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ARTICLE INFO ABSTRACT

Keywords: Inductively coupled plasma wind tunnels are crucial for replicating hypersonic flight conditions in ground
High-speed imaging testing. Achieving the desired conditions (e.g., stagnation-point heat fluxes and enthalpies during atmospheric
Plasma

reentry) requires a careful selection of operating inputs, such as mass flow, gas composition, nozzle geometry,
torch power, chamber pressure, and probing location along the plasma jet. The study presented herein focuses
on the influence of the torch power and chamber pressure on the plasma jet dynamics within the 350 kW
Plasmatron X ICP facility at the University of Illinois at Urbana-Champaign. A multi-domain analysis of the
jet behavior under selected power-pressure conditions is presented in terms of emitted light measurements
collected using high-speed imaging. We then use Gaussian Process Regression to develop a data-informed
learning framework for predicting Plasmatron X jet profiles at unseen pressure and power test conditions.
Understanding the physics behind the dynamics of high-enthalpy flows, particularly plasma jets, is the key to

Fluid dynamics
ICP wind tunnel

properly design material testing, perform diagnostics, and develop accurate simulation models.

1. Introduction

Hypersonic space vehicles operate under extreme flight conditions,
subjecting their thermal protection systems (TPS) to complex and de-
manding challenges [1,2]. The integrity and performance of TPS play a
crucial role in safeguarding the vehicle and its payload from the harsh
aerothermal, chemical, and mechanical processes experienced during
flight [3,4]. For example, within the shock layer of hypersonic systems,
the gas flow is dominated by non-equilibrium thermochemistry and
radiation, leading to the generation of a plasma layer in the post-shock
region through gas dissociation and ionization [2,5]. Consequently,
the interaction between the plasma and the TPS surface governs the
material response and the performance during hypersonic entries [6-8].
To investigate and describe these effects, the community has devel-
oped experimental platforms capable of capturing and replicating these
phenomena [9-12]. Among these facilities, inductively coupled plasma
(ICP) wind tunnels are used to reproduce the desired hypersonic flight
conditions in a near-continuous, controlled and chemically-pristine
environment, achieving targeted stagnation-point cold-wall heat fluxes
and enthalpies [13-16].

This research focuses on the 350 kW Plasmatron X ICP wind tun-
nel, commissioned in early 2022 by the Center for Hypersonics and
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Entry Systems Studies (CHESS), at the University of Illinois at Urbana-
Champaign [16,17]. At the Plasmatron X, the desired entry conditions
can be accomplished, at a specific probing location along the plasma
jet, through an appropriate selection of operating input settings and
parameters, such as mass flow and gas composition, ICP torch power,
reactor chamber static pressure, and nozzle geometry (e.g., straight,
contoured or conical converging-diverging) [18]. These parameters col-
lectively contribute to generate a plasma jet with specific characteristics
in terms of heat flux, enthalpy, velocity, gas temperature, and flow
regime [19]. In this sense, the degree of contribution of individual pa-
rameters to the resulting properties of the flow is not easily discernible.
However, for a given mass flow rate, the power supplied to the ICP
torch and the reactor static pressure were found to be two dominant
factors in tailoring the behavior of the plasma jet [16-18]. Effectively,
torch power and chamber pressure determine the aerothermochemical
properties and jet dynamics, altering plasma density and viscosity,
emitted radiation, and flow field characteristics [20,21]. The combina-
tion of these properties lead to the generation of supersonic conditions,
jet instabilities, and distinctive features (e.g., shock location, plasma
jet length and core width) whose detailed knowledge is imperative
to effectively design material test campaigns, perform experimental
diagnostics, and inform numerical simulation models [22-27].
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For the purpose of studying flow characteristics, particularly in
high-temperature flows, image-based techniques and non-intrusive
measurements are usually preferred over traditional intrusive
approaches, as these can disrupt the flow, leading to inaccuracies and
incomplete data [28,29]. Advanced image-based methods offer high-
resolution visualization of complex flow phenomena, providing insight
into turbulence and energy transfer in extreme environments without
perturbing the delicate nature of the system [30-33].

