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Abstract

This research aims at analysing the particle-laden flow of the hypersonic high-enthalpy wind tunnel L2K, situated in Koln
at the German Aerospace Center (DLR). In the L2K wind tunnel, Martian atmosphere can be created, and the facility can
simulate heat load conditions encountered during atmospheric entry of Martian missions. In the tests, a simplified Martian
atmosphere (97% CO, and 3% N,) was used. The high-enthalpy flow was loaded with micrometric particles of magnesium
oxide. The particles’ mean velocity was measured with a 2D-2C particle image velocimetry (PIV) system, in the region right
downstream the nozzle expansion of the wind tunnel. The work proves the possibility of creating a high-enthalpy particle-
laden flow for thermal protection systems (TPS) testing with simulated Martian atmosphere. Average particle velocities of
around 2000 m/s are measured and compared with the numerical simulation of the wind tunnel’s particle-free flow, and
with the flow velocity measured with tunable diode laser absorption spectroscopy (TDLAS). The study also highlights some
unexpected results and features of the high-enthalpy particle-laden flow and proposes some theories for the causes of such

effects, which include agglomeration due to melting, and gravitational effect.

1 Introduction

Spacecraft design for missions to Mars requires resistance to
encountered heat loads during atmospheric entry, which is a
manoeuvre in hypersonic regime characterized by high tem-
perature effects. External thermal protection systems (TPS)
are needed in this phase to grant spacecraft survivability. In
addition to high temperature effects, the presence of dust
particles in the Martian atmosphere needs to be considered,
as mentioned in Palmer et al. (2020), since particles concen-
tration can vary according to Martian weather: several major
dust storms were observed in the past years, where dust pres-
ence could extend up to altitudes of 80 km. It was experi-
mentally proven in Keller et al. (2010) that the presence of
particles suspension during atmospheric entry enhances the
heat loads on spacecrafts’ TPS. On-ground simulations of
dust-laden flows encountered in Martian atmospheric entry
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are necessary for the optimization of spacecraft heat shields,
aimed at increasing reliability, reducing mass, thus reduc-
ing overall mission costs. Experimental characterization of
TPS materials requires an upgrade of the operation mode
and measurement techniques of existing long duration high-
enthalpy facilities.

Significant uncertainty still exists on particle-enhanced
heat flux, both in terms of mathematical modelling and in
numerical rebuilding. Experimental campaigns in long dura-
tion high-enthalpy facilities can give multiple benefits, such
as bringing physical insight into the complex phenomena
happening in these high-temperature regimes, and provid-
ing validation tools for the existing—or newly developed—
numerical models.

For these reasons, recent years were characterized by
the renewed scientific interest towards particle-laden flows
(Palmer et al. 2022), for which a cooperation between
NASA Ames research center and the German Aerospace
Center (DLR) was established, aiming at delving deeply
into dusty flow modelling and simulation, supported by
experimental campaigns. Supersonic particle-laden flows
were comprehensively analysed in Allofs et al. (2022),
where simultaneous determination of particle size, veloc-
ity, and mass flow, was performed by means of Parti-
cle Tracking Velocimetry (PTV) and shadowgraphy.
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Fig.1 The L2K high-enthalpy wind tunnel test section

Feasibility of such experimental techniques was thus
confirmed in the GBK wind tunnel (multiple phase flow
facility), of the Supersonic and Hypersonic Technolo-
gies Department at DLR Ko6ln. GBK is a small wind tun-
nel where the flow can be heated up to 800 K, allowing
easy optical access and operations. Building up on this
knowledge, experimental studies in the L2K wind tunnel
at DLR Koln (arc-heated wind tunnel, Fig. 1) should be
performed, to include high-enthalpy effects, thus increas-
ing the accuracy of Martian atmospheric entry simulation.
L2K wind tunnel is described in Sect. 2 (as in Salvi et al.
2023).

Particle imaging-based techniques need to be imple-
mented in the wind tunnel for the characterization of the
particle-laden flow: particle image velocimetry (PIV) was
implemented in this work with the goal of measuring par-
ticles’” mean velocity in the free stream, obtaining a first
important result for understanding particles’ behaviour in
the high-enthalpy wind tunnel, as a first step towards future
experiments for TPS characterization. PIV is a widely
established experimental technique comprehensively
described in Raffel et al. (2018), which spreads across the
most diverse fields of flow imaging. It was implemented in
hypersonic wind tunnels, such as in blow-down wind tun-
nels (Neeb et al. 2018; Lu et al. 2019; Schrijer et al. 2006)
and in shock tubes (Kirmse et al. 2011; Gnemmi et al.
2010). In Gnemmi et al. (2010), particle speeds of about
2500 m/s were measured, confirming that with proper hard-
ware settings, hypervelocities can be measured. PIV was
applied in an arc-heated facility for supersonic combustion
testing, where specific enthalpy of 3.5 MJ/kg were meas-
ured (Sub Lee et al. 2022).

