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Keywords:
Terahertz wave

Plasma sheath prediction of hypersonic vehicle is critical to radio frequency (RF) blackout solutions as well as
vehicle design and development. In this paper, an optimized chemical reaction (OCR) model by considering the
difference in reaction rate coefficient under different re-entry heights is proposed to obtain more accurate plasma
sheath distribution. In the OCR model, the correction coefficient of chemical reaction rate at different heights is
obtained by deriving the relationship between vehicle surface temperature and reaction rate. Further, through
the coupling with hypersonic plasma flow model and co-simulation with terahertz transmission model, the in-
fluence of reaction rate uncertainty on the plasma sheath and terahertz transmission characteristics under
different heights is studied. The reaction rate uncertainty has little effect on the collision frequency and sheath
thickness, but has a significant effect on the electron density. Numerical simulations and comparisons with flight
data validate the electron density prediction accuracy of OCR model was improved by more than 13.1%
compared with the traditional chemical reaction (TCR) model, which causes prediction accuracy of signal
attenuation at 0.05 THz improves about 25%, and it gradually decreases with the increasing terahertz frequency.
The above conclusions are of great significance for the communication attenuation prediction and RF blackout
schemes.

Plasma flow
Plasma sheath
Flight parameters
Chemical reaction
Attenuation

Introduction dynamics (CFD) method have been developed to investigate the plasma
sheath characteristics, and reentry communication schemes is further

During the reentry of hypersonic vehicle or spacecraft return studied by combining electromagnetic computing models. Kundrapu

capsule, the plasma sheath is formed due to the shock wave effect and
chemical non-equilibrium effect caused by ultra-high speed [1-2].
Plasma sheath has a significant impact on the tracking, telemetry and
command (TT&C) systems, and in severe cases can produce RF blackout,
posing a serious threat to vehicle safety [3-4]. Therefore, accurate
plasma sheath distribution is the basis for interaction between electro-
magnetic (EM) wave, reentry communication prediction, and plasma
sheath and proposal of RF blackout mitigation scheme [5]. Although the
electronic density and other data were obtained by reentry flight project,
the entire plasma sheath distribution could not be obtained, and reentry
flight experiment is difficult to carry out due to large resources [6-7].
In recent years, many numerical models by computational fluid

and Tang et al use finite volume method to solve the plasma sheath
characteristics of Radio Attenuation Measurement C (RAM C) vehicle
under chemical nonequilibrium (7 species chemical model), and the
potential feasibility of magnetic window and terahertz communication
schemes is verified by finite-difference time-domain (FDTD) and scat-
tering matrix method (SMM) method, respectively [8-12]. Takahashi et
al have developed flow field model under thermochemical nonequilib-
rium flow (11 species chemical model and two-temperature model)
based on the RG-FaSTAR solver to obtain plasma sheath distribution,
and combined with FD2TD method to predict the vehicle reentry
communication [13-14]. Li et al have proposed a multi-physical
coupling model of plasma flow and EM based on the ANSYS fluent
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Fig. 1. Existence and analysis of uncertainty of chemical reaction model in
different reentry height cases.

solver and FDTD method, and verified that high-power microwave can
enhance the ability of low-frequency EM waves to pass through plasma
sheath [15-16]. Ouyang et al have developed hypersonic plasma flow
model under thermochemical non-equilibrium (7 species chemical
model and two-temperature model) based on USim code, and proposed a
new vehicle shape optimization scheme for mitigating RF blackout
problem [17]. Obviously, hypersonic plasma flow model developed in
the above work plays an important role in vehicle communication pre-
diction and RF blackout mitigation schemes.

Chemical reaction models under hypersonic plasma flow are used to
describe the chemical non-equilibrium effect, which almost adopts the
model proposed by Park and Gupta [18-20]. These chemical models are
suitable for a wide temperature range, but reaction coefficients of these
models are determined by experimental results at specific temperature,
which will lead to a certain uncertainty in the reaction coefficients of
chemical model. In 2018, Jung et al have proposed the concept of un-
certainty of chemical reaction rate model and analyzed its impact on
plasma distribution and reentry communication attenuation, related
results show that the impact of associated ionization reaction is most
significant [21-22]. In 2020, Ouyang et al have further quantitatively
studied the impact of ionization and non-ionization reaction rates on
plasma sheath characteristics and communication attenuation, the in-
fluence of ionization reaction rate is much greater than that of non-
ionization reaction [23-24]. In 2021, Takasawa et al have verified
theoretically and experimentally that reducing the ionization reaction
rate via surface catalysis can effectively reduce the electron density and
electromagnetic wave attenuation [25-26].