Different approaches have been presented to study the free stream
plasma jet produced by ICP wind tunnels. Cipullo et al. [34] used
high-speed imaging to associate jet unsteadiness spatial distribution, in
the frequency domain, to the electrical features of the radio-frequency
system. Zander et al. [35] employed high-speed imaging techniques to
compare the high-frequency effects of a CO, plasma flow against laser-
diagnostics-based data from previous studies [36]. Similarly, Fagnani
et al. [37] used high-resolution optical emission spectroscopy together
with magneto-hydrodynamics simulations to investigate the properties
of an ICP plasma jet. Finally, Fries et al. [38] proposed a high-speed
imaging and phased-averaged optical emission spectroscopy approach
to investigate time-dependent variations in plasma temperature in both
the exit plasma plume and the plasma core, for argon and air plasmas.
As far as numerical studies are concerned, Anfuso et al. [39] and De-
mange et al. [40-43] investigated ICP jets, with a focus on instabilities
and coherent structures. Despite the large body of experimental and
numerical work on ICP jets, to the best of the authors’ knowledge, a
thorough experimental study of the jet dynamics as a function of op-
erating conditions (e.g., torch power and chamber pressure) is missing
in the literature. It is the focus of the work presented herein to start
bridging this gap.

The contribution of this work is two-fold. First, the Plasmatron X jet
behavior and dynamics are investigated in order to describe features
such as subsonic-to-supersonic transitions and shock diamond presence
and location, and to identify fluid dynamics effects (e.g., unsteadiness
and instabilities) as a function of delivered torch power and reactor
chamber pressure. This is achieved through high-speed image-based
measurements of the light emitted from the Plasmatron X plasma jet,
where the jet centerline profiles are processed and analyzed in the
space, time, and frequency domains. Second, we demonstrate that the
well-known machine learning paradigm of Gaussian Process Regression
(GPR) [44,45] can be used to fit the jet centerline profiles as a function
of pressure and power. More specifically, given the low-rank nature of
the data, we first use Proper Orthogonal Decomposition (POD) (also
known as Principal Component Analysis) [46—48] to identify the spatial
modes of largest variance, and then we apply GPR to fit the POD
coefficients. This procedure delivers a data-driven model that is capable
of estimating the jet profiles at unseen pressure-power combinations,
and this is particularly useful especially given the cost and extensive
data-acquisition times associated with running the ICP facility in its
extensive operational envelope.

The manuscript is organized as follows. In Section 2 we first describe
the experimental setup, the data processing, and methodologies used to
study the jet behavior and its dynamics, and we also describe our use
of POD and GPR to predict unseen conditions. In Section 3, we then
present and discuss the results. Section 4 draws the conclusions.

2. Methodology
2.1. Plasmatron X facility

The ICP torch wind tunnel at the Plasmatron X facility was designed
and engineered by CHESS and Tekna Plasma Systems, Inc. (Sherbrooke,
QC, Canada). A simplified schematic of the Plasmatron X is shown
in Fig. 1. A 12-pulse rectifier operating in three phases is utilized to
transform the standard industrial line voltage (460 Vrms, 60 Hz) into a
high voltage output of up to 15 kVdec. This high voltage is then directed
through a vacuum triode to generate radiofrequency (RF) power. To
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ensure proper impedance matching, variable capacitors and inductors
are adjusted based on the specific nozzle configuration and operational
conditions. The plasma generation process involves applying an RF
excitation frequency of 2.1 MHz to a 3-turn induction coil wrapped
around a ceramic tube with an inner diameter of 100 mm. This setup
is capable of operating at input power levels ranging from 13.5 to
350 kW. Gas is introduced into the torch body through both central
and sheath gas lines, with the sheath gas being injected at a 15-
degree angle to induce vorticity in the flow. The RF current applied
to the coil generates an induced magnetic field, which is absorbed
by the electrons and ions within the plasma through electromagnetic
induction. The increased collision rate resulting from the swirling gas
feed contributes to Joule heating, resulting in the production of a
stable, high-temperature plasma jet.