PIV applied to a long duration arc-heated wind tunnel
dedicated to thermal protection systems (TPS) testing was
never performed. In such a facility, the flow’s low density,
combined with the high temperatures of the reservoir, make
particle seeding and particle imaging techniques quite
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challenging. Particle-laden flows in L2K were studied in
Keller et al. (2010) and in MDUST (2006), where Laser-to-
Focus (L2F) technique was applied. Differently from L2F,
PIV allows velocity measurement on a broad region of inter-
est, though being more limited on the resolution, by the used
camera objective.

This work presents the implementation of 2D-2C PIV
in the L2K arc-heated wind tunnel. Particles’ velocities of
more than 2 km/s were measured. The computed results
highlighted peculiar phenomena, such as agglomeration due
to melting and the importance of gravity, later discussed.
The results are then compared with non-equilibrium CFD
simulations of the free-stream without particles, and with
tunable diode laser absorption spectroscopy (TDLAS) meas-
urements on flow axis, performed in Salvi et al. (2023). In
the following sections, the arc-heated facility L2K and the
experimental setup will be presented; then, experimental
results will be reported and discussed; in the end, conclu-
sions and outlook will be given.

2 Arc-heated facility L2K

As reported in Salvi et al. (2023), L2K is an arc-heated
continuous-flow high-enthalpy wind tunnel suited for TPS
materials testing and components’ demisability tests, as it
can provide high heat fluxes for long testing times, at the
expense of aerodynamic properties characterization: the
low density environment causes Reynolds number to be too
low compared to atmospheric entry. In such conditions it is
important to consider a reacting non-equilibrium flow. L2K
reservoir is energized by a 1.4 MW Huels-type arc heater
which grants the flow a high specific enthalpy thanks to the
electrical discharge. Flow conditions can be varied with dif-
ferent degrees of freedom, such as mass flow rate, reservoir
pressure, nozzle exit diameter, sample position, and chamber
background pressure, which grant a wide range of operat-
ing conditions of the testing facility. Heat flux varies also
on flow axis, thanks to the nozzle’s geometry, that causes
flow post-expansion. A broad selection of intrusive and non-
intrusive measurement techniques can be used (for instance,
thermocouples, thermocameras, pyrometers, Pitot probes,
tunable diode laser absorption spectroscopy or TDLAS,
laser-induced fluorescence or LIF, Fourier transform infra-
red spectroscopy or FTIR).

The analysed flow conditions (FC) were defined by DLR
in the post-flight analysis of ESA ExoMars 2016 mission
(ESA. ExoMars 2022) and are reported in Table 1, from
Salvi et al. (2023). L2K nozzle geometry to be used is
reported in Fig. 2.



Experiments in Fluids (2024) 65:39

Page3of12 39

-~ - . 4 . I __ o
o
(=]

Fig.2 L2K nozzle geometry, 200 mm exit diameter configuration.
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Table 1 Flow conditions

Parameter FCI FCII
Total mass flow rate, [g/s] 41.2

Mass flow rate CO, (97%), [g/s] 40

Mass flow rate N, (3%), [g/s] 1.2

Reservoir pressure, [hPa] 790 930
Predicted specific enthalpy*, [MJ/kg] 5.6 9.2
Predicted reservoir temperature®, [K] 2815 3283

“Estimated with quasi-1D flow solver NATA, as in Salvi et al. (2023)

Light sheet optics

. o
. Region I x
7 of interest

Reservoir|

Nozzle

—is sCMOS

Fig.3 Experimental setup sketch. The reported axes originate on
flow axes, at the nozzle exit location

Diffuser

3 Experimental setup

Particle image velocimetry (PIV)

A 2D-2C PIV setup was implemented as sketched in
Fig. 3.The coordinate system is defined as follows: the
x-axis coincides with the nozzle symmetry axis, it origi-
nates at the nozzle exit, and x values are positive down-
stream (towards right, referring to the picture); the y-axis
defines the transversal direction, it originates on flow axis,
and y values increment towards the top of the wind tunnel,

both axes belong to the laser sheet plane. A seeding genera-
tor inserts particles in the L2K flow before nozzle expansion.
A programmable timing unit (PTU) synchronizes the laser
that illuminates particles in the region of interest, and the
camera that takes two pictures at a defined time distance of
the particles. The time interval At is referred as interframing
time,! and it is the time distance between two laser pulses.
The process can be repeated with a repetition rate depend-
ent on hardware characteristics. The two subsequent PIV
images are then processed with cross-correlation algorithms
to obtain an average velocity of the selected Interrogation
Windows (IW, i.e. the pixels of the PIV result). A compre-
hensive description of PIV experimental technique can be
found in Raffel et al. (2018).

