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A one-dimensional mathematical framework is developed to describe the thickness evolution—swelling and
recession—of cork samples in high enthalpy flows, in the arc-heated wind tunnel L2K. The model is formulated
to account for swelling effect, constant long-term recession rate, particle-induced erosion, and post-erosion

lean’?n swelling—that is swelling enhancement after char removal by particle impact. Particle effects were considered
S:vcei;s;;n as they are particularly important for the simulation of Martian entry during dust storms, and might be
Erosion useful for other applications. The model is fitted to experimental time-resolved recession data measured

LPT with laser-sheet profile tracking (LPT), with the goal of determining material-specific parameters in different
flow conditions, also in the presence of particles. The results demonstrate that the approach captures key
flow-structure interaction phenomena and reproduces experimental and numerical reference data within
acceptable error margins: the never-theorized phenomenon called post-erosion swelling is thereby confirmed.
This establishes the model as a computationally efficient foundation for further extensions to parametric
approaches for material response prediction, in high-enthalpy flows.

1. Introduction » Cork & phenolic resin, such as Norcoat Liege (used in ExoMars
Schiaparelli [8]) and P50 (used in ESA-IXV [9,10]).

Ablative thermal protection systems (TPS) provide a simple and re-

liable protection from high heat fluxes for limited times. They are used
in a wide range of applications in hypersonic flight and spaceflight, as
they provide a cost-effective option for missions designed for non-reuse.

An ablative heat shield works by sacrificial material removal to
protect the underlying structure from extreme heating. Ablative ma-
terials are able to absorb and dissipate heat through endothermic
processes, thanks to their peculiar chemical composition—the majority
of ablators for re-entry application is made of a dispersed phase,
bound by a matrix. Different matrices and dispersed phases confer
different properties to the ablator, in terms of heat ablation efficiency,
thermal conductivity, density, etc. Commonly used ablative materials
are composed of:

+ Carbon fibre & phenolic resin, such as ZURAM [1] and PICA (used
in Mars Science Laboratory MSL [2], SpaceX Dragon [3], and
Dragonfly [4]).

» Fibreglass & epoxy resin, such as AVCOAT (used in Apollo [5] and
Artemis [6]).

« Silica fibre & phenolic resin, such as SLA-561V (used in Mars
Pathfinder [7]).

* Corresponding author.

The characterization of ablative materials’ response in relevant
environments—such as long-duration high-enthalpy wind tunnels—
provides useful tools and parameters allowing the predictability of
the in-flight material behaviour. The thickness evolution measurement
(usually referred to as recession- or erosion measurement in the litera-
ture) has always been a challenge during tests in high-enthalpy wind
tunnels, due to the difficulty of working with high-enthalpy flows,
the unsuitability of intrusive techniques, and the facilities’ limited
optical accessibility. In a recent work [11], thickness evolution mea-
surements were performed by an innovative time-resolved technique
named laser-sheet profile tracking (LPT), that provides 1D resolution
of the thickness evolution, along the sample surface’s diameter. LPT
was applied to study P50 cork samples evolution in several particle-
laden high-enthalpy flow conditions [12-14]. This research is the result
of a collaboration between the German Aerospace Center (DLR) and
the NASA Ames Research Center that focuses on studying the effects
of particle-induced erosion on heat shields, during Martian entry in a
global dust storm [15,16].
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Researchers aim to develop validated mathematical models capable
of describing different materials’ behaviours, thereby enabling cost-
effective predictions of heat shield performance under the extreme
conditions of atmospheric entry. The present work introduces a novel
simplified one-dimensional parametric model designed to interpret the
response of cork-based ablators in high-enthalpy flows. This approach
ultimately seeks to identify material response coefficients across a wide
range of heat flux conditions for predictive applications. The model
is valid for cork-based ablators and it includes the effects of swelling,
ablation, particle-induced erosion, and post-erosion swelling—a newly
identified phenomenon—which are described in Section 2. As a proof
of concept, the model is fitted on the experimental LPT data reported
in [11] to determine material response coefficients.

Following sections describe the theory behind thickness evolution,
the hypotheses and formulations behind the 1D model, the test setup,
and the fitting results.

2. Thickness evolution

In hypersonic flows, strong bow-shocks and temperature gradients
develop in the vicinity of material surfaces. This causes high heat flux
values that require careful engineering analysis to ultimately grant mis-
sion safety, for aerospace applications. The typical ablation process of
ablative TPS is based on the controlled material degradation favoured
by endothermic reactions:

1. As the material is exposed to high heat fluxes, the binder in the
outer layer starts decomposing through pyrolysis—that is the
endothermic chemical breakdown of long polymeric chains [17].
The pyrolysis front moves inward, affecting the virgin material,
which is gradually reduced with time.

2. Pyrolysis produces gases that blow outward. Outgassing pro-
vides transpiration cooling effects by forming a boundary layer
that shields the surface, and may also push the shock away from
the surface, reducing heat transfer. Furthermore, these gases can
cause material swelling in some types of ablators.

3. The remaining—possibly swollen—solid phase after pyrolysis
constitutes a char layer, that is a porous structure with insulat-
ing properties that slows heat conduction.

4. Finally, the surface material is subject to ablation caused by
melting, sublimation, spallation, shear erosion and chemical
reactions (e. g. oxidation) [18-20]; this process is ideally en-
dothermic, and it carries thermal energy away, therefore cooling
the surface by loss of hot mass.

5. The mass loss causes material recession.

The combination of endothermic reactions, surface cooling, thermal
insulation, and mass loss during ablation, makes ablative materials an
ideal cost-effective choice for protection against high heat fluxes [21].

Terms related to ablation processes are often used inconsistently
in the literature, and it is therefore important to clarify their distinct
meanings:

» Swelling defines the expansion of the