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Abstract: The plasma sheath produced in the progress of entry or reentry flight has attracted much
attention as it would impact the propagation of electromagnetic wave. This plasma sheath is a group of
weakly ionized gas in general and has the ability to influent the communication between aero craft and
ground. Sometimes the existence of this plasma sheath even cloud cause the communication blackout
which is not desirable. To improve this problem plenty of researches have done, some of the researches
mentioned that raising the wave frequency could be one way. The development of intensive terahertz
sources broke up the restrain of electromagnetic wave in microwave range, there comes out several
researches on the interaction between terahertz wave and plasma. Computational fluid dynamics was used
in numerical simulating of a thermodynamics and chemical nonequilibrium flow over the aero craft to
calculate the electromagnetic characteristics of plasma layer. Four flight scenes and different incidence
forms were taken to discuss the interaction between terahertz wave and plasma sheath. And the propagation
of terahertz wave along with different paths was discussed. From the simulating results, terahertz wave is
capable to transmit in the plasma sheath with high electron density when the flight height is lower.
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0 Introduction

During the hypersonic flight such as entry of
spacecraft or reentry of vehicle, a shock wave forms
and much of the kinetic energy would be converted
into heat therefore increases the temperature. The high
temperature cause the dissociation and ionization of
molecules in air. Thus a plasma layer which is
referred to as the plasma sheath is created around the
leading edge of the aerocraft. Unfortunately, this

plasma sheath could impact the transmission of

information even causes "communications blackout""!,
Works have done in different aspects such as plasma
control or utilizing the nonlinear properties® to improve
this situation. Due to the exploration of researches on
terahertz wave*®, EM wave in terahertz range could
be used to solve this problem as it has the ability to
penetrate the over dense plasma. Therefore the
investigation of interaction between EM wave and
plasma would be a significative work. In our previous
works?, effects of inhomogeneousity of collision frequency
were discussed. As many works have pointed out the
improvement of un-uniform of electron density, there
is a conclusion that for better results profiles of both
the parameters are needed. As the developing in
numerical simulation of flows, it could be used to
sheath. By

introducing the simulating results of flow field, the

simulate the producing of plasma
electromagnetic characteristics of the plasma layer
could be got. Then the interaction between EM wave
and plasma sheath could be investigated.

In this paper, numerical simulating result of flow

field around a blunted cone is promoted and four
flight scenes are chosen for discussion. The incident
wave propagate through plasma layer achieves at the
surface of spacecraft and reflected, then get out
through the layer again. Frequency of incident wave is
in the terahertz range and it is assumed that the EM
wave launches on the plasma layer at different angels

and locations.

1 Numerical simulation of flow

1.1 Modeling

In this section the method used in numerical
simulating of flow field is afford. It is assumed that
the fluid accords with the continuum approximation
and can be weakly ionized. Two—temperatures model
is applied that 7 is assumed to describe the rotational
and translational energy modes of all species and the
electron energy and vibrational energy are described
by T7,. The conservation equations for the two-

dimensional system can be written as':

AU, d(F-F,) , 9(G-G,) _
at * dx * dy W (D

where U is the vector of conserved variables; F, F,

describe the inviscid and viscous flux vector
components in the x direction respectively; G, G, are
in the y direction which calculated similarly with F,

F,. They are given as following:

Prons Pronsd
pu pu+p
U= pv ,F=1puv ,
E (E+p)u

E, Eu



3692 L9 8 k AR

% 44 %

F=1, (2)
Tmu+ T}q\'v_th_qrx—qvx_ 2 (pxhxud,s)

~qu— 2 (pe.dhas)
where p,.., are the species densities; u and v are the
bulk velocity components; T is the viscous stress
component. E is the total energy per unit volume of
mixture and given by

E= Y, pCosT+ - plu+?)+ 2 phartE, 3)

s#e s#Ee

where C,, is the species specific heat at constant
volume; Ay is the species heat of formation at 0 K
and h, is the species enthalpy; E, is the vibrational
energy per unit volume. ¢g,, ¢, and ¢, are translational,
rotational and vibrational heat fluxes which are
modeled according to Fourier’'s law, the mixture and
species thermal conductivities are determined by
Eucken'’s relation. The species mass diffusion fluxes

are modeled as:

