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ARTICLE INFO ABSTRACT

Keywords: The plasma generation in hypersonic flight is known to affect the radar signatures of flight vehicles as well as
Plasma sheaths their communications and sensing (radio blackout). Although these effects have been known since the beginning
Radar signature of spaceflight in the 1950s, accurate prediction is still difficult. Today, the most promising approach is to combine
::Z;srp:;z:z:;ia;:: Computational Fluid Dynamics (CFD) and Computational Electromagnetics (CEM) to solve the plasma distribu-
Wind tunnels tion in the flow field and derive the respective microwave response based on the two major plasma parameters:
CFD plasma and collision frequency. But dedicated experimental reference data is extremely scarce, which renders
CEM the validation of the multi-model dependent CFD-CEM approach difficult. To improve the validation, this study

provides new experimental shock-tunnel radar data of the stagnation-point plasma of a 15cm diameter sphere.
To vary plasma and collision frequency independently, both the flow enthalpy and the freestream oxygen level

were varied. The measurements are compared with respective CFD-CEM simulations.

1. Introduction

Since the early days of spaceflight, it is known that microwave com-
munication and sensing is disturbed by a plasma sheath that emerges
around a vehicle in hypersonic flight [1,2]. The two major areas of appli-
cation are communication and sensing through the plasma sheath sum-
marized under the terms radio blackout and radar sensing of hypersonic
vehicles. The underlying physics are the same. However, despite years
of research, there is still considerable uncertainty on when and where
these effects occur and how strong they are [3,4]. A central reason is
certainly that the plasma sheath depends not only on the flight state
(angle-of-attack, speed, altitude, etc.) [1,5] but also on the shape and
the material of the vehicle hull [6,7] making general conclusions dif-
ficult. But, even if all of these parameters were perfectly controllable,
considerable modeling uncertainties remain that complicate the predic-
tion of the plasma distribution and the respective microwave scatter.

Today’s preferred approach to solve the microwave scatter at plasma
sheathed objects is the combination of CFD and CEM simulations, see
e.g. [3,4,6,8,9]. First, the plasma distribution is solved by CFD. Here,
major uncertainties arise from the prediction of number densities of
atoms, molecules, ions and electrons. The direct experimental measure-
ment of such microscopic quantities is difficult leaving respective CFD

* Corresponding author.
E-mail address: rene.petervari@fhr.fraunhofer.de (R. Petervari).

https://doi.org/10.1016/j.ast.2025.110858

predictions often unvalidated. As a consequence, accurate predictions of
the plasma state in hypersonic flight are still an active field of research
[10-14]. With the CFD data, the microwave scatter is predicted by a sub-
sequent CEM simulation. The electromagnetic properties of the plasma
sheath are derived from the CFD solution by using the Drude model for
the plasma dispersion (for details see Section 2.2). In the absence of
a magnetic field, it only incorporates the two parameters, plasma and
collision frequency, which can be derived directly from the microscopic
quantities predicted by CFD. Hence, the prediction of microwave scatter
and thus also radar cross-sections (RCS) depends predominantly on an
accurate prediction of microscopic quantities by CFD and the incorpo-
rated models.

However, while the plasma frequency (9) is well-defined, the calcula-
tion of the collision frequency (10) is rather unclear and lacks reference
data for validation. Some authors use empirical relations [15-17] while
others including the authors of this article follow a more rigorous ap-
proach relying on collision cross-sections derived to describe diffusion
and viscosity in hypersonic flows [4,9,18]. Experimental reference data
is necessary to reduce these uncertainties to a reasonable extent.

Facing similar modeling difficulties [19], in the 1960s and 1970s
the U.S. missile defense program sponsored several ground test cam-
paigns to address the problem experimentally [20-22]. The obtained
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Nomenclature

Parameter Description

{}g.T*, by, Ap Bottin correlation parameters; [-]
{le Gupta correlation parameters; [-]
B bandwidth; [Hz]

c speed of light; [ms~']

d receive signal; [V]

dy shock standoff distance; [m]

D Fourier receive signal; [V]

E amplitude spectrum; [m?]

e electron charge; [C]

F Fourier trf.; [-]

F, CGI safety margin; [-]

f radar frequency; [Hz]

fe (electron) collision frequency; [Hz]
f» (electron) plasma frequency; [Hz]
h specific enthalpy; [MJkg™!]

H transfer function; [m?]

kg Boltzmann’s constant; [kgm?s™2 K~!]
m, electron mass; [kg]

n(s) number density of species s; [m~3]
M heavy third body; [-]

Ma Mach number; [-]

p static pressure; [Pa]

DPgrid CGI convergence order; [-]

q quantity; [-]

r distance; [m]

Ferid CGI refinement ratio; [-]

s particle species; [-]
S number of species; [-]

Ty total/stagnation temperature; [K]

T, electron temperature; [K]

Tp Park’s temperature; [K]
translational-rotational temperature; [K]
Tpe vibrational-electronic temperature; [K]
velocity; [ms™!']

average electron velocity; [ms™']

w waveform; [V]

w Fourier trf. waveform; [V]

X, 9,z spatial coordinates; [m]
€ CGI error; [-]
€ electric field constant; [AsV~! m]
€, relative permittivity; [-]
density; [gm™3]
QS.‘” electron collision cross-sections; [m?]
{ oo freestream property; [-]
> impulse response; [V]

data, however, remained often proprietary and if not it often lacks nec-
essary information to reproduce the results.