One dual-cavity Nd-YAG laser (Quantel Big Sky) was
used as light source, with 15 Hz repetition rate. The selected
interframing time is At = 1 ps. The time difference between
two adjacent laser pulses was monitored with an oscillo-
scope, that highlighted high time stability and a variation
of less than 0.1%: the average measured time difference
between two pulses is (1000 + 0.5) ns. The light beam was
focused on flow axis and transformed into a light sheet with a
cylindrical lens (f = —50 mm). The light sheet crosses L2K
flow vertically, with the nozzle axis belonging to the light
sheet plane, and its thickness is approximately 1 mm. The
light sheet illuminates the region downstream of the nozzle
exit, from the nozzle exit to—at least—80 mm downstream.

One LaVision imager sSCMOS camera was used. Between
the sensor and the objective, a narrowband filter was posi-
tioned, with FWHM = 2 nm around 532 nm. The imager
observes the light sheet plane perpendicularly (note that
in Fig. 3 the imager is represented on a wrong plane for
schematic visualization purposes only; same for the parti-
cles injection, which happens on the horizontal mid-plane
of the settling chamber). The imager has a 6.5 pm pixel size,
and a 2560 x 2160 px*> maximum resolution. The minimum
achievable interframing time is 120 ns.

The “short side" of the camera (2160 px) was posi-
tioned parallel to the nozzle axis, to picture the widest illu-
minated region. With a 50 mm objective, the “long side"
of the camera can picture the whole nozzle exit diameter,
so to visualize the whole flowfield at the exit of the noz-
zle. In particular, the “long side" pictures 210 mm: the
image resolution is 12.2 px/mm for such objective. The
short side thus pictures 177 mm: part of the image will
not be used in PIV evaluation, as the light sheet is only
approximately 80 mm large. Expecting particle speed of
about 2 km/s (from Salvi et al. 2023), and with the chosen

! The interframing time is—in these hypersonic conditions—too
short to take more than two subsequent pictures, with the used hard-
ware.
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Table 2 Test matrix

Test n. Objective FC N. Images
1 2.8/50 mm I 1350

1I 1500
2 2/100 mm LI 2000

interframing time of 1 ps, the expected displacement of the
particles between two frames is 2 mm, corresponding to
approximately 24 px. With a similar camera orientation,
and a 100 mm objective, the camera pictures 90 X 75 mm?,
granting a resolution of 28.5 px/mm, and an expected par-
ticle displacement of 57 px with the selected interframing
time. Due to the large expected particle displacement, and
thanks to the uniformity of the expected particles velocity
field, a multi-pass PIV algorithm with window shift was
used for processing.

The seeding generator is a pressurized vessel working
with a bypass flow of 2 g/s, taken from the main CO, flow:
to keep the mass flow rate as specified in Table 1, 38 g/s of
CO, are heated in the arc-heater together with 1.2 g/s of
N,, while 2 g/s of CO, are used for collecting the particles
inside the pressurized vessel. The cold bypass flow is re-
inserted into the main—already heated—flow, right before
the nozzle expansion. The injection of the bypass flow into
the wind tunnel’s reservoir happens on the horizontal plane.
Particles of magnesium oxide (MgO) are stored inside the
pressurized vessel. The used particles are LUVOMAG® M
SF, 95 % of which range between 1 pm and 3 pm, as speci-
fied by the producer.

Testing times are limited by the amount of particles
stored in the seeding generator before testing. The results of
two test campaigns—whose main parameters are summa-
rized in Table 2—are reported in this work. During the first
campaign, 1350 double-frame PIV images were taken for
FCI, and 1500 for FCII, with testing times of approximately
90 s. A 2.8/50 mm objective was used for the sSCMOS cam-
era. In the second campaign a different objective was used
(2/100 mm) to observe a zoomed region on flow axis and
increase spatial resolution. For the second test campaign,
2000 pictures were taken for both FCs, with testing times of
approximately two minutes.

In the following section, results are reported.