Following its exit from the torch, the plasma jet enters a cylindri-
cal stainless-steel vacuum chamber with an inner diameter of 1.2 m
and a length of 1.8 m. The chamber maintains a base pressure of
40 Pa and can be controlled to reach pressures of up to 150 kPa
through a valve manifold and four high-capacity dry screw pumps.
The high-temperature flow is then directed into a heat exchanger via a
catch-cone diffuser, and the exhaust gases are released into the atmo-
sphere through a dedicated purging system. This allows for adjustments
to the flow properties during operation to accurately replicate changes
that occur during hypersonic flight profiles. These adjustments can be
made by modifying various system settings such as ICP power, chamber
pressure, mass flow rate, gas composition, and nozzle geometry. More
details on the ICP wind tunnel performances and configurations are
given in [16,17].

2.2. Plasma jet behavior

At a given chamber pressure P and torch power W, measure-
ments of the emitted light field of the jet discharge are taken using
the monochromatic sensor of a Kron Chronos 2.1-HD camera (12-
bit resolution, 350-900 nm spectral range), mounting a Micro Nikkor
60 mm f/2.8D lens (see schematic in Fig. 2). The equivalent radiometric
quantity that is measured is the irradiance E,, radially-integrated over
the line of sight and over the wavelength range allowed by the camera
sensor [49]. In fluid dynamics, irradiance reveals flow properties, en-
abling flow visualization, property change detection, and heat transfer
measurement. Monitoring irradiance is essential for understanding flow
aspects like velocity, turbulence, particle concentration, and stability.
However, since the computation of E, in units of [W/m?] requires
calibrating the collected data against a photometric light source, we
instead present the measurements in terms of emitted light intensity
with units [counts/m?], where the area to be considered is the pixel
size area. Therefore, throughout our analysis, we consider the plasma
jet emitted light scalar-valued field L(x,y,t, P, W), where x and y are
the axial and radial coordinates, and ¢ is the acquisition time. For
each experimental measurement, the sampling frequency of the camera
is set to 1 kHz at a resolution of 1850 x 480 pixels, and data are
collected over 1 s. When higher temporal resolution is required to
resolve the jet dynamics, a second acquisition set is taken at 10 kHz
over a shorter time interval of 0.1 s, by reducing the spatial resolution
along the radial dimension. As the exposure time and aperture are
adapted to each particular test case to accommodate for the variable
brightness of the plasma jet, an overall intensity normalization is
performed as a pre-processing step, while also ensuring that relative
emitted light information (across acquisitions) would not be lost. The
normalization process relies on a reference area located at the torch exit
(i.e., axial location x = 0) within the reactor chamber. Ideally, the light
intensity captured by the camera at this reference point should remain
consistent across various facility and acquisition settings. Therefore,
we assign a value of 1 to the reference point, serving as the anchor
for the overall intensity normalization. A spatial calibration of the
camera setup is applied using a calibration target, and the pixel size is



L. Capponi et al.

Rectifier Triode

Matching

%I

3 Phase :
Power Source | ¥

Experimental Thermal and Fluid Science 157 (2024) 111232

Vacuum Pumps

[TTIT]

Heat Exchanger

[T

[T

Exhaust

Fig. 1. Schematic of the Plasmatron X facility.
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Fig. 2. Schematic of experimental setup at Plasmatron X wind tunnel: high-speed
camera acquiring the plasma jet emitted light through a quartz viewport.

determined to be approximately 0.217 mm for the present campaign.
Preliminary studies revealed that most of the information lives on the
jet centerline [17]. For this reason, the axial profile at the centerline is
extracted from two-dimensional measurements, simplifying the emitted
light field function to L(x,t, P,W). Fig. 3 shows normalized light
intensity distribution maps, with jet centerline profiles (dashed lines),
for a subsonic and supersonic jet conditions. Normalized centerline
profiles are also processed by applying a Gaussian spatial filter in order
to remove acquisition noise. A series of pressure and power conditions
is selected based on previous studies [16], and steady-state emitted
light snapshots are collected and pre-processed as previously described,
for a total of 73 experimental combinations, with P € [300, 10000]
Pa, and W € [50,300] kW. All the experiments are performed using
a straight nozzle (ID = 100 mm), with a constant air mass flow of
8 g/s [16]. The time-averaged centerline profiles L(x, P, W) are used
to describe the emitted light intensity distribution as a function of

torch power and pressure chamber for the entire jet axial length,
and for predicting steady-state jet profiles for unseen power-pressure
conditions, as presented in Section 2.3.