Although the above studies have verified that the rate uncertainty of
chemical model has a significant impact on the prediction of the plasma
sheath and reentry communication, they all change the reaction rate
through artificial or catalytic action to observe the impact of rate un-
certainty. However, when wide temperature chemical reaction model
applied to the research of different flight parameters or vehicle shapes,
influence of uncertainty of reaction coefficient is really existing. As
shown in Fig. 1, taking different reentry heights as an example, reaction
coefficients of chemical model applied to different reentry heights are
completely consistent. However, the atmospheric environment and
vehicle speed at different reentry heights are completely different,
which will lead to different temperatures around hypersonic vehicle
[1,27-29]. Different temperatures will further lead to different actual
reaction coefficients, so uncertainty of chemical reaction model will
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cause certain errors in the prediction of plasma sheath and communi-
cation attenuation at different reentry heights (It is also the same for
different flight parameters and vehicle shapes). In addition to the
detailed analysis of uncertainty effects of chemical reaction models
under different reentry heights, how to reduce or even eliminate the
errors caused by uncertainty effects of reaction rates also needs to be
further studied.

This paper is organized as follows. In Sec. 2, OCR model considering
the uncertainty of temperature reaction rate coefficient at different re-
entry heights is proposed, and the coupling of hypersonic plasma flow
model and OCR model, and joint simulation process with terahertz
transmission model are introduced in detail. In Sec. 3, phenomenon of
reaction rate uncertainty under different re-entry heights, and influence
of reaction rate uncertainty on the plasma sheath and terahertz trans-
mission characteristics are analyzed and discussed. Finally, related
conclusions are summarized in Sec. 4.

Description of model

The uncertainty of chemical reaction model coefficients caused by
different temperatures around RAM C vehicle (Specific configuration of
RAM C vehicle can be observed in reference [23]) in different reentry
heights is first analyzed by hypersonic plasma flow model, which has
been validated by flight test data in previous work [23-24]. Then, by
considering the change of the actual reaction rate coefficient caused by
temperature difference around vehicle at different reentry heights, the
chemical reaction optimization model is developed to analyze the in-
fluence of reaction rate uncertainty under different flight conditions.
Finally, by coupling the hypersonic plasma flow model and chemical
reaction optimization model considering influence of uncertainty, the
plasma sheath characteristics at different reentry heights are solved and
compared with original plasma flow model results and flight data.
Furthermore, reentry communication attenuation considering the in-
fluence of uncertainty of reaction rate coefficient under different reentry
heights is discussed based on the SMM method.

Hypersonic plasma flow model

Hypersonic plasma flow model developed in previous is expressed by
the Navier-Stokes (N-S) governing equations in two-dimensional form.
00 OoF oG OF, 0G,

ot =—+
ot dx dy ox dy

where Q and w represent the conservative vector and source term, F
and F, refer to the convective flux vector at x and y directions, G and G,
refer to the viscous flux vector at x and y directions. The 7 species 18
chemical reaction model and single temperature model are used to
describe the chemical non-equilibrium effects and thermodynamic
equilibrium state in this paper, the seven species are N,,0,,NO,N,O,NO™
e. Therefore, the N-S governing equations can be expanded as:
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Fig. 2. Temperature distribution around RAM C vehicle under different reentry heights. (a) 30 km. (b) 40 km. (¢) 50 km (d) 61 km.
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where p refer to the density, u and v represent the flow speed in the x and
y directions. p and E represent the total pressure and energy, which can
be obtained by thermodynamic model [23-27]. 7 refer to the total
pressure and stress tensor, g, H and J are the heat, enthalpy and diffusion
flux, these parameters can be calculated by transport model [15-17]. @
refer to the change rate of species density, which can be obtained by
chemical nonequilibrium model [9-12].