Tunable diode laser absorption spectroscopy (TDLAS)

TDLAS technique consists in using a narrow band diode
laser whose peak can be shifted in wavelength, up to few
nm; this feature can be used to scan narrow spectra, around
a central wavelength where an absorption line is expected.
TDLAS was used for flow analysis, as it is a line-of-sight
non-intrusive technique that permits to measure flow speed
and observed species’ concentration on defined measurement
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lines. The velocity of the flow core can be inferred by a
profile-fitting approach. In the following, the term “point
measurement” will refer to the result of the flow core veloc-
ity value, obtained with the mentioned approach, which is
reported in detail in Salvi et al. (2023). The TDLAS analysis
reported in Salvi et al. (2023) is cited here for comparison
purposes with PIV data: while PIV evaluates the particles’
velocities, TDLAS measures the flow speed on flow axis. By
comparing the results obtained with the two experimental
techniques, one can have a hint on the velocity lag between
particles and flow. TDLAS flow diagnostic was performed
without particles, measuring velocities in three points on
flow axis, corresponding to x = {100, 200,300} mm down-
stream nozzle exit, at the same two flow conditions men-
tioned in Table 1. Figure 3 in Salvi et al. (2023) shows the
conceptual scheme of the experimental setup, and Figure 26
of the same paper reports the measured flow velocity. In this
work, only the point-measurement relative to x = 100 mm is
highlighted, in the next section.

4 Results

In this section, general observation on the PIV experimen-
tal campaigns in L2K is reported, and then, results are pre-
sented and discussed in detail.

4.1 General considerations

As this is the first paper reporting PIV in an arc-heated wind
tunnel for TPS testing, it is worth spending some lines on
general considerations and data quality. Contrarily to some
experimental activities in other hypersonic wind tunnels, the
depressurization process of the test chamber did not affect
laser line’s stability and alignment, making the calibration
process relatively simple, thanks to the massive structure of
the L2K facility and its relatively low mass flow rates. Also,
the camera’s focus was not affected by the chamber depres-
surization, and no vibrations were observed. The injection of
particles inside the hot reservoir did not cause any flow insta-
bility. Particles seeding was granted for up to two minutes, and
seeding quality varied with time: some pictures have perfect
homogeneous seeding, some have only a region with good
seeding, and some counted only few particles. For this reason,
the correct choice of vector validation and filtering technique
is crucial in data processing, and it is reported in Sect. 4.2.
Another issue is the formation of agglomerates: the high
temperature of the reservoir can cause the particles to melt,
and stick together after colliding. The agglomeration process
is uncontrollable, and it can be mild (if only few micromet-
ric particles agglomerate) or severe, if the agglomerate is
big enough to keep glowing while travelling through the
nozzle and test chamber: in this case the cooling time of
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Fig.4 Wind tunnel test frame from the video monitoring

Fig.5 Generic PIV raw image, first frame (left) and second frame
(right). The green vector represents nozzle axis and flow direction

the agglomerate is longer than the time that the agglomer-
ate takes to travel through the test chamber. The glowing
agglomerates can be observed in the frames of the video
monitoring of the wind tunnel tests (Fig. 4), as well as
the second frame of the PIV acquisition (Fig. 5, right), as
they are characterized by long exposure times: the glow-
ing agglomerates appear as bright stripes in such frames.
The presence of glowing agglomerates was observed even
after the shutdown of the seeding generator. The glowing
agglomerates cannot be used for PIV evaluations. They
also affect data quality, since they can easily reach the same
intensity of isolated particles. Agglomerates’ brightness can-
not be reduced in the pictures, but particles’ signal can be
increased, by increasing laser output power, and by using a
different cylindrical lens (thus reducing the angular expan-
sion of the light sheet). Differently from particles, which
are visible thanks to laser light scattering—making them
seen only on the light sheet plane—, glowing agglomer-
ates can be seen on the whole three-dimensional noz-
zle flow field. By using higher camera apertures one can
reduce the out-of-plane agglomerates’ signals: the higher
the aperture, the smaller the depth of focus, which causes the

out-of-focal-plane agglomerates stripes to be milder. Local
background filters in data pre-processing can reduce their
brightness, as reported in Sect. 4.2.

In the L2K, the high-enthalpy flow is glowing itself, due
to chemical reactions and high enthalpy. The glowing flow
reduces the second frame’s quality, due to its long acquisi-
tion time. Narrowband filters centred on laser’s emission
wavelength must be used.

4.2 Data analysis

Data processing was made with DaVis built-in functions.
The raw images were first transformed from pixels to mil-
limetres thanks to the calibration image taken before each
experiment. They were then pre-processed to remove the
background and normalize the particles’ signals. As intro-
duced in the previous section, while the first frame of the
PIV image generally has good quality, the second frame suf-
fers from the longer exposure time, capturing higher levels
of noise due to the glowing flow and the glowing agglomer-
ates. The long exposure time is physically limited by the
sCMOS sensor’s readout time. The high background level
was reduced with DaVis built-in function “Image Preproc-
essing", based on local averaging, and normalization.