Vv

s I=—pD,VY, (4)

> _> B > > _ sC
Jouml =Y, 21, J, MZ 7

r#e

where J, is in order to guarantee the charge neutrality

of the flow field; D, is the species diffusion
coefficients calculated assuming that the Lewis number
is constant; Y; is the species mass fraction; C, is the
species charge.
The source term is given by

W={..,,,0,0,0,w,}" (5)
where ..., describe the species mass production rates
which are modeled using a standard finite-rate

chemistry model for reacting air. Park’ s two-

temperature  model is  account for  thermal
nonequilibrium effects. The forward and the backward
reaction rates used in this work is Park90. w, is the

vibrational energy source term calculated by

O=SoptSucs+ S+ Sy +Se, (6)
where S, stands for the approximation work electric
field does on electrons; S._, is the vibrational-electron-

electronic energy generated by chemical reactions; S,_,

is the energy transfer between translational-rotational
and vibrational-electron-electronic modes; S,_, is the
energy transfer between heavy particles and electrons;
S._; is the energy removed from free electrons during
impact ionization reactions.
1.2 Simulation of blunted cone

In this section, blunted cone spacecraft which is
most useful for numerical comparisons is taken for
validation®. The flow condition is set as 71km in height,
Mach number is 25.9; temperature of incoming flow
is 216 K. Contours of translational-rotational temperature
and pressure over the spacecraft are shown in Figure 1.
And Figure 2 shows the electron number density
comparisons along the body for blunted cone fight test

at 71 km altitude.
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Fig.1 Translational-rotational temperature and pressure over

the blunted cone

From the picture the numerical simulation could
accord with the experimental data which validate the
method we used in this paper. Based on above
discussion, different altitudes in the reentry of blunted
cone fight are taken to explore the effects of plasma
sheath produced in this progress on the propagation of

terahertz wave.



% 12 3

Tian Yuan et al: Effects of weakly ionized hypersonic flow on propagation of terahertz wave 3693

—A— Numerical simulation

20|
10 o Experiment

10"&

g
= \
10"F ok
Aa,
ANLLA“_“L“
o, ., . ., ., 9
0 1 2 3 4 5 6 7 8
X/R

Fig.2 Electron number density comparisons along the body for

blunted cone fight test at 71 km altitude

2 Propagation of EM wave

2.1 Modeling

In this section, the method used to investigate the
interaction between plasma and EM wave is afforded
and the validation of it is neglected because that it
has been validated in a previous work. The plasma
sheath is divided into a series of slabs according to its
parameters. Varying of parameters in each slabs is
small enough that can be molded as uniform ones.
Therefore the multi-slabs assumption can be utilized
in the analyses of interaction between EM wave and
plasma sheath.

For a uniform plasma slab, the propagation
equation of a plane EM wave along z direction can be

expressed as:
E:E(,exp(jwt—q;z) (7)
{/ is the complex dielectric which defined as:
v Ve, =i ()

e, here is the complex permittivity of high

temperature plasma according to Heald et al.™:

T ® ww K.T
S’ S P S A P
U o((o—ju)xw) |\ [(w—ju)xw,]? mce®

where w is the EM wave frequency; w, is the plasma
frequency calculated by w,=(N.e*/ eym,)"?; w,=eBy/m, is
the electron gyro frequency; K, is the Boltzmann
constant; m, is the electron mass; N, is the number
density of electron. In the plasma sheath, the electron

temperature 7, is assumed to be equal to 7,. As the

plasma slabs are assumed to be uniform, the complex
permittivity of the ith plasma layer can be written as
Equation (9), so the reflection constant of the slab

would be expressed as:

M=V edi=1) =V s, (V-1 + Vi) (10)
During the propagation of EM wave in plasma
slab, it would be absorbed, transmitted and reflected
at the interfaces of each two sub slabs. Reflection and
transmission coefficient would be calculated as similar

as!l:

n-1

R= 2, {(IA(n)P+ H [(exp[—2a(i)d()])*(1-IA(D)I*)]}(11)

n=1
N

7= 1 lexpl-2a()d()](1-1A()P)] (12)

i-1
where N is the total number of slabs; d (i) is the
length of the ith sub slab and when i=1 it is the layer
is air. The absorption constant « could be evaluated
by Equation (9)—(10). Then the absorption coefficient
could be got as A=1-T-R.