Optimized chemical reaction model

For different reentry heights, the flight speed and atmospheric
environment (initial temperature, pressure and density of freestream) all
changed during vehicle reentry, as show in Table 1 [16]. The changes in
flight parameters will cause the changes in temperature around vehicle,

which will further affect the reaction rate of chemical reactions. In order
to clarify that the current wide temperature chemical reaction model
needs to be further optimized to reduce the influence of the uncertainty
of reaction rate coefficient, the influence of reentry height on the tem-
perature around vehicle is first analyzed.

Fig. 2 compares the temperature distribution under different reentry
heights based on the hypersonic plasma flow model, the reentry height
range considered in this work is 30 ~ 61 km, corresponding hypersonic
vehicle is RAM C vehicle and the configuration parameters of RAM C
vehicle can be found in reference [23-24]. Maximum temperatures
around RAM C vehicle corresponding to the reentry heights of 30 km,
40 km, 50 km, and 61 km are 2.05 x 10* K, 1.97 x 10*K, 1.80 x 10?K
and 1.68 x 10* K, respectively.

Although the temperature around vehicle cannot fully represent the
temperature of actual chemical reaction, there is a positive correlation
between the two. The higher the temperature around vehicle is, the
higher the temperature of actual chemical reaction is. The increase of
actual reaction temperature will inevitably lead to the increase of
chemical reaction rate. Therefore, the wide temperature chemical re-
action model should consider the effect of flight parameters on the re-
action rate and be further optimized.

The specific chemical reactions and related reaction parameters of
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Table 1

Initial conditions for different heights.
Height Temperature (K) Density Velocity
(km) (kg/m®) (m/s)
30 231.2 1.801 x 102 6550
40 253.2 4.360 x 10 7380
50 266.2 1.150 x 10 7620
61 244.3 2.816 x 10 7650

Table 2

Related reaction coefficient of OCR model.
r Chemical reaction A n Ea
1-3 Ny + My=N+ N+ M, f; x 6.76 x 1013 -1.6 9.41 x 10°
4-5 Ny + My=N + N 4+ M, fi x 2.01 x 102 -1.6 9.41 x 10°
6-8 0y + Mj=0 + 0 + M, fy x 1.53 x 1013 -1.0 4.95 x 10°
9-10 02 + My=0+ 0 + M, fy x 4.60 x 10710 -1.0 4.95 x 10°
11-13  NO +M;=N + 0 + M, f3 x 3.82 x 1073 0.0 6.28 x 10°
14-15  NO + My=N + 0 + M, fq x 4.42 x 104 -0.5 6.28 x 10°
16 N, + 0=NO + N fs x 2.99 x 1017 -0.1 3.13 x 10°
17 NO + 0=0; + N fs x 5.58 x 107° 129  1.60 x 10°
18 N + 0=NO" +e f, x 1.08 x 10718 0.0 2.66 x 10°

M1 = 1\]27 027 NO; Mz = N, 0.

currently commonly used wide-temperature chemical reaction models
(which is defined as the TCR model in this paper) are shown in Table 1
[9-12,17-20]. According to the relevant shock wave experiments, flight
experiments and simulation results [18-20,22-23,30], actual reaction
temperature Ty corresponding to TCR model is set to be 20000 K in this
paper. The electron density calculation results of current hypersonic
plasma flow model are all higher than flight data [6-14], which in-
dicates that the plasma sheath formation process considered in the
plasma flow model is more violent than the experimental results.
Therefore, the vehicle surface temperature Ty, of classic case of RAM C
vehicle under reentry height of 30 km was considered to correspond to
the reaction temperature of TCR model (Fig. 2(a)), which is equal to
20500 K.

T, = 20000K, T,, = 20500K 5)

It is no doubt that there is a positive correlation between the vehicle
surface temperature and actual reaction temperature Therefore, it is
considered in this paper that the temperature around vehicle is pro-
portional to the actual temperature of chemical reaction.

T. _T,*

T, T, ©

where T, and T," represent the vehicle surface temperature and actual
reaction temperature at different reentry heights, and T,," can be
calculated by hypersonic plasma flow model (Fig. 2). Therefore, the
actual reaction temperature at different reentry heights can be obtained
according to equations (5) and (6).