The PIV evaluation was performed in a selected region
of the image, with rectangular shape. No major reflections
caused the PIV algorithm to break, and no masking was
needed. The standard DaVis built-in multi-pass PIV algo-
rithm was used, with window shift. The initial and final
Interrogation Window (IW) sizes of the multi-pass algorithm
were set to 256 X 256 px* and 64 X 64 px, respectively, for
test 1, with 50% overlap. The initial and final IW sizes were
set to 512 x 512 px® and 96 x 96 px?, respectively, for test 2,
with 50% overlap (refer to Table 2 for tests characteristics).
The choice of window size was based on seeding density.
More resolved analysis could be performed on future tests,
with a narrower light sheet and a more magnifying objective:
the combination of these two actions would allow seeing
smaller particles, increasing particle density.

Not all pictures of the dataset present perfect and homo-
geneous seeding. The vector validation process was tuned to
eliminate all the vectors evaluated in the non-seeded regions
of the images, deleting data computed on the noise. Non-
valid vectors were strongly removed and iteratively replaced
for each image.

An exemplary instantaneous PIV result of a single frame
(frame n. 985, test 1, FCI) is reported in Fig. 6. The instanta-
neous result shows few windows where the evaluated veloc-
ity vector is non-valid—the non-valid IW is automatically
discarded by the program. The velocity field is homogeneous
in the core and one can clearly observe a velocity decrease
in the regions corresponding to the shear layer and boundary
layer of the nozzle, in the upper and lower part of the image.
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Fig.6 Randomly selected PIV frame (number 985) from test 1, FCI
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Fig.7 Average particle velocity field, FCI, 50 mm objective (test 1,
Table 2)

The final results, obtained averaging all the PIV images of
one dataset, are presented in the next figures. Figures 7 and
8 are relative to FCI with two different camera objectives,
namely 50 mm and 100 mm, respectively. Similarly, results
for FCII are reported in Figs. 9 and 10. They are presented
with horizontal vector skip of “one vector every two", no
vertical vector skip, no smoothing and linear interpolation.

Numerical Setup To compare particles velocities with
the expected flow velocities, numerical simulations of the
particles-free flow conditions were performed with the DLR-
TAU flow solver, considering high temperature effects and
non-equilibrium chemistry. A 11-species/103-reactions
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Fig.9 Average particle velocity field, FCII, 50 mm objective (test 1,
Table 2)

chemical model was chosen for the chemical compounds
CO,, CO, 0,, 0,NO, N,, N, C, C,, CN, NCO. Computations
were performed in steady flowfield and 2D axial symmetric
geometry with structured mesh. The simulations, zoomed
in the relevant region of interest, are reported in Fig. 11,
for both flow conditions. The Knudsen number evaluated
with TAU in the whole flow core region is lower than 1073,
confirming that the continuum assumption is valid.

To better appreciate the PIV results, the velocity pro-
files along the transversal direction (y-axis) are reported
in Fig. 12. Each line of the same set corresponds to a dif-
ferent axial position (on the x-axis). In the figure, the PIV
results are compared with the CFD simulations (for the
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Fig. 10 Average particle velocity field, FCII, 100 mm objective (test
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comparison, the CFD transversal profiles corresponding to
x = 50 mm and x = 100 mm are reported). CFD flow veloci-
ties are lower for FCI than FCII, according to their differ-
ent enthalpy level. The TDLAS measurements presented in
Fig. 26 of Salvi et al. (2023) are reported here as errorbars,
representing the statistical error of the measurements, which
is lower than 5.4%. Only the measurement on the axial posi-
tion of x = 100 mm is reported, for both flow conditions. The
TDLAS measurement point is 20 mm downstream the right-
most part of the region of interest of the PIV evaluation. The
TDLAS measurement is compared with the expected CFD
flow velocity on that point. The expected velocity increment
between the axial positions of x = 50 mm (the position of the
reported velocity profile along the transversal direction, from
CFD results) and x = 100 mm is less than 0.8%, from CFD.
For this reason, the TDLAS analysis is considered a valuable
additional information to the PIV results, that highlights the
particle velocity lag. However, the TDLAS measurements
were performed without particles; in the future, the possibil-
ity of performing the same measurements in particle-laden
flows should be assessed.

The velocities evaluated with PIV are considerably lower
with respect to the TDLAS velocities due to the expected
particles’ velocity lag, in this low-density regime. More-
over, the velocity lag between particles and flow is much
higher for FCII than for FCI. The two flow conditions pre-
sent different qualitative and quantitative results: FCI, the
one associated with lower enthalpy, has generally faster
particles with respect to FCII, contrarily to what one may
expect. FCII results shows that particles in the flow core are
on average slower, while the outer layers carry significantly
faster particles. This counter-intuitive phenomenon is not
observed in FCI. In addition, in the flow core, particles of

100
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Fig. 11 Numerical simulations with DLR-TAU flow solver, FCI (left)
and FCII (right). The vertical grey line represents the nozzle’s exit
section
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Fig. 12 Mean particles’ velocity profiles along transversal direction,
compared with flow velocities from CFD results (DLR-TAU flow
solver) and TDLAS. CFD transversal profiles are reported only for
x =50 mm and x = 100 mm for visualization ease. In the legend, * *
" refers to the axial position x = 100 mm, where the TDLAS velocity
measurements were performed (in Salvi et al. 2023)