2.2 Results and discussion

Combining with the electromagnetic characteristics
calculated with the numerical simulating result of flow
field, the absorption, transmission and reflection power
could be evaluated. In this section, four flight scenes
in blunted cone flight are taken to analyses the effects
of plasma sheath. And the incident wave launches to
the plasma slab at incident angles which are 0° and
60°. It also is assumed that incident wave arrives on
the plasma at two locations one of which is the top of
head (case 1) and the other one is the top half of
head (case 2). It gets into the plasma and then
reflected by the surface, finally gets out of the sheath
again. The absorption and transmission parameters are
induced in Figure 3.

The effects of plasma sheath at different altitudes
on the propagation of EM wave are obvious. First we
focus on case 1 of which the EM wave incidence into
the plasma at the top of head. The transmission
parameters approximate to 0.8 when the incident wave

frequency is 1.5 THz at altitude of 70.1 km. However
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at the 51.82 km high, incident wave frequency should
achieve to 35 THz to make the parameters close to
0.8. This phenomenon is due to the change of plasma
sheath with the variation of fight scene. At altitude of
70 km, the density of air is lower and the reaction is
weaker relatively. As the flight altitude declines, the
higher air density leads to stronger reactions which
make higher electron density and stronger collision.
The incident angle also affects propagation of EM
wave in plasma sheath. When the EM wave is
assumed to achieve at top of spacecraft head, a larger
incident angle would gain the length of propagation
path. Although the electron density would be a bit
lesser, the longer path which makes the whole plasma

parameters larger could absorb more power.

—#-0=0°absorption —®—§=60°,absorption
——@=0°transmission —— @=60°,transmission

—
(=

51.82 km|

e
%
.

o
=N
=

e
»
T

2
)

(a)

Absorption & transmission parameter

20 30 40 S50 60 70 80

Incident wave/THz

oo
—_
(=3

—#—@©=(0°absorption —®—§=60°absorption
——@=0°transmission —~—§=60°,transmission

70.1km

—
(=3

e
%
T

e
=N
T

e
%)
T

4 ) ) (b)
0.5 1.0 1.5 2.0
Incident wave/THz

Absorption & transmission parameter
=3
S

OG
P

Fig.3 Absorption and transmission spectra in flight scenes

of 51.82km and 70.1 km

In Figure 4, comparison between case 1 and case 2
is shown at the altitude 39.62 km and 19.81 km. As
the spacecraft declines to 39.62 km, incident wave in
a range between 1 to 50 THz is mostly absorbed. In

this scenes both the air density and velocity are large

lead to strong reactions lead to large absorptions.
When altitude is 19.81 km, a wave at frequency of
0.35 THz could mostly get through the sheath. It is
because the spacecraft approaches to ground, its
decreasing velocity result in a weaker reaction and the
effects of plasma sheath weaken. Combine with the
discussion above it could be summarized that adjust
the wave frequency with the flight scenes could make
the communication with terahertz wave more efficient

and economical.
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Fig.4 Absorption and transmission spectra in flight scenes

of 19.81 km and 39.62 km

It is obvious that in case 2 of which EM wave
incidence into the plasma at top half of head the
absorption is much lower comparing with that in case 1.
The reason is that the electron density and collision
frequency are much lower along this path. It is more
exactly when the altitude is 39.62 km. On conclusion
is made that keep away from the aero with high
plasma parameters could improve the transmission. It
could be one way to avoid the strong absorption of

plasma sheath.
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3 Conclusion

In this paper, blunted cone is introduced to study
the interaction between terahertz wave and plasma
sheath produced in hypersonic flight is discussed.
Absorption and transmission spectra are shown in
different flight scenes and incident wave launches on
the plasma layer at different angle and location. Due
to the atmosphere condition and the velocity of flight,
reactions of air would varying in differ flight scenes.
However utilizing terahertz wave to realize getting
through the plasma sheath is available. Unfortunately,
at the altitude of 39.62 km the EM wave as high as
90 THz which is very high in communication could
make the absorption parameter lesser than 0.6. Thus
adjust the location at which the incident wave
launches could be one way to improve this situation.
What's more, modifying wave frequency according to
the flight scenes could make it more efficient and

economical.
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