The modified Arrhenius formula with four parameters is expressed
as:

T\" E,
(1) =4 (555) exo(-2) @

where n' represents an exponential constant, and the values of n' corre-
sponding to different chemical reactions can be obtained from Table 2.
The forward reaction rate at a certain reentry height is expressed as:

h

T,"\"  E
kf(Txrh) :A<29 ) eXp(_W) (8)

where A, n, and E, are the forward rate constant coefficient, as show in
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Table 2. Combining Egs. (6) and (8), we can get:

T, \" (T.,"\" E
k T h :A sr vr __(1
/(1) (298> (T) e"p( T)
E [T
L (D 9
Xexp( 2 (Twh )) ©

The simplified transformation of Eq. (9) leads to:

7.)\" [ E, (T, "
kf(T.wh) = k(Ty) ( T ) (— T (T . 1) ) (10)

Therefore, the influence coefficient of chemical reaction uncertainty
f at different reentry heights can be obtained according to Eq. (10).

T,\"( E. (T, .
B (TW> <_T_N(Tvrh_l)) (11)

It should be noted that the values of n and E, corresponding to
different chemical reactions (such as N + O=NO"' + e, NO + N=N +
O + N, N, + O,=N + N + O,, etc.) are different, which will lead to
different values of the uncertainty influence coefficient f corresponding
to different reactions in the chemical reaction model. Therefore, the
uncertainty influence coefficients corresponding to chemical reactions
1-5,6-10,11-13,14-15,16, 17 and 18 are f; f7, respectively, as show in
Table 2. Therefore, chemical reaction model is optimized by compen-
sating the uncertainty influence coefficient.

_ ke (7")

I =%

Terahertz wave propagation model in plasma sheath

EM wave attenuation in reentry plasma sheath is solved by SMM
method [17,24], the principle of SMM method is to divide the plasma
sheath into m uniform thin layers with a thickness of Ad = d;, —dp-1.
Each thin layer of plasma can be regarded as an electromagnetic loss
medium, and the plasma relative permittivity can be obtained from the
data of electron density and collision frequency solved by hypersonic
plasma flow model coupled with OCR model.

_ (W/)/Ve)z
1+ (w/v.)

. w2 /wv, 12
]1+(w/ve)2 12

Ern =

where wj, is plasma frequency, which is determined by electron density,
v, and w refer to the collision frequency and EM wave angular frequency.
Subscript n is the number of plasma layers.

EM wave propagation characteristics through plasma sheath can be
expressed in global matrix form.

n=m

Sy = - Sy =[S Se] 13)

where S, can be calculated as:

-1
_ 1 1 e*mel emel

Sm B |:km _km:| |:kmleQmI 7km—leQ”ﬁI (14)

where Q,,_1 can be solved as:

mel :jkmfl Ad (15)

where k refers to the wavenumber, which can be calculated as:
ki = kor/€rm (16)

where kg refers to the wavenumber of free space, which can be solved by
ko = 2xfo/c. fo and c represent the EM wave frequency and speed of
light, respectively.

Through the electromagnetic boundary matching between different
plasma layers, the transmission T and reflection R coefficients of EM
waves can be solved by the global matrix.
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Fig. 3. Joint simulation process of hypersonic plasma flow model coupled with OCR model and EM wave transmission model.

R _
|:T:| = —[ng *V] I.Sg] (17)
where V can be obtained as:
L (km + km+1)eQ'"
" 2k | (k= iy e O (18)

According to the transmission coefficient and reflection coefficient of
EM wave, the absorption coefficient A can be solved.

AP =1-IR"~|T] 19

The power transmission T,, power reflection R, and power absorp-
tion A, coefficients are expressed as:

T, =|T],R, = |R]’,A, =1—-T,—R, (20)

Finally, the specific attenuation value G (in dB) of EM wave passing
through the plasma sheath can be calculated according to the trans-
mission coefficient.

G = 20Ig|T]| 1)

Joint simulation process of multi-physical field model

Based on the hypersonic plasma flow model, OCR model and EM
wave transmission model, a joint simulation model is developed to
investigate the influence of uncertainty of chemical reaction model on
the plasma sheath and terahertz transmission characteristics under
different reentry heights, and verify the accuracy of the prediction re-
sults of OCR model by compensating the uncertainty influence coeffi-
cient. The specific joint simulation process as shown in Fig. 3.

Firstly, the surface temperature around RAM C vehicle is solved by
hypersonic plasma flow model, the difference in reaction rate coefficient
caused by different temperatures is analyzed, and the existence of un-
certainty of reaction coefficient at different reentry heights is deter-
mined. Secondly, by coupling the hypersonic plasma flow model and the
OCR model considering the uncertainty of feedback reaction coefficient,
plasma sheath characteristics under different reentry heights are solved
and compared with TCR model results and flight data. Finally, based on
the above plasma sheath distribution solved, the EM wave transmission
characteristics at different reentry heights considering the influence of
the uncertainty of reaction coefficient are further analyzed, and
compared with the results under TCR model.

107 , - , v

"::: 102 a-N,*M (M,) =N+N+M (M) ||
v O,+M_(M,)=0+0+M (M,)
—o—NO+M_ =N+O+M,

10 Wa —+—NO+M,=N+O+M, i

_ / ——N,+O=NO+N

.l NO+O=0,+N

> “~N+O=NO"+e

10 : : ' '
1.5 1.6 1.7 1.8 1.9 2
T (K) x10*

Fig. 4. Relationship between the rate uncertainty influence coefficient and
temperature around vehicle at different reentry heights.

Results and discussion

Analysis of influence coefficient of reaction rate uncertainty under
different reentry heights

In Section 2.2, it has been determined that the temperature differ-
ence at different reentry heights will lead to the uncertainty of the re-
action rate coefficient by analyzing the temperature around vehicle at
30 ~ 61 km (Fig. 2), and a model for the influence coefficient of reaction
rate uncertainty has been derived (Equation (11)). Based on the calcu-
lation equation of influence coefficient of reaction rate uncertainty, the
relationship between the temperature around vehicle and influence
coefficient of reaction rate uncertainty is solved. As shown in Fig. 4, the
reaction rate coefficient corresponding to different temperatures around
the vehicle are completely different.

According to Fig. 4, with the increase of temperature, rate uncer-
tainty influence coefficient of chemical reaction all increases, which
means the increasing of reaction rate, but different chemical reactions
show differential responses to temperature around vehicle. Temperature
has the most significant effect on the reaction rate uncertainty
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Table 3

Correction of chemical reaction coefficients under different reentry heights.
Reentry height fi o f3 fq fs fe f;
30 km 1.0 1.0 1.0 1.0 1.0 1.0 1.0
40 km 0.08 0.27 0.17 0.18 0.42 0.60 0.48
50 km 0.02 0.11 0.06 0.06 0.24 0.43 0.29
61 km 0.01 0.04 0.02 0.02 0.13 0.30 0.18

coefficient of No=N+N (reactions 1-5) and NO=N+O (reactions
11-15), the reaction rates of NO+O=0,+N (reaction (17) and
N+0=NO" +e (reaction (18) are relatively less affected. It is worth
noting that although the rate uncertainty coefficient of ionization re-
action is relatively less affected by temperature, the reaction rate in-
creases by about 68 times when the temperature around vehicle
increases from 15000 K to 20000 K. According to previous research
results, the ionization reaction has the most significant effect on the
electron density in all chemical reactions, changes in the ionization rate
by several tens of times affect the electron density by more than an order
of magnitude [22-26]. Therefore, the uncertainty of reaction rate at
different reentry heights actually exists, and it will obviously have a
certain impact on the characteristics of the plasma sheath.

Based on the temperature around vehicle in Fig. 2 and the influence
coefficient of reaction rate uncertainty are solved by Equation (11), as

0.5
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shown in Table 3. It is obvious that the reaction rates of various chemical
reactions have changed to varying degrees with the change of reentry
height. The influence of reaction coefficient uncertainty under different
heights on the plasma sheath and EM wave transmission characteristics
will be further discussed in the next section.

Impact of chemical reaction uncertainty under different heights on the
plasma sheath characteristics

Based on the coupling of OCR model considering reaction rate un-
certainty and hypersonic plasma flow model, the plasma sheath char-
acteristics under different reentry heights are numerically solved. Fig. 5
shows the electron density distribution calculated by OCR model under
different reentry heights. It is obvious that compared with TCR model,
the electron density predicted by OCR model considering reaction rate
uncertainty under different reentry heights decreases slightly. The peak
electron density reduced from 1.70 x 10%! to 1.59 x 10%! m~3 under 40
km, reduced from 5.30 x 10%° to 4.47 x 10%° m 2 under 50 km, and
reduced from 1.27 x 10%°t0 7.76 x 10'° m~3 under 61 km. The reason is
that the influence coefficient of rate uncertainty is compensated under
OCR model and the chemical reaction rate significantly reduces, espe-
cially the reduction of ionization reaction rate (reaction (17) leads to the
reduction of electron density.

n.(m~3)

-— 1.59e+21

—2.27e+18

3.05e+15

"'E‘ 4.10e+12
S
=

5.50e+09
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Fig. 5. Electron Density distribution around RAM C vehicle based on the OCR model under different reentry heights. (a) 30 km. (b) 40 km. (¢) 50 km (d) 61 km.
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Fig. 6. Comparison of electron density of the OCR model with the TCR model
and flight test experiments. (a) Different reentry heights at station 2. (b)
Different stations at 61 km.

In order to further verify the prediction results based on the OCR
model, Fig. 6 compares the peak electron density under different reentry
heights and stations with that of TCR model and flight experiments. In
the flight tests of RAM C vehicle, a number of microwave reflectometers
were installed at four stations (y = -0.046 m, —0.232 m, —0.701 m and
—1.060 m) on the vehicle surface to measure the electron density in
reentry plasma sheath.

It is obvious from Fig. 6 that the variation trend of electron density
under OCR model and TCR model are all in good agreement with the
flight experiment data at different reentry heights and stations. How-
ever, the electron density of OCR model has less error than that of TCR
model compared with the flight experiment data, especially at the
reentry altitude of 61 km (Fig. 6(a)). The electron density corresponding
to OCR model and TCR model under 40 km are 2.60 x 10*° m~2 and
2.26 x 10%° m~3, respectively. Prediction accuracy for electron density
of OCR model is improved by about 13.1%. The electron density cor-
responding to OCR model and TCR model under 61 km are 2.65 x 10'8
m~2 and 4.50 x 10'® m~3, respectively. Prediction accuracy for electron
density of OCR model is improved by about 38.9%. The reason for the
significant improvement in prediction accuracy is that the corrected
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ionization reaction coefficient of OCR model under 61 km is about 0.18
times that of traditional wide-temperature TCR model, resulting in a
closer electron density to the measurement results of flight data.

In addition, the electron density for different antenna stations at 61
km of OCR model were compared with other researchers and flight
experiment data (Fig. 6(b)). The calculated electron densities of TCR
under the plasma flow model are in good agreement with other re-
searchers’ results, which have also been reported in previous studies
[8,10,12]. It is worth noting that no matter where the antenna station is,
the electron density of the OCR model proposed in this paper is slightly
lower than that of TCR model, and it is more consistent with the flight
experiments.

According to the previous research results [8-12,27-29], electron
density, collision frequency, and plasma sheath thickness are the main
factors affecting the vehicle communication in the plasma sheath.
Therefore, the effect of OCR model on the collision frequency was
further analyzed, and the effect of plasma sheath thickness can be ob-
tained from the electron density and collision frequency distribution.
The electron collision frequency can be calculated according to pressure
and temperature [31].

v, = 5.814 x 1022712 (22)
Po

where p, refers to the standard atmospheric pressure under different
reentry heights.

Fig. 7 shows the collision frequency distribution under OCR model
under different reentry heights. The peak collision frequencies corre-
sponding to 30 km, 40 km, 50 km, and 61 km are 361 GHz, 114 GHz,
36.5 GHz and 13.4 GHz, respectively, which are consistent with the peak
collision frequency values corresponding to wide temperature TCR
model [8-12]. Furthermore, it is obviously that there is little difference
in the collision frequency distribution and plasma sheath thickness be-
tween the OCR and TCR models. The reason is that the reaction rate
correction considering influence of flight parameters feeds back the re-
action rate through the temperature difference under different flight
parameters, which has no effect on the original reaction temperature
and pressure. Therefore, the collision frequency and plasma sheath
thickness are not affected by the reaction rate uncertainty, which is in
full agreement with Ref. [10].

Fig. 8 further compare the specific distribution of electron density on
the terahertz wave transmission path under TCR model with OCR model
considering the influence of reaction rate uncertainty. The collision
frequency is not affected by the reaction rate uncertainty, which is in full
agreement with Ref. [10]. The terahertz wave antenna is located at y =
-0.6 m on the vehicle surface. Obviously, except for the reentry altitude
of 30 km, the electron density of the OCR model at 40 ~ 61 km along the
terahertz transmission path has a certain degree of decline. The reason is
that when discussing the influence of uncertain reaction speed caused by
temperature differences at different re-entry altitudes, in this paper, the
temperature at a re-entry altitude of 30 km (the highest temperature at
all re-entry altitudes) is set to match the actual reaction temperature of
the TCR model. And as the re-entry height increases, the electron density
of OCR model decreases more than that of the TCR model. The
maximum electron density on the terahertz transmission path decreases
from 2.24 x 10" m™3 to 1.95 x 10'® m™> (0.87 times) at 40 km, de-
creases from 7.8 x 10'® m 3 to 5.55 x 10'® m~3 (0.71 times) at 50 km,
decreases from 5.94 x 10" m~3 to 3.34 x 10'® m~3 (0.56 times) at 61
km.

Based on the above analysis, the influence of reaction rate uncer-
tainty under different reentry heights on the plasma sheath character-
istics is mainly concentrated on the influence of electron density, and
has little effect on the collision frequency and the sheath thickness. And
because the re-entry altitude of 30 km is set to correspond to the reaction
temperature of TCR model, the electron density data of OCR and TCR at
30 km are also consistent. Therefore, the influence of reaction rate
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Fig. 7. Collision frequency distribution around RAM C vehicle based on the OCR model under different reentry heights. (a) 30 km. (b) 40 km. (c) 50 km (d) 61 km.

uncertainty on the terahertz transmission characteristics under different
re-entry heights will be further discussed in the next section based on the
influence analysis of plasma sheath characteristics, and the re-entry
heights of 40 km, 50 km, 61 km are focused on.

Impact of chemical reaction uncertainty under different heights on the
terahertz wave transmission characteristics

The peak electron density range on the 40 ~ 61 km of TCR model and
OCR model is from 3.34 x 10'® m~3 to 2.24 x 10'° m~3, and the cor-
responding plasma frequency is 16.2 ~ 42 GHz. Considering the thick-
ness of reentry plasma sheath, EM wave frequencies used in this paper
for vehicle communication are set to 0.05 ~ 0.5 THz, which belongs to
sub-terahertz and terahertz bands. Fig. 9 compares the power absorp-
tion, reflection, transmission coefficients and signal attenuation of ter-
ahertz wave under TCR model and OCR model.

It is obvious from Fig. 9 that the variation trend of terahertz ab-
sorption, reflection, transmission and attenuation with the terahertz
frequency and reentry height under OCR model is completely consistent
with the TCR model. As the terahertz frequency increases, the trans-
mission coefficient increases and leads to a decrease in signal attenua-
tion, and the absorption coefficient and the reflection coefficient are

reduced. As the increases of re-entry height, the electron density on the
terahertz wave transmission path gradually decreases (Fig. 8), resulting
in an increase in terahertz wave transmission coefficient, and decrease
in signal attenuation, absorption coefficient, and reflection coefficient.
In addition, the power absorption coefficient of terahertz waves varies
inversely with the transmission coefficient, and the reflection coefficient
is less than 0.01 in any terahertz wave band and re-entry height.
Therefore, the terahertz attenuation under RAM C vehicle is mainly
determined by the absorption effect, and contribution of the reflection
effect to terahertz wave attenuation is almost negligible, the contribu-
tion mechanism of terahertz wave attenuation is exactly the same as that
observed in the OCR model and TCR model.

However, regardless of any terahertz wave frequency or reentry
height, OCR model has higher power transmission coefficient, and lower
reflection coefficient, absorption coefficient, signal attenuation than
that of TCR model. The reason is that compared with TCR model, the
OCR model takes into account the influence of uncertainty of the reac-
tion rate, resulting in a lower electron density (Fig. 8), which fits better
with the flight experiment data (Fig. 6). As the terahertz wave increases,
the difference between the OCR model and TCR model becomes smaller.
When the EM wave is in the sub-terahertz band and the frequency is 0.05
THz, the signal attenuation of TCR model and OCR model are —44.9 dB
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Fig. 8. Comparison of electron density of the TCR model with the OCR model
on the terahertz wave transmission path. L(m) represents the distance from the
vehicle surface.

and —34.7 dB at 40 km, —20.5 dB and —15.4 dB at 50 km, and —9.0 dB
and —6.6 dB at 61 km. At this time, the errors of OCR model and TCR
model in the signal attenuation prediction results at 40 km, 50 km and
61 km are 22.7%, 24.9% and 26.7%, respectively. As the EM frequency
continues to increase to 0.1 THz, the signal attenuation of TCR model
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and OCR model are —7.9 dB and —6.7 dB at 40 km, —5.1 dB and —4.2 dB
at 50 km, and —2.3 dB and —1.8 dB at 61 km, and the errors of OCR
model and TCR model in the signal attenuation prediction results at 40
km, 50 km and 61 km are reduced to 15.2%, 17.6% and 21.7%,
respectively.

Compared with the traditional wide temperature TCR model, the
OCR model considers the influence of flight parameters under different
reentry heights on the chemical reaction rate coefficient and compen-
sates the reaction rate uncertainty influence coefficient. The electron
density prediction results show that OCR model developed in this paper
is more consistent with the flight experiment data than the TCR model,
and further leads to a difference of about 20% in the prediction results of
terahertz attenuation compared with TCR model. Moreover, the critical
communication frequencies of EM waves at 40 km, 50 km, and 61 km
under OCR mode are 0.115 THz, 0.085 THz and 0.058 THz, respectively,
which are about 0.01 THz lower than the critical communication fre-
quency results obtained by the traditional TCR model.

Conclusions

An optimized chemical reaction model considering the uncertainty
of reaction rate coefficient due to the temperature difference under
different reentry altitudes is developed in this paper, and joint simula-
tion with hypersonic plasma flow model and terahertz transmission
model to study the influence of reaction rate uncertainty under different
re-entry heights on the characteristics of plasma sheath and terahertz
transmission.

Firstly, based on the OCR model, the influence of different vehicle
surface temperatures on the uncertainty coefficient of chemical reaction

x107°
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Fig. 9. Comparison of power absorption (a), reflection (b), transmission coefficients (c) and signal attenuation (d) of terahertz wave in wave transmission path under

TCR model and OCR model.
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rate is analyzed, and the specific value of reaction rate uncertainty co-
efficient is determined according to the vehicle surface temperature
under different reentry altitudes. Then, the plasma sheath characteris-
tics under different re-entry heights were solved by coupling the hy-
personic plasma flow model with the reaction rate uncertainty
coefficient obtained by OCR model. The reaction rate uncertainty
mainly has a significant effect on the electron density, and has little
effect on the collision frequency and sheath thickness. In addition,
compared with the TCR model, the electron density results of OCR
model are significantly closer to the flight data. Furthermore, the in-
fluence of reaction rate uncertainty on the transmission characteristics
of terahertz waves is discussed through joint simulation with terahertz
transmission model.

Although the changing trend of transmission, reflection, absorption
coefficients and signal attenuation in the OCR model with re-entry
height and terahertz frequency, and contribution mechanism of ter-
ahertz attenuation are completely consistent with TCR model, the pre-
diction accuracy of signal attenuation at 0.05 THz improves about 25%
than that of the TCR model, and error between the OCR model and the
TCR model will gradually decrease with the increases of terahertz wave
frequency. The OCR model developed in this paper is suitable for the
research on the influence of flight speed, attitude angle of attack, at-
mospheric environment and other parameters on vehicle communica-
tion [9-12,28-29] and communication blackout scheme [21-26]. Since
the OCR model can obtain a more accurate plasma sheath distribution,
the relevant conclusions in the above-mentioned studies can be opti-
mized, which is of great significance for the prediction of vehicle reentry
communication and proposal of related communication schemes.
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