FCI are faster than particles of FCII. In the outer layers,
particles of FCI are slower than FCII. The velocity measured
with higher zooming capabilities is slightly higher for both
flow conditions. In both flow conditions one can observe
that the bottom region of the flow presents averagely slower
particles, suggesting that the gravitational effect could play a
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role in this regime: heavier—and slower—particles could be
concentrated in the lower part. Both flow conditions present
slower regions in correspondence with the boundary layer
of the flow exiting the nozzle.

The standard deviation of velocity o, is reported in
Figs. 13 and 14 for the two flow conditions. The uncer-
tainty on the average velocity is evaluated by DaVis as
u,=o,/ \/N , where N is the number of valid vectors in
the dataset, for the considered Interrogation Window. Both
flow conditions have high uncertainty in the boundary layer
region (Jy| > 90 mm), and lower uncertainty in the central
part of the flow (Jy| < 90 mm). The extremal IWs in the top-
and bottom-left of the evaluated region present the highest
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Table 3 Relative uncertainty on the average velocity

FC [y] <90 mm Outer layers Ext. IW*
I u, <04 % u, <1% u, <10 %
II u, <0.6% u, <2 % u, <15 %

“Ext. IW stands for Extremal Interrogation Windows, namely the top-
and bottom-left of the results

uncertainty, as they correspond to high standard deviation
and lower number of valid vectors. A summary of the uncer-
tainty values is reported in Table 3.

For visualization ease, the profiles shown in Fig. 12 have
been condensed in a single transversal profile by averaging
along the x-axis. A similar procedure was performed with
standard deviation profiles. In Fig. 15 the average (or con-
densed) velocity profiles of both FCs are reported, in compari-
son with the average transversal profile of standard deviation.

One can observe that the very outer regions of the flow
present the highest standard deviation, in correspondence
with the boundary layer exiting the nozzle. Moreover, there
are other zones with high statistical variation, which differ
in location between the two flow conditions. In particular,
in FCII the core region presents a high standard deviation
zone, while in FCI the zone with higher standard deviation
lays right below the flow core. By comparing velocity and
standard deviation in Fig. 15, it is observed that the regions
with high standard deviation coincide with regions with
averagely slower particles.

4.3 Discussion

The reasons for the counter-intuitive results, the slight asym-
metries in particles velocity flow field, the faster results of
the zoomed tests, and the duality between low velocity and
standard deviation discussed in Sect. 4.2, are hypothesized
to be due to the following possible reasons:

Flow instability due to injection

Spatial resolution

Agglomeration due to melting

Flow properties difference in different flow conditions
Gravitational effect

These effects are discussed in the following sections.
4.3.1 Flow instability due to injection

The hypothesis of relating flow asymmetries to the particles
injection process was proved to be wrong, as it was verified
that the injection of the bypass flow does not change flow
properties significantly: stagnation pressure and heat flux
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Fig. 15 Mean velocity and standard deviation profiles along the trans-
versal direction, averaged the along x-axis

measurements were conducted, for all flow conditions, both
with and without bypassing 2 g/s from the main CO, flow,
and keeping the overall mass flow rate of CO, at 40 g/s,
as reported in Table 1 (the bypass process is described in
Sect. 3). Stagnation pressure measurement was made with
a Pitot probe translating on the flow’s horizontal mid-plane,
on the transversal direction, and the test result is reported in
Fig. 16.? The heat flux measurement was made on flow axis
with a coaxial thermocouple installed in a 25-mm-diameter
cylinder oriented with its axis parallel to nozzle axis, and the
result is reported in Fig. 17.

The injection of the unseeded bypass flow does not
change flow thermodynamical characteristics, and it does
not cause any instability or asymmetry in the flow prop-
erties. The Pitot measurements with a seeded bypass flow
would be impossible, as particles would clog the probe. Heat
flux measurements in the seeded flow are not trivial, and a
dedicated study should be performed in the future to perform
such experiment.

4.3.2 Spatial resolution

The higher level of zoom characteristic of test 2 provides
higher spatial resolution, namely higher capability of pic-
turing smaller particles. Smaller particles are thought to
be faster in such conditions, thus the measured velocity is

2 The higher enthalpy condition was run with 910 hPa reservoir pres-
sure because of minor problems with the arc-heater electrodes during
the test. The test is still considered valid as a proof of non-intrusivity
of the bypass flow.
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Fig. 17 Heat flux measurements

expected to be higher with higher zoom, as confirmed by
experimental results. This phenomenon highlights a limit
of PIV experimental technique, whose results are slightly
dependent on the objective used. L2F technique could over-
come this limit, at the expense of the 2-dimensionality of
the result.