Higher-speed acquisitions are used to evaluate fluctuations of emit-
ted light to identify fluid dynamics effects and instabilities due to
pressure-power conditions. For fixed pressures P and powers W, two
space-time data processing methods are used. A standard two-point
space-time correlation analysis is used in its Eulerian form as [50]

(L(x,t) L(x + &, + 7))
V(L2 0) (R2Gc+ &1+ D)

where ¢ and 7 are spatial and temporal lags, respectively, and (-) de-
notes the expectation operator. Similarly, the emitted light fluctuation
L'(x,t) across the time-averaged profile is defined as

Ry (x,1,6,7) = (@)

L'(x,1) = L(x,1) — L(x). 2

Separately, a frequency domain-based approach can be used to quantify
the dominant spectral components of the dynamics of the plasma jet.
The Short-Time-Fourier-Transform (STFT) at specific axial locations is
used to examine the time-varying frequency components, and identify-
ing specific features and transients of the emitted light intensity [51].
In the discrete-time case, the data are divided into windows (with
a non-zero overlap in order to reduce spectral leakage) and then
they are Fourier-transformed. The complex result is then added to a
matrix, which records magnitude and phase for each point in time and
frequency. For a given pressure P and power W, at axial location x = 0,
the discrete STFT of L'(¢) can be expressed by [52]
T-1
STFT{L'}(q.0) = Y L' (Dw(t~q)e”", ©)
1=0
with a discrete window-function w, and total number of samples T in
the signal L’ [53].

2.3. Prediction of emitted light profiles for unseen operating conditions

In this section, we illustrate how GPR and POD are used to pre-
dict time-averaged jet centerline emitted light profiles at unseen pres-
sures and powers. Henceforth, let #(¢,C) be an M-vector that denotes
the spatially-discrete jet centerline emitted light profile, where M is
the number of pixels (spatial locations) in the axial direction, and
C := (P,W) denotes the independent parameters of the problem. The
time-averaged emitted light profile is defined as

— 1 T
£(C) = 7 /0 £(1,C)dt, (@)
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Fig. 3. Normalized and filtered light intensity jet centerline (bottom), extracted from a snapshot (top) at 600 Pa and 60 kW (left) and 200 kW (right) test cases. Left figure is

representative of a subsonic test case, while right figure is of a supersonic case.

where T is the length of the data-acquisition interval. Given # over a
training set {C;} [’i |» We want to learn the functional dependence of z
on the parameters C for predicting the time-averaged jet emitted light
at unseen pressure-power combinations.

Since M is large (i.e., 1850 pixels in the centerline), we first rely on
POD for a reduced-order representation of the time-averaged emitted
light data. In particular, given the data matrix X = {Z(C,)} € RMXN,
we seek an orthonormal matrix U € RM*" that minimizes the objective

I(X=0UT) (X =%) [l ©)

where X € RM is the empirical average of # over all the considered
pressure-power combinations, the subscript F denotes the Frobenius
norm, and I is the identity. The objective in Eq. (5) measures the error
between the (mean-subtracted) data and its orthogonal projection onto
the r-dimensional range of U. It can be shown that the optimal U is
given by the first r left singular vectors of the data matrix X — x, and
the span of U may be understood as the r-dimensional subspace of
maximum variance. Given U, the problem of learning # as a function of
the parameters can be converted into an almost equivalent one, where
the POD coefficients

c:=UZeR (6)

are learned as a function of C. In order to fit the POD coefficients
as a function of the parameters, we choose to use GPR, since it is
well-known to perform well in the low-data limit, it is robust in
the presence of noise, and it offers a measure of uncertainty via the
posterior covariance. A brief mathematical description of GPR is given
in Appendix.