In order to improve this situation with today’s methods, a series of
shock-tunnel experiments has been conducted in ISL’s shock-tunnel lab-
oratory [3]. The front reflection RCS of a hollow, dielectric 15 cm sphere
in a hypersonic air flow was measured in the 3 GHz to 15 GHz range at
freestream enthalpies ranging between 4 MIkg~!' and 8 MIkg~!. Within
the measurement uncertainty good agreement between the measured
and simulated front reflection RCS was found. But, testing and vali-
dating a multi-dimensional model like the Drude model (Section 2.2),
which is under test here, demands not only to vary a single parameter
but rather a set of parameters to exclude systematic errors. Therefore, in
this study, besides the enthalpy also the oxygen level in the freestream
composition was varied (between 10 vol%,15 vol%, 21 vol% and 30 vol%)
that affects both the plasma and the collision frequency and leads to dif-
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ferent ratios of these. For each experiment, CFD-CEM simulations were
conducted and compared with the measured RCS data using the model
proposed in [23].

2. Theory
2.1. Aerodynamic model

For temperatures above 800K, the polyatomic molecules in the air
are vibrationally excited [24]. Therefore, the fluid does not behave like a
calorically perfect gas—i.e. the specific heats are no longer constant but
depend on the temperature. Additionally, the vibrational excitation state
needs a higher number of molecular collisions to equilibrate compared
to the translational and rotational energies of the molecules. At low den-
sities, as in the present study, this can result in a thermal state, where the
temperature based on the vibrational excitation differs from the temper-
ature based on the translational and rotational energy of the molecules
[25]. To model this behavior, [26] proposed a two-temperature model,
where the translational and rotational as well as the vibrational and
electronic energy modes are pooled together in a single translational-
rotational and a single vibrational-electronic energy pool. The energy
transfer between vibrational-electronic and translational-rotational en-
ergy modes is modeled utilizing the Landau-Teller equation and the
corresponding relaxation time is obtained by the Millikan-White semi-
empirical correlation [27] with Park’s correction [26]. The energy trans-
fer between electrons and heavy particles is modeled by the Appleton—
Bray rate equation [28].

Furthermore, at temperatures in excess of 2000 K—as they do ap-
pear in the present study—oxygen molecules dissociate [24]. Hence,
air can no longer be considered a fluid with fixed species concentra-
tions. The changes of the species concentrations can be described by a
chemical model. Previous studies [3,29] have shown that a 7-species air
model based on [26] is capable of predicting species concentrations in
the present flow fields. The same 7-species model comprising the chem-
ical species {N2, 02, N, O, NO, NO+, e-} and the chemical reactions

N2 +M<=> [Tp][T, 12N + M, (€8]
02 + M<=> [Tp][T;]20 + M, )
NO + M<=> [Tp][T,IN + O + M, 3)
NO + O<=> [T, ][T,]O2 +N, (4)
N2 + O<=> [T, ][T,,INO +N, (5)
N + O<=> [T, ][T,.INO + +e—, 6)
N2 + e—<=> [T, ][Ty 12N + e—, @

with M denoting a third body out of the heavy particles {N2, 02, N, O,
NO, NO +} has been used in the present study. The reaction rates are
calculated by the Arrhenius equation with the translational-rotational
temperature T,,, the vibrational-electronic temperature T,, or Park’s
temperature Tp = T>'T%? [26] depending on the reaction and its di-
rection, as proposed by [30], and tabulated rate coefficients from [26].
The diffusion of the individual species is modeled by Fick’s diffusion law
and curve-fitted collision cross-sections from [31].

The individual thermal conductivity and shear viscosity of each
species is calculated by the model of Blottner and Eucken [32]. After-
wards, the thermal conductivity and shear viscosity of the species mix-
ture is determined by the mixing rules of Armaly and Sutton [33].

The described physico-chemical model has also been used in previ-
ous studies [3,29] and was able to predict electron number densities,
pressures and shock-standoff distances within the experimental uncer-
tainties.

2.2. Electromagnetic model

Since the electromagnetic plasma model has been thoroughly exam-
ined in previous works [3,23], it will only be briefly summarized here.
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In the microwave spectrum pertinent to radar scattering, plasma can be
modeled as a lossy dielectric medium [34, p.136]. Its permittivity ¢, de-
pends on the plasma frequency f,, the collision frequency f, and the
microwave frequency f:

/s
rA-its
This dispersion relation is also known as the Drude model. The electron
plasma frequency is defined by:

1 [n(e)e?
fr= va (C)]

where n(e”) and ¢, denote the electron number density and the vac-
uum permittivity, while e and m, represent the charge and mass of an
electron. To model the collision frequency, a method incorporating col-
lisional cross-sections Q(e:’l) is employed:

®

€. =1

S

f.= Zn(s)ﬁen'ﬁi}‘”, (10)

s=1

8k T,
o, = 2B 11
V m,

This expression accounts for all collisions with particles of the .S in-
cluded species. The other key parameters are the average thermal veloc-
ity of electrons &, and the number density n(s) of species s. While mul-
tiple approaches exist for calculating the collision frequency and a con-
sensus has yet to be reached, this method is promising as it is a standard
technique for predicting other collision-dominated processes—viscosity
and diffusion—in aerothermodynamic applications [35]. This approach
has also been recently adopted by other researchers in the field, such
as [4,9,18]. Besides the tabulated collision-cross sections from Gupta
(in A%)

”QS:(IF)upra — oDe TAg(lnT)2+BGlnT+CG’ 12)
with Ag, Bg, Cq and Dg; tabulated in [35], Bottin provides an alter-
native correlation. For charged-neutral or neutral-neutral collisions it

L o2
states (in A )

200D S[[[ApIn(T)+Bg|In(T)+Cp|In(T)+Dp| (13)
ei,Bottin

and for charged-charged collision it states (in m?)

2
~(1,1) _ ”}‘De[[[[AB.ln(T*)+BB]ln(T*)+cB]1n(T*)+DB]1n(T*)+EE] (14)
ei,Bottin T*2 ’

i eogkgT 2
T =22 4= . —
2b0 Zn(e_)e2 87r€0kBT

with Ag, Bp, Cp, Dp and Ejp tabulated in [36].

3. Experiment
3.1. ISL’s shock-tunnel laboratory

The experiments were conducted at ISL’s shock-tunnel laboratory.
The shock-tunnel B (STB) can provide enthalpies up to 8 MJ kg~! for high
enthalpy flow experiments [37]. This is achieved by filling the driver
tube with highly pressurized hydrogen until a few mm thick metal di-
aphragm ruptures and causes a shock wave to run down the shock tube
filled with the test gas as shown in Fig. 1. The shock wave is reflected
at the end of the shock tube and creates the reservoir conditions with
enthalpies up to 8 MJ kg™!. The hot, pressurized gas ruptures and partly
vaporizes a second plastic membrane and enters the formerly evacuated
convergent-divergent Laval nozzle at subsonic speed. The characteris-
tic shape of the nozzle produces the desired hypersonic test conditions
at the nozzle exit. The effective test time with stationary high enthalpy
flow conditions generally amounts to a few 100 ps. For the present ex-
periments, the oxygen level in the test gas was varied between 10 vol%
and 30 vol%. More details can be found in [3,37].
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metal diaphragm

U
14 Ha
driver tube driven vacuum
tube

Fig. 1. Scheme of the wind tunnel during operation.

external
trigger
write [ read| .
waveform » memor samphng’— )
[ waetom [ memory 55 —<)
AWG
triggers

response LEAg } memory w sampling}—% (((

Matlab Osci

Fig. 2. MaSoDeRa system scheme.

3.2. The multi-application software defined Radar system

To measure the RCS during the wind tunnel test time, FHR’s Multi-
application Software Defined Radar (MaSoDeRa) system was used. An
operation scheme is shown in Fig. 2. The system consists of an arbitrary
waveform generator (AWG, Tektronix AWG70001) which samples the
transmit signal directly. From here, it propagates through transmission
lines to an antenna and is transmitted into space. At the same time a high
performance oscilloscope (Osci, Tektronix DPO70000SX ATI) attached
to a second antenna receives the incoming radiation. Both systems sam-
ple at a rate of 50 GS s! facilitating frequencies up to 20 GHz. Waveform
definition and post processing is conducted in Matlab. The digitized in-
coming radiation d is a convolution of the transmitted waveform w with
the impulse response X of the illuminated scene

=> D) =W(f) FEOS). (15)

With the knowledge of the transmit waveform the impulse response of
the scene as a function of time can be measured by

() =F! (%) (16)

Since microwaves in free space propagate at the speed of light this time
series can be interpreted as a range profile. For wind tunnel testing the
system operates with a 3 to 15 GHz Linear Frequency Modulation (LFM)
waveform in a high Pulse Repetition Frequency (PRF) mode and pro-
duces range profiles at a rate of 250kHz. In the absence of plasma, this
setup yields a range resolution of 1.25cm. While this generates large
data streams and the buffer memory size limits the observation time to
a maximum of 10 ms, this is still sufficient for a maximum test duration
of 200 ps. The used setup and calibration procedures are given below.

d(t) = w(t) * X(1)

3.3. Setup and calibration

For this study the setup from [3] was used as baseline: a vertically
polarized transmit and receive antenna pair was placed on top (Tx1
and Rx1) of the nozzle exit pointing towards the test section center. To
improve the accuracy and increase the amount of data, the setup was
extended by a second antenna pair with broadside view (Tx2 and Rx2)
with horizontal polarization. The angles are measured from the center
of the sphere to the center of the antenna pair (Fig. 4) and are listed
in Table 1. Vertical and horizontal cross-sections are given in Figs. 5
and 6.

A hollow 150 mm diameter sphere made of polyamide (PA) was sus-
pended onto the tunnel axis with its front 300 mm behind the nozzle exit
and into the focus of the two antenna pairs. CFD simulations showed
that this way the relevant stagnation region remained in the core flow
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H = 8.14 MJ /kg
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Fig. 3. Example distribution of the simulated pressure.

Fig. 4. 3D scheme of the test section setup.

Table 1
The antenna angles.
Antenna 0 @
Tx1 34° 103°
Rx1 320 82°
Tx2 -7° 9°
Rx2 7° 11°
357
428 ;
236
K ?363 l

9:3;)4"/

~——"o 300

Fig. 5. Vertical cross-section of the setup. Units in mm.

(Fig. 3). In lack of a precise positioning system, the sphere position could
not be adjusted accurately before in [3] and varied between 230 mm and
256 mm. Hence, to improve the positioning accuracy and further reduce
the uncertainty, the antenna position and orientation was measured pre-
cisely and a more dedicated suspension mechanism was designed and
installed. To further reduce multi-path scatter and overall background
scatter, the whole test section was covered with broadband microwave
absorber foam.

To calibrate the MaSoDeRa system a set of four metallized spheres
(diameters: 38 mm, 60 mm, 95 mm, 150 mm) were suspended into the an-
tennas’ mainbeam focus at 340 mm downstream of the nozzle exit. The
transfer function H(f) was derived from the measured data of the i-th

=—" 300

Fig. 6. Horizontal cross-section of the setup. Units in mm.

-10 ! ! ! ! !
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——95 mm - meas. |-
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—— 60 mm - meas.
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20+
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range [mm]

Fig. 7. Effect of the application of the transfer function to the measured metal
sphere data exemplarily for the Tx1/Rx1 channel.

sphere E,’n oas(f) following the procedure in [3]
$EL ()
1 theory
Hf)=5) ——, 17)
4 ; Epoas (1}
where E:heory( f) denote the analytical solution (Mie series) for bistatic

backscatter of the i-th sphere in the frequency domain and r the distance
from the specular reflection of the sphere and the antenna phase center.
The calibrated range profiles of the sphere are shown exemplarily for
Tx1Rx1 in Fig. 7. The obtained transfer function produces good agree-
ment between measurement and analytical solution—especially when
considering the peak value and the sidelobe structure. For convenience,
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the RCS values are corrected by the padding ratio [3]

FEH M - fgFPE?) [m?/sr], a1s)

with » and 6r = i as the padding ratio and the physical resolution,
such that the peak value approximates the mean RCS in the considered
frequency range if there is only one dominant peak—here the geometric
cross-section of the respective sphere.

3.4. Test conditions

This study has the objective to investigate the accuracy of the current
CFD-CEM model. As mentioned before, the electromagnetic properties
of a plasma sheath depend predominantly on the plasma and collision
frequency distribution. To separate the influence of each parameter and
thus test this model (8), plasma and collision frequency must be var-
ied independently. For this purpose we vary the flow enthalpy and the
oxygen-nitrogen ratio of the test gas. In the STB shock-tunnel, higher en-
thalpies are accompanied by lower densities and higher temperatures.
Since nitrogen (14 gmol™") is lighter than oxygen (16 gmol™"), a reduc-
tion of the oxygen level reduces the weight of the test gas and increases
the shock speed in the shock tube resulting in higher temperatures.
Hence, by changing the oxygen level for the same stagnation temper-
ature, different freestream densities can be measured (compare Fig. 8).
This opens a two-dimensional test area for the plasma and the collision
frequency: the collision frequency (10) is dominated by the overall num-
ber density of particles, which correlates with the freestream density
and the plasma frequency (9) follows the electron production and thus
ionization and temperature. Besides that, the 21 vol% runs (air) resem-
ble the conditions from [3] to have a reference. The covered parameter
ranges besides freestream density and stagnation temperature are given
in Table 2.

2.8 : :
¢ 10%
26 ¢ R ¢ 15%] 1
_ . 21%
5 o4) o |
g < ¢ 30%
~
o0
L 2.2} ]
."i
< 2 ¢ . 1
518 * ¢
g7 0, |
£ 16t . ]
14} ¢ .
1.2 ‘ ‘
4000 4500 5000 5500

stagnation temperature [K]
Fig. 8. The established test conditions.
Table 2

The covered range of freestream condi-
tions.

Parameter Range

h 62MJkg™! to 8.3MJkg™!
T, 4204K to 5411 K

P 24Pato3.2Pa

Peo l4gm™ to2.6gm™

T, 423K to 668K

Uy, 3437ms™! to 3889 ms™!
Ma 75t085
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4. Aerodynamic simulation (CFD)

For the numerical simulations of the flow-field—comprising species
concentrations and the temperatures necessitated by the electromag-
netic simulation model—the OpenFOAM finite-volume method solver
“hy2foam” [30] of the simulation framework “hyStrath” [38] was used.

The simulation domain comprises the nozzle supply chamber, the
de Laval nozzle, and the test-section of the shock tunnel as well as the
spherical model geometry on the shock tunnel centerline. A numerical
axisymmetric grid of 170 x 10> prismatic computational cells, as shown
in Fig. 9, was generated. Both, the tunnel wall and the sphere wall are
modeled as isothermal at the ambient temperature of the laboratory of
293.5K. At the inlet, the total pressure, temperature and species concen-
trations derived from the experimental conditions are prescribed. They
are calculated by a thermal equilibrium code [39] from the fill con-
ditions of the shock tunnel as well as the measured shock velocity and
pressure in the nozzle supply chamber. The velocities at the inlet as well
as the velocities, pressure, and temperature at the outlet of the domain
are modeled as a zero-gradient boundary conditions.

To define the initial conditions, the simulation domain is split into
two domains—upstream and downstream of the diaphragm. Upstream
of the diaphragm, the flow-field is initialized with the measured and
calculated conditions in the nozzle supply chamber. Downstream of the
diaphragm, a gas mixture of 79 vol% nitrogen and 21 vol% oxygen was
applied at 293.5K and 2 Pa. The flow velocity in both domains is initial-
ized to zero.

The spatial discretization was chosen to be second order accurate,
whereas an implicit, first-order accurate, bounded Euler scheme was
used for the temporal discretization.

Example flowfield contours of the stagnation region are given in
Fig. 10. They show the strong electron concentration near the stagna-
tion point and its gradual decay downstream. High temperatures and
densities and hence also large numbers of collisions appear directly be-
hind the shock but also apart from the stagnation region. This causes
smaller plasma-collision frequency ratios making the permittivity and
reflectivity in this area highly variable.

4.1. Grid convergence study

To verify that our computational grid is sufficiently fine to resolve
the relevant features, a grid refinement study was conducted. For this
purpose, a re-fined CFD grid was created, where every single compu-
tational cell was subdivided into four cells corresponding to a the grid
refinement ratio of r,,;, = 2. Due to the strong sensitivity of electron
and plasma production with respect to temperature and thus flow en-
thalpy, a high enthalpy case appears best suited to study grid conver-
gence. Hence, the results of both grids for the condition with the highest
specific enthalpy among the air cases, i.e. h = 8.14MJkg™!, are consid-
ered along the central stagnation line directly upstream of the spherical
model. The peak values and the shock standoff distance d, are compared
in Fig. 11.To quantify the convergence error, Roache’s Grid Convergence
Index (CGI) methodology is applied [40]. The CGI of the coarser grid
among a set of two is defined as

Pgrid

EV grid
CGI i= ——— -100%, 19)

e _

grid
q —dyi
with e := coarse fine . (20)
qfine

the default safety factor for two grids F, = 3, the theoretical second or-
der convergence of a CFD simulation, hence p,,;; = 2, and q as a place-
holder for the quantity under test. The results are given in Table 3.
The CGI shows good convergence for the shock standoff distance and
the vibrational-electronic temperature. Translational-rotational temper-
ature, pressure and electron density are certainly not ideal but rea-
sonable. Given large computational effort of a finer grid and the large
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sphere wall

test section

Fig. 9. Computational grid with 170 x 10° cells, the diaphragm position marks the boundary between the two different initial-conditions up- and downstream of this

position to model the nozzle start-up when the diaphragm ruptures.
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Fig. 10. Example flow field contours for a test at 4 =8.14 MJkg™".

Table 3

CGI for the different peak values.
Parameter p T, T, n(e™) d
CGI [%] 23.7 11.0 4.2 54.6 4.4

number of simulations, the reasonable convergence on the coarse grid
is accepted and it is used subsequently to inform the CEM simulation.

5. Electromagnetic simulation (CEM)

The plasma and collision frequencies are calculated from the CFD
solution for each wind tunnel run via (8), (9) and (10). As discussed
in Section 3, the Tx1 and Rx1 antennas were vertically polarized while
Tx2 and Rx2 had horizontal polarization. Accordingly, two plane wave
excitations were setup from the Tx1 and Tx2 directions. Receivers were
placed under the angles of Rx1 and Rx2. The respective angles are given
in Table 1. The computational mesh consisted of 177 x 10° block struc-
tured cells with a maximum size of 1.3 mm that resembles the one from

70 . . ! . .
O coarse
60 - 8 ¢ fine |
50 o |
Q
= 40 + .
®
>
4
< L o ]
g 30 o
20l @ ]
10 + °
0 L L L L L
T, T, n(e”) dy

D )
kPa]  [100K] [100 K] [10'/m® [mm]
Fig. 11. CFD mesh convergence.
Table 4

Grid parameters for the CEM conver-
gence study.

Grids No. of cells size [mm]

1 421 x 10° (0.81 £0.19)
2 177 x 10° (1.11 +£0.24)
3 53 x 10° (1.62 +£0.37)

[3]. In agreement with the transmitted bandwidth, the simulation ap-
plies a Gaussian frequency sweep excitation within the 3 GHz to 15 GHz
range. From the scattered field the complex farfield RCS is calculated
using a commercial Finite Difference Time Domain (FDTD) solver pro-
vided by CST Studio Suite. For documentation see [41]. Via Fourier
transform, the RCS spectra are transformed into range profiles that can
be compared directly with the measured profiles.

5.1. Grid convergence study

To verify the grid convergence, Roache’s methodology has been
adopted again. This time, however, the convergence study includes
three grids (see Table 4). The CGI on the finer grid is used [40]

Filel
Pgrid _
grid

CGI := - 100 %, 21

with F; = 1.25 as default. For the two adjacent grid combinations we get
for the front reflection RCS (Fig. 12) the following error estimates

CGI},=0.16% and CGly; =0.56%. (22)
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Fig. 13. A typical temporal evolution of the measured range profiles from the
first test set (from [3]). The test time was between 0.6 ms and 0.7 ms.

The order of convergence was found to be p,,;, = 3.5 and since

GCly,

Pgrid
aelcle

=1.0032 (23)

is close to 1, the solutions are well within the asymptotic range of con-
vergence. Grid 2 is seen as a good compromise between computational
effort and accuracy and is hence used subsequently.

6. Experimental results

As this study aims to reproduce and extend the results of the authors’
prior experiments [3] with an improved setup and higher accuracy, com-
parability is paramount. To enable this, the procedure is again similar.
Fig. 13 shows a typical sequence of radar range profiles of the hollow
dielectric sphere with a first reflection at the front near 35 cm range, a
reflection at the back near 50 cm and some surface wave and waveg-
uide effects following behind. Again, to avoid any interaction between
the different effects, we focus on the front reflection only—both for the
simulation and the experiment.

6.1. Observations

The measured and simulated RCS of the front reflection for the two
monostatic channels Tx1Rx1 and Tx2Rx2 are given in Fig. 14. First,
despite an offset of approximately 0.5dB, the measured backscatter
data without flow shows good quantitative agreement with the simu-
lations indicating a good calibration. Second, while the Tx2Rx2 channel
(~80°broadside) simulation lies within the scatter of the measurement,
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Fig. 14. The front peak RCS for the two monostatic channels Tx1Rx1 and
Tx2Rx2 measured and simulated. The legend was split across both figures for
better readability.

it makes quantitative conclusions difficult, apart from the fact that here
the plasma generation has only small effect from broadside view. Third,
although not very prominent, the measurement shows indications of
the same order of RCS curves: 30 vol% O2 yielding the highest RCS at a
given temperature, followed by 21 vol% 02, 15 vol% O2 and 10 vol% O2.
Besides that, Channel Tx1Rx1 (~30° broadside) shows a much weaker
reflection than predicted. This effect has not been observed in [3] where
good agreement was found although the conditions were very similar.
Furthermore, the deviations seem to grow at higher temperatures and
lower densities, respectively. Another feature is that during the test time
for both channels no significant phase changes have been observed, i.e.
mean(|RCS|) ~ |mean(RC.S)|. This could indicate that in this case the
surface is rather smooth and that only minor fluctuations and phase
changes occur.

6.2. Discussion

Many cross-checks have been made to exclude systematic errors, but
the deviation from the previous measurements in [3] is also visible in
the raw-data. Furthermore, the measured discrepancy is far beyond the
precision of the radar measurement as seen from the no flow variance
in Fig. 14 and hence remains significant. The unpredicted oscillation at
higher stagnation temperatures falls together with the enthalpy limit of
the facility and are possibly caused by it. However, the average qual-
itative agreement—especially in the prediction of the onset tempera-
ture—indicates that the Drude model appears to be a good choice and
that only its parameters need to be tuned.

At least for air as test gas, i.e. 21 vol%, the major differences between
the prior measurements and the current ones are that the sphere was
now placed a few centimeters farther away from the antenna and that
the sphere placement and the antenna angle measurement was carried
out with much higher precision than before. Originally, it has been es-
pecially difficult to suspend the stagnation-point into the axis of the
nozzle. If the sphere had been suspended too high, it would have had a
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Table 5
Potential sources of error.
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Source  Eq. Origin Validation reference Error estimate

n(e™) 9 CFD correlation with measured RAM-C II <+3dBm™ [3]
data in [3]

n(s) (10) CFD assuming similar performance as for < +3dBm™
electrons

o, (11) b, ~ M,Te ~ T, or T,, (local temperature) , CFD  CFD of a high enthalpy facility < +7.5dBms™! [45]

m,

experiments [45]

20 a3 a4 [35,36]

good results for viscosity and
diffusion in high temperature
aerothermodynamics, however some
discrepancy between different models

~ +3dBm? (Fig. 15)

more central position in the antenna beam and thus also an increased
RCS. This would also explain the increased no flow RCS that has actually
been observed in [3]. It is hence possible, that the measured RCS in [3]
was indeed overestimated. Another source of error in [3] was that the
antenna angle was not measured precisely. Back then, it was estimated
with 45° which in the light of the new precision measurements of the
antenna also appears to be overestimated.

Besides this, surface catalycity could be another explanation for the
observations as with PTFE (polytetrafluoroethene, teflon) and PA dif-
ferent materials have been used. It is known that the high temperatures
in the stagnation point in the range of a few 1000K can certainly erode
surfaces and introduce new chemistry that is not respected here. In [7]
it has been shown experimentally that material erosion can significantly
affect the radar RCS. However, the erosion or ablation is a consequence
of heat conduction, which takes time and shock-tunnel tests last only
for a few milliseconds. Typically these time scales are too short to cause
significant ablation, although tests with gallium [42] have shown that
it can occur for specific materials—also in STB. For PTFE and PA no
significant melting has been observed. Only small portions of surface
particles left from the manufacturing process could have been eroded
and evaporated. It is currently unclear whether this has a significant
effect. A dedicated analysis is required, which, however, is beyond the
scope of this work. But there is some evidence, that the specular front
reflection in the front is not affected much by ablation [7]. This would
be different if the ablation products originate from the flow generation
process in the tunnel and were part of the freestream flow like remnants
of the plastic diaphragm in front of the nozzle. For heat measurements
such impurities have already been observed, although only in larger
facilities [43]. Without further studies, this source cannot be excluded
and suggests cleaner environments like ballistic ranges for testing. High
speed spectrometer measurements as reported in [44] could also provide
some further insights on this issue in the future.

Another factor of uncertainty is the assumption of a quasi-neutral
fluid due to ambipolar diffusion, meaning locally equal numbers of elec-
trons and NO + ions. In low-density atmosphere, however, electrons are
able to diffuse through the shock, while ions cannot as shown in [45]
for freestream densities 10 to 20 times lower than in the present study.
This could smoothen the otherwise sharper edge of the electron den-
sity profile and thereby reduce reflectivity. Also, the increasing devi-
ations between the CFD-CEM model and the experimental results for
the highest enthalpies and lowest densities, respectively, could be due
to the ambipolar diffusion assumption getting increasingly corrupted
at lower densities. Omitting the ambipolar diffusion assumption of the
current simulations could hence also be insightful to better understand
microwave scatter at aerodynamic plasma interfaces.

6.3. Model assessment

Now, with clear evidence that the measured discrepancy in chan-
nel Tx1Rx1 is real and assuming that ablation is insignificant, it would

mean, that either the current CFD-CEM model does not produce as ac-
curate predictions as assumed or the applied Drude model has some
deficiencies. To assess this issue, the central parameters of the disper-
sion relation (8) are considered: the electron density n(e™), the species
number density n(s), the average thermal electron temperature &, and
the collsion cross-sections QS‘”. For a better overview they are summa-
rized in Table 5 and discussed below.

The electron density and thus the plasma frequency is a direct out-
put of the CFD simulation. Discrepancies of up to +3 dB m~3 have been
observed for the RAM C-II test case [3] and it could certainly explain
part of the observed RCS increase.

If assuming similar absolute error for the number densities of the
other species, their relative error would be less than for the electrons
because of the higher abundance in low ionized plasmas encountered
at moderate hypersonic Mach numbers below 20, hence being also <
+3dBm~3.

The average thermal electron velocity is a function of the electron
temperature. It was assumed to be in equilibrium with the local aver-
age translational temperature. Though T, is probably the more correct
choice, T,, is in the region of interest - behind the shock - in fact very
similar to 7, as shown in Fig. 11. Moreover, T,, was used in the pre-
vious study and is therefore used also in the following. Section 6.4 will
further elucidate on the marginal effects this choice has on the overall
simulated reflectivity. However, in other high enthalpy facilities par-
tially large differences between the electron temperature and the aver-
age translational temperature have been reported [45]. Although this
facility does not reach extreme enthalpies, the high temperatures in
the reservoir in front of the nozzle and the following strong expansion
through the nozzle could prevent the electrons from equilibrating be-
fore reaching the test volume and causing higher electron temperatures
in the freestream flow. For an arc-heated wind tunnel excesses up to a
factor of 30 times the ambient value have been reported [45]. This could
lead to higher collision frequencies, although for the STB less deviations
are expected. It would hence result in an approximate underestimation
of T, by < +7 dB m~3. A progressing equilibration behind the shock could
also explain the smaller differences between measurement and simula-
tion for the broadside channel (Tx2Rx2).

Finally, the collision cross-sections also exhibit some uncertainty.
Fig. 15 compares the collision frequency distribution for the h =
8.14MJ kg’1 air case from Gupta [35] with the Bottin model [36]. The
Bottin model predicts clearly higher collision frequencies than the Gupta
model. Under some conditions, the discrepancy exceeds even a factor of
2 and also indicates a larger collision frequency in the stagnation re-
gion. Since there is no preference except that the Bottin model is more
recent, the error is estimated as ~ +3 dB m?. All error estimates are listed
in Table 5.

Since the variety of possible test cases is practically infinite, gen-
eral error estimates are difficult and are feasible only for distinct cases.
However, this attempt tries to give an idea where the current models
need improvement. To further investigate the origin of the measured
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Fig. 15. The ratio of the collision frequencies for the evaluated /1 = 8.14 MJ kg™
case resulting from Gupta [35] and Bottin [36], respectively.

differences, a sensitivity study has been conducted. A description fol-
lows below.

6.4. Sensitivity study

Although principally every incorporated model qualifies itself as er-
ror source, the good general performance of CFD and CEM simulations
indicates that the collision frequency model, the chemistry model and
the aspect angle are likely ones. In order to test this hypothesis a numer-
ical sensitivity study has been conducted that involves both the aspect
angle, the collision frequency and the plasma frequency. As test case
the h = 8.14MJkg™! case for air was chosen and allows a direct compar-
ison with the prior data. The collision frequency distribution derived
from CFD was multiplied by a factor of 0.3, 3 and 10 while the angle
was varied around the aspect angle of Tx1Rx1 (~ 33°). The plasma fre-
quency was modified by a factor of 0.8, 0.6 and 0.3, corresponding to a
modification of the electron density by a factor of 0.64, 0.36 and 0.09.
Furthermore, the influence of using the vibrational-electronic tempera-
ture T,, instead of the translational-rotational velocity 7, (the current
approximation) for the definition of the electron velocity v, was tested.
Also, with Bottin [36] an alternative model for collision cross-sections
was considered. The results are shown in Fig. 16 and are discussed be-
low.

First, the simulations show that the RCS decays with increasing as-
pect angle. This trend is found for all collision frequency factors and
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is also supported by the current measurement (PA-flow). A simple ex-
planation for this dependency is that the electron density decays from
the stagnation-point along the surface towards the wake flow area. By
changing the aspect angle the specular reflection point is successively
shifted from the nose to broadside. With it, the electron density de-
creases and reduces the plasma dispersion and hence the deviation from
the no plasma case. Besides that, for the 1 - f, case the agreement of the
new and the old simulation shows the consistency and repeatability of
the approach.

The collection of old and new measurements does not follow this
trend as already discussed above. And, given the rather poor accuracy
in angle and amplitude of the 2021 measurements [3], it must be rather
considered as an outlier. The higher accuracy and larger variety of cases
in the present measurement induces a much higher confidence here.

The simulated angular variation around 33° also shows that the an-
gular uncertainty is by far not large enough to explain the large observed
differences in RCS at 33°.

The simulations also indicate that a collision frequency that were a
factor between 5 and 7 larger would explain the measured discrepancy.
An observation that is supported by the potential underestimation of the
electron temperature reported in [45] and the uncertainty about the col-
lision cross-sections comparing between the available correlations from
Gupta [35] and Bottin [36] as shown in Fig. 15.

To test this assumption, the collision cross-section models and
dummyTXdummy- the electron temperature approximations have been
varied (cf. Fig 16). The observed effects are not large enough to ex-
plain the measured difference in RCS. This gives rise to another ques-
tion, namely whether the collsion frequency in the Drude model is an
angular frequency in rad or a rate in Hz. A change from a rate to angular
frequency would introduce a factor of 2z which falls into the range be-
tween 5 and 7. However, the derivation as given in [34] indicates that
it is rather a rate and only a classical approximation. It appears hence
helpful to study more rigorous treatments. Among others, in his review
article from 1977 [46], Papadopoulos mentions effectively higher col-
lision frequencies in the context of anomalous plasma resistivity. This
prediction matches the present observations and could be a possible ex-
planation for the measured deviations. Due to its complexity, however,
further investigations appear to be beyond the scope of the current work
and must thus be left for future work.

Another explanation of the large deviation are deficiencies in the cal-
culation of the electron number density. One third of the original elec-

h = 8.14 MJ /kg
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Fig. 16. A sensitivity study of the radar backscatter with respect to changes in the collision frequency. The nomenclature of the simulations: (material)-(flow/no
flow)-(collision cross-section model)-(electron temperature approximation). The gray color in the legend acts as a placeholder.
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tron density would produce values close to the measured RCS. Similar
uncertainties have been found for the comparison of RAM C-II simula-
tions [3].

6.5. Effects on the RCS

As shown, there are partly considerable uncertainties in the mod-
eling parameters plasma and collision frequency (Table 5) and these
affect the RCS directly as shown in Figs. 14 and 16 with a maximum
difference of ~ 3dB in the considered case. While a 5 to 7 times higher
collision frequency could explain the measured discrepancy (Fig. 16),
the application of alternative models to derive the collision frequency
did not have the desired effect. And, it is by no means clear that only
the prediction of the collision frequency needs improvement. A modifi-
cation of the electron density down to 36 % yields the same result and a
radar measurement can only measure the effect of the local permittiv-
ity, which always incorporates both the plasma and collision frequency.
To effectively separate both contributions and validate the given mod-
els, it would help to measure the electron density independently from
the radar measurements. Also more rigorous treatments might help,
e.g. [46].

7. Conclusion

In this study, the RCS measurements of a dielectric 15 cm sphere in
ISL’s STB shock-tunnel from [3] have been repeated with higher ac-
curacy and additional antennas. Like before, the measurements were
accompanied by respective simulations for reference. But unlike be-
fore, the good quantitative agreement could not be confirmed. Instead,
the measurements revealed significant differences from the simulations.
Therefore, potential error sources were identified and assessed. In a nu-
meric sensitivity study the influence of the angle of incidence and the
collision frequency was investigated. It was found that measurement er-
rors cannot explain the large difference, while changes to the model can.
Especially, the interpretation of the collision frequency as a angular fre-
quency instead of a rate appears promising but arbitrary. If assuming
that the Drude model for plasma dispersion is applicable, this means
that its constituents, i.e. the plasma and collision frequency and with it
the prediction of the electron density, the species number densities, the
electron temperature and the collision cross-sections exhibit some inac-
curacy. In order to improve the models additional test and validation is
necessary—preferably in a cleaner environment like a ballistic range as
done in [7].

A promising approach is to combine radar measurements with an
independent technique to measure the electron density directly to sep-
arate the different contributions effectively. Although, this has been at-
tempted by using the different oxygen levels in the present experiment,
the measured discrepancy between measurement and simulation was
too large to draw reasonable conclusions. Using a different facility like
a ballistic range could also be a solution. Here, the uncertainty about
the electron temperature and freestream impurities would practically
vanish, as the models are fired into practically clean equilibrium air.
It would mitigate two major error sources and probably provide more
reliable reference data. Also, a review of better dispersion models (e.g.
[46]) could help to solve the ambiguity about the definition of the col-
lision frequency and yield further improvement.
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