4.3.3 Agglomeration due to melting

One possible reason for the difference in qualitative behav-
iour between flow conditions could be agglomeration due
to melting. MgO melting temperature (7,, = 3125 K, from
Haynes (2011)) is, in fact, higher than the computed res-
ervoir temperature of FCI and lower than the reservoir
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i -

Fig. 18 Averaged correlation maps of FCI (left) and FCII (right), in
position (x, y) = (0,40) mm

temperature of FCII, both reported in Table 1. For this rea-
son, agglomeration due to melting could have more impor-
tance in FCII than in FCI, leading to the different qualita-
tive results between the two FCs. In this sense, the number
of agglomerates and heavier particles could be higher in
FCII than in FCI, given the same particle size distribution
as input in the reservoir. A support of this theory is the dual-
ity between the evaluated velocity and standard deviation,
namely the correspondence between regions of low veloc-
ity and high standard deviation. Regions with high standard
deviation coincide with regions that present a higher spread
of velocities over testing time. In the same flow regions and
flow conditions, one could hypothesize that bigger particles
are less accelerated during the expansion along the nozzle
axis due to their higher inertia. For this reason, the broad
range of evaluated velocities—that correspond to a higher
standard deviation—could be associated with a broad range
of particle size: regions with higher standard deviation could
coincide with regions where small particles and agglomer-
ates coexist, carried by the flow with different velocities.
It was observed that the averaged correlation maps of the
PIV results differ between FCs: FCII presents overall more
stretched correlation peaks, with respect to FCI, highlighting
the broader distribution of particles velocity in the higher
enthalpy flow condition, as visible in Fig. 18, where one
exemplary correlation map is reported for both flow condi-
tions, at the same position on flow axis.

The PIV algorithm is not based on particle tracking and
finds only an average velocity in each interrogation window.
Note that bigger particles scatter more light, they appear
brighter on pictures, and tend to dominate the PIV result,
which would tend to heavy particles’ velocity.® Signal nor-
malization in pre-processing is crucial to reduce this effect.
In addition, regions with broad particle velocity ranges could

3 Note that the size of a particle’s image cannot be directly related
to the particle’s physical size due to the phenomenon of diffraction-
limited imaging, reported in Raffel et al. (2018).
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be critical in determining particles velocities—if the seed-
ing density is large enough—, considering that elastic col-
lisions between particles moving with different velocities
can happen.

In this sense, the global higher values of standard devia-
tion in FCII results, could give a hint of the higher degree of
agglomeration in the higher enthalpy flow condition.

A qualitative result similar to FCII was observed in the
ESA-EMAP project (Saile et al. 2020), where PIV was used
to characterize alumina particles speeds at the exit of a solid
rocket motor: the outer layers of the flow carry the faster (i.e.
smaller) particles, while the flow core carries the slower (i.e.
bigger) particles that can’t follow the flow on its outer lay-
ers, in the low-density regime of the expansion, as visible in
Fig. 19. In addition, as observed in the EMAP project, the
overall PIV results compute lower velocities than other tech-
niques (e.g. laser-to-focus), as PIV evaluation is dominated
by bigger particles, that have higher velocity lag.

Agglomeration due to melting effects could be verified in
the future by repeating the experiments with particles with
lower melting temperatures than the reservoir temperature of
FCI, and observing if the qualitative result of FCI gets more
similar to the one presented in Figs. 9 and 19. In addition,
different tests with same particles and different reservoir
temperatures (intermediate values between FCI and FCII)
could be performed to better investigate how the average
velocity profiles evolve when the reservoir temperature is
changed.
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4.3.4 Flow properties difference in different flow
conditions

Another possible reason of the difference in qualitative
results between the two flow conditions could be the dif-
ferent chemical composition of the flow, which was evalu-
ated with CFD simulations: in such high-temperature flows,
chemical reactions need to be taken into account, and differ-
ent reservoir conditions lead to different chemical composi-
tion of the flow itself. The CFD simulations were validated
in Salvi et al. (2023). Due to this phenomenon, the higher
enthalpy flow condition (FCII) is associated to higher flow
velocity—as expected—and to lower pressures, temperatures
and densities, with respect to the lower enthalpy flow condi-
tion (FCI), contrarily to what one could expect. This effect
is due to the different degree of dissociation of CO, and N,
in the reservoir due to the different reservoir temperatures.
The higher density of FCI (which is approximately double
the density of FCII, as from simulations) could lead to an
enhanced drag force on the particles, thus an easier particle
transportation capability, and a more uniform distribution
along the different flow regions, as observed in Fig. 7, con-
trarily to FCII (Fig. 9).

4.3.5 Gravitational effect

The slower particles’ velocity evaluated in the lower region
of the flow (in both FCs) could be due to the gravitational
effect: heavier and bigger particles are slower, and being
more subject to gravity than the smaller ones, they tend
to accumulate in the bottom part of the flow. This effect is
expected to be more pronounced in flow conditions with
lower flow velocity: higher velocity corresponds to higher
drag force on the particles, and the gravity force loses impor-
tance in favour of the drag force. For the reasons reported
in Sect. 4.3.4, FCI and FCII cannot be compared in these
terms, as they present a different degree of dissociation of
the reservoir gas, thus a different flow density. This effect
could be proved in the future by analysing different flow con-
ditions, with different flow velocities and same flow density,
and observing if the asymmetry between the lower and the
upper parts of the flow is more pronounced for lower veloc-
ity conditions.

5 Conclusion

The study focused on determining particles mean veloc-
ity seeded in the free stream of the arc-heated wind tun-
nel L2K, with a 2D-2C particle image velocimetry (PIV)
system (described in Sect. 3), in the region downstream the
nozzle expansion of the wind tunnel. The results are com-
pared with flow velocity measurements obtained with the

non-intrusive technique tunable diode laser absorption spec-
troscopy (TDLAS). The bypass flow used to inject particles
in the main flow did not cause any flow property change, as
discussed in Sect. 4.3.1.

PIV results are presented in Figs. 7, 8, 9, 10 for different
flow conditions, and with different zooms given by differ-
ent camera objectives. Particles speeds of more than 2000
m/s were measured. Faster results are obtained with higher
zooms, as discussed in Sect. 4.3.2. One could observe the
different qualitative result between the two flow conditions,
which could be influenced by agglomeration of molten par-
ticles (as discussed in Sect. 4.3.3) and due to the different
thermodynamical properties of the two flow conditions (as
discussed in Sect. 4.3.4). Particles in the lower part of the
flow are slightly slower for both flow conditions, and this
effect could be due to gravity, as discussed in Sect. 4.3.5. In
Fig. 12, the particles velocities evaluated with PIV are com-
pared with CFD simulations and flow velocity measurements
performed with TDLAS. The comparison between these two
experimental techniques highlights the velocity lag between
flow and particles.

5.1 Furtherimprovements and outlook

This research opened the gates to high-enthalpy particle-
laden flows for TPS testing, proving the feasibility of cre-
ating a testing environment that simulates the heat loads
encountered during atmospheric entry on Mars, considering
dust suspension in the Red Planet’s atmosphere.

The most challenging aspect of this testing environment is
represented by seeding a controlled amount of particles, with
constant rate, being able to measure their velocities and their
sizes. The high temperatures of the flow, combined with the
relatively low mass flow rates, makes particles seeding very
difficult to control. Further improvements on the seeding
generator should aim at the realization of a dedicated device
optimized for the flow conditions’ mass flow rates, able to
control the particles flow rates to be given as input in the
wind tunnel’s reservoir.

To fully characterize particle-laden flows in the L2K
wind tunnel, particles size distribution should be measured
in the future, and further experimental techniques should be
developed or implemented in the L2K for this reason. The
simplest option would be collecting the particles with an
intrusive probe. The development of new techniques such
as phase Doppler particle analyser (PDPA) should be inves-
tigated. In addition, particle-enhanced heat flux and erosion
measurements should be developed and implemented, for
the characterization of the effects of particle-laden flows
on TPS. An additional experimental technique to measure
particles velocity (such as L2F) could be compared to PIV
results. The focus of further PIV campaigns should shift
towards imaging smaller areas on flow axis, to increase the
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resolution, and to obtain scientifically relevant data for stag-
nation heat flux measurements and erosion measurements.

The feasibility of TDLAS in particle-laden flows should
be assessed, considering that this is a line-of-sight tech-
niques, that could suffer from Signal-to-Noise Ratio reduc-
tion due to the particles. TDLAS with a translating laser line
(as described in Salvi et al. 2023) could be implemented
to measure the radial flow velocity profile, by applying the
Abel transform. This result, combined with particles size
measurements, could be valuable to validate drag models
implemented in particle-laden flow solvers.

Using particle tracking techniques such as PTV could
lead to a better understanding of the particles’ motion and
sizes: by getting more than two frames, one could get infor-
mation about the particles’ trajectories, and differentiate
slower particles from faster particles. Another way of pic-
turing a particle’s streak would be using a laser with a longer
pulse time ad a camera with a comparable acquisition time.
The trajectory of a particle downstream a shock could give
a hint about its relative size: smaller particles tend to better-
follow the surrounding flow. One could exploit this effect in
the future to have a further hint on particles size distribution.
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