3. Results and discussion
3.1. Plasma jet behavior

The time-averaged centerline profiles L(x, P, W), obtained as dis-
cussed in Section 2.2, are here presented and discussed (see Fig. 3).

In Fig. 4, the jet profiles are shown as a function of chamber pressure
for values of power of 100, 150, 200, and 300 kW. At higher chamber
pressures, the plasma jet consistently exhibits subsonic behavior across
the entire range of torch powers. This can be inferred from the fact
that there are no peaks (typically associated with shocks) in the jet
profiles. Conversely, Fig. 4(a)-(b) show that peaks in the profile arise

when chamber pressures dip below 700 Pa, and torch powers exceed
140 kW. Fig. 4(c), illustrates the transition from supersonic to subsonic
flow conditions resulting from changes in chamber pressure: as the
reactor pressure increases, the diamond pattern, which manifests as
a distinctive series of peaks of emitted light in the jet profiles, shifts
towards the torch exit. This shift correlates with a simultaneous in-
crease in emitted light intensity on the first peak and a reduction in
the number of shocks. Finally, Fig. 4(d) shows that even at high powers
(300 kW, in this case), supersonic flow conditions can be achieved at
low-enough chamber pressures (e.g., 600 Pa).

Fig. 5 presents the jet profiles as a function of torch power for
values of pressure of 600, 1000, 5000, and 10 000 Pa. Fig. 5(a) demon-
strates a transition from subsonic to supersonic flow conditions due
to an increase in torch power. In this scenario, shock peaks migrate
away from the torch exit towards the tail of the jet, accompanied by
an overall amplification in emitted light intensity. At relatively low
pressures (Fig. 5(b)), the emitted light from the plasma jet undergoes
shape changes along its axial length. Specifically, higher power levels
lead to an augmentation of emitted light at the tail of the jet, whereas
lower power levels result in a more confined jet at the torch exit.
This behavior is also encountered at higher chamber pressure (see
Fig. 5(c)-(d)).

It is interesting to observe that supersonic flow conditions arise
at given pressure/power combinations despite the use of a straight
nozzle and a constant mass flow rate. This, however, should not be
too surprising if we recall that, according to Rayleigh flow theory,
heat addition (here obtained via a higher torch power and/or lower
chamber pressure) drives a subsonic flow towards sonic conditions, and
ultimately to a choked flow. Indeed, shocks are observed at high torch
powers and low chamber pressure. Another noteworthy observation
is that an increase in power and/or decrease in pressure lead to a
corresponding increase in the number of shocks and in their average
axial distance. This phenomenon can be correlated to a corresponding
increase in the Mach number via the Prandtl-Pack theory [54]. Accord-
ing to this theory, the axial distance between shocks in a supersonic jet
is proportional to the jet Mach number M; through the relationship

%: 1306\/M? — 1, %)

where |/ represents the average spacing between shock cells and D
is the diameter of the jet. The coefficient 1.306 comes from the ra-
tio 7/2.40483, the denominator being the first root of the Bessel
function [55]. Since a sonic nozzle is considered in this study, the
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Fig. 5. Emitted light L(x, P, W) centerline profiles for a range of pressures: (a) 600 Pa; (b) 1000 Pa; (c) 5000 Pa; (d) 10000 Pa.

Prandtl-Pack theory is appropriate, but the plasma flow is also highly
viscous and the boundary layer at the torch exit should be not ne-
glected. Hence, while we recognize that the Plasmatron X jet may not
satisfy all the assumptions behind the Prandtl-Pack theory, we nonethe-
less use Eq. (7) to compute a rough estimate of the Mach number by
taking D = 0.1 m (the nozzle exit diameter) and extracting / from
the data shown in Fig. 6, where the computed Mach number is color-
coded. Fig. 6 confirms the findings of the previous analysis: at constant
chamber pressure (panel (a)), an increasing in torch power leads to
profiles where shocks increase in numerosity and their axial location
shift to the tail of the jet; the spacing between shocks also increases.
The same behavior, even more pronounced, appears in Fig. 6(b): at
200 kW torch power, decreasing the chamber pressure increases the
spacing between shock locations, that also move away from the torch
exit. We estimate a Mach number of about 1.838 at 300 kW and 600
Pa, and 2.203 at 200 kW and 300 Pa.

In order to obtain an alternative estimate of the Mach number, we
also use the Rayleigh-pitot tube formula [2], which relates the Mach

number to the pressure jump across a shock. The pressure jump is
computed as the ratio of the post-shock pressure (obtained from the
vibrational temperature computed using optical emission spectroscopy)
and of the stagnation pressure, which we measure using a pitot probe.
We find that the two approaches (Prandtl-Pack and Rayleigh-pitot)
provide estimates that deviate from each other by about 12% in the
transonic regime and 6% in supersonic flow conditions. We there-
fore consider the Mach number calculations displayed in Fig. 6 as a
promising first estimate of the Mach number inside the Plasmatron X.

Investigating potential instabilities in the Plasmatron X jet requires
information on the temporal evolution of the jet profile. As a first ap-
proach, the temporal evolution at different torch powers and chamber
pressures is visualized in Figs. 7-8, together with the mean profiles
L and the standard deviations ¢; (68% tolerance interval) evaluated
over the entire data-acquisition window. Fig. 7 reveals that, at low
chamber pressure (i.e., 600 Pa), the profiles exhibit very low variance
for all values of torch power (and especially at 100 kW and 300
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kW). This implies that the jet is predominantly steady, with very low-
amplitude perturbations about the mean profile. In Fig. 8, we keep
power fixed at 100 kW and we observe the effects of increasing the
chamber pressure on the profile dynamics. In particular, we see that the
standard deviation (pink strip) increases significantly as we increase the
pressure, and this suggests that the temporal dynamics of the jet begin
to exhibit high-amplitude oscillations about the mean. Instantaneous
profiles also reveal noteworthy features. At 1000 Pa, panel (b) suggests
the presence of high-frequency structures and the evolution of the
profiles is reminiscent of a standing wave. At higher reactor pressure,
we start to observe traveling-wave behavior, with an increase in spatial
wavenumber between panels (c¢) and (d), and a decrease in phase
velocity.

This analysis is extended to a larger set of P-W combinations of
interest, through the space-time approach discussed in Section 2.2, and
the results are shown in Fig. 9. Across the full range of power settings,
negligible fluctuations in amplitude persist throughout the temporal
evolution of the jets at the lowest pressure, as shown by the left-hand
panels of Fig. 9. During this phase, no discernible dynamic effect can be
observed. As the chamber pressure rises (e.g., at 1000 Pa), we observe
larger-amplitude (and higher-frequency) perturbation about the mean,
particularly in the proximity of the torch. At 5000 Pa, the amplitude
escalation persists, predominantly at lower power levels. Additionally,
the fluctuations appear to lower in frequency, leading to broader blue-
red regions. Peaks and troughs of equal amplitude span various axial
positions at distinct temporal moments, resulting in the transformation
of iso-amplitude regions from horizontal to oblique configurations.
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While this phenomenon is generally well-defined at 5000 Pa, when the
pressure is increased to 10 000 Pa (as illustrated on the right-hand side
of Fig. 9), a similar pattern emerges but with a comparatively higher
degree of complexity. Amplitudes are largest, and the oblique areas
expand further. Notably, spatial and temporal disturbances become
evident both at the torch exit and the tail of the plasma jet. The effect
of the pressure increase is quantified in terms of fluctuation-regions
slope change in Fig. 9. The slope is in fact proportional to the phase

speed of the emitted light fluctuation waves. The most interesting trend
is observed at 100 kW, where the average fluctuation slope evolves
from about 0.102 ms/m at 600 Pa, to 0.496 ms/m at 1000 Pa, 5.516
ms/m at 5000 Pa, reaching its maximum value of 11.874 ms/m at
the highest pressure of 10000 Pa. The same behavior can also be
appreciated in Fig. 10, which shows the correlation (Eq. (1)) computed
at x, = 0.15 m and ¢, = 0.01 s (i.e.,, mid-stream axial location) for
two different pressures at the same torch power. The values of x
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Fig. 10. Space-time correlation analysis performed at x, = 0.15 m and 7, = 0.01 s, and at 100 kW torch power: (a) 100 Pa and (b) 10000 Pa. The difference in the colorbar
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Fig. 11. Short-Time-Fourier-Transform of emitted light fluctuations L'(x,?) at x = 0.15 m axial location.

and #, were chosen as 10% and 5% of the data domain, respectively.
Computing the correlation for other values of x, and f, (not shown) did
not change the qualitative nature of the results.

For completeness, we also study the frequency-domain signature
of the dynamics of the jet profiles. In particular, Fig. 11 shows the
STFT of emitted light fluctuations L’(x,?) at x = 0.15 m axial loca-
tion for same P-W combinations. This figure confirms the behavior
described so far, with low-amplitude fluctuations at low pressures and
large-amplitude fluctuations at higher pressures. We also point out
an interesting feature: at high pressures (5000 and 10000 Pa), the
frequency-content of the fluctuations changes significantly as a func-
tion of power. At higher powers, the fluctuations are predominantly
monochromatic, while the number of active frequencies increases at
lower pressures. Moreover, we observe that as we increase the power,
the dominant frequency of the fluctuations also increases (leading to
faster oscillations). (Analogous results are obtained at different axial
locations.)

The appearance of traveling waves along the free stream plasma jet
profile can be attributed to large-scale convective effects, which result

from fluid instabilities formed between the plasma jet and the surround-
ing gas as the chamber pressure is changed [20,56]. More specifically,
the density and velocity distributions of the surrounding gas and plasma
are changed as the chamber pressure is increased. When a significant
difference between their velocities arises, a shear layer is formed at
the interface between the plasma and the background gas [57]. The
shear layer experiences disturbances and becomes unstable, leading to
the formation of convective effects that we here observe as traveling
waves along the jet profiles. The instability can be further enhanced by
factors such as density gradients, temperature differences, and surface
irregularities [21,58]. These factors contribute to the development and
propagation of the waves, which can manifest as sinuous or roll-up
vortical structures along the jet [56,59].

3.2. Prediction of emitted light profiles for unseen operating conditions
In Section 2.3, we discussed our approach for learning jet profiles #

as a function of pressure and power. Our experimental data set includes
jet profiles at 73 pressure/power combinations. We randomly allocated
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Fig. 13. Results of GPR prediction: (a) domain of training and testing points with regression uncertainty; (b) ground truth and prediction results of jet profiles in physical space.

55 (75%) for training and reserved 18 for testing. We found that the
first 6 POD modes (Fig. 12(a)) capture 99.9% of the variance. A plot of
the left-over variance

i 2

219

is shown in Fig. 12(b). Here, o ; is the jth singular value and N is the

total number of snapshots in the data matrix (see Eq. (5)). Since the

leading 6 POD modes capture most of the variance of the data set, we

used GPR to fit the first 6 POD coefficients as a function of pressure and

power. The obtained model is showcased in Fig. 13. Fig. 13(a) shows

the training (blue) and testing (orange) points, while the green circles

illustrate the prediction error associated with the first coefficient ¢,.
The diameter of the circles scales proportionally to the relative error

(8)

L,.-L
e = “ true_ GPR”Z’ (9)
”Ltrue”2
where || - ||, denotes the two norm. As expected, the error is higher

(i.e., bigger diameter) for testing points “far” from training points, and
vice-versa. For reference, the minimum and maximum values found for
e are 0.0044 and 0.0126, respectively, corresponding to percent errors
of 0.44 and 1.26.

The learned POD coefficients can then be used to reconstruct time-
averaged jet profiles in physical space, presented for two of the testing
conditions in Fig. 13(b). At P = 600 Pa and W = 210 kW (top panel), the
prediction is quite accurate and the regression uncertainty (measured
by the thickness of the pink region) is low. This is most certainly due
to the fact that the testing point (P, W) = (600, 210) lies in a region that

was heavily sampled during training (see Fig. 13(a)), and we therefore
expect a good performance. Conversely, at P = 10* Pa and W = 100
kW (bottom panel), the predicted profile is less accurate (although not
terrible) and the regression uncertainty is higher. This is probably due
to the fact that the testing point (P, W) = (10% 100) lies outside the
training region.

4. Conclusions

Characterizing the test environment of plasma wind tunnels is the
key for properly replicating relevant entry conditions experienced by
TPS materials during hypersonics flights. This research focused on
the Plasmatron X ICP torch wind tunnel, investigating the influence
of the input torch power and the reactor chamber pressure on the
behavior of its plasma jet. This has been achieved by acquiring high-
speed images of the visible-spectrum-light emitted by the jet under
different system configurations, and by studying the centerline axial
profile features with space, time, and frequency domain approaches.
While in supersonic jet conditions (relatively low chamber pressure),
the torch power determines the location, the width and the intensity of
shock diamonds, in subsonic conditions the reactor chamber pressure
dominates the dynamical effects of jet. In fact, as the pressure increases,
the flow characteristics change and fluid instabilities arise, leading to
large-scale convective effects that can be observed and quantified in
the space-time and frequency domains. Moreover, given the relevance
of plasma jet profile, and the data-acquisition cost/time required to
cover the extensive operational envelope of the Plasmatron X wind
tunnel, this research demonstrated that the synergy between a ma-
chine learning paradigm and a data-driven decomposition method was
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capable of accurately predicting jet profiles at unseen pressure-power
combinations.

The findings of this research contribute to the understanding the
underlying physics of ICP plasma jets, giving a solid support for the
design phase of material testing and diagnostics campaigns, as well as
helping in the validation of accurate simulation models. Future works
will extend the analysis to newly collected conditions, investigating the
influence on the jet dynamics of other parameters (nozzle geometry and
mass flow rate), in nitrogen and carbon dioxide plasma jets.
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Appendix. Gaussian process regression

In general, a Gaussian process can be understood as a collection
of jointly-Gaussian random variables [45]. In the context of Gaussian
process regression, it is assumed that the data {E,.}I.Ii , (n our specific

case, the POD coefficients in Eq. (6)) are generated by a function

fiCmT, (A1)

drawn from a Gaussian distribution with mean u(C) = E[f(C)] and
covariance K(C,C") = E [(f(C) — u(C)) (f(C") — u(C"))]. That is,

f(©) ~ N (u(C).K(C,C")). (A.2)

Regression is performed by leveraging the well-known result that the
marginal distribution of jointly-Gaussian random variables is also Gaus-
sian [45], so that we may write

FOIF©) ~ N (O, K(C, D). a3)

In words, given normally-distributed observations f (5), the function
f(C) is drawn from the conditional (posterior) distribution (Eq. (A.3))
with posterior mean u(C)| f(a) and covariance K(C,C")| f((~?). The
functional form of the posterior mean and covariance can be found,
e.g., in Eq. (2.19) in [45]. In practical applications, the prior mean u(C)
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in Eq. (A.2) is typically taken to be 0, and the covariance K(C,C’) is
defined via a user-defined kernel. The choice of kernel should reflect
the a-priori knowledge that we have of the underlying process that
generated the data (i.e., the plasma jet in our case). For instance, it is
reasonable to assume that the function f(C) that we seek is continuous
and differentiable with respect to the input C. Throughout, we specify
the covariance via the radial basis function kernel as follows,

K(C.C") = exp——|IC = C'|1%, (A.4)
262

where the length-scale parameter ¢ is to be optimized. Interestingly,
Eq. (A.4) shows that the covariance of the output f(C) is written as a
function of the input C. Intuitively, this implies that “nearby” inputs
C produce “nearby” outputs f(C), while “far-away” inputs lead to
“far-away” outputs. This can be loosely understood as a statement
of continuity, so that it becomes intuitively clear how the chosen
kernel defines a distribution from which we draw continuous, and

infinitely-many-times differentiable, functions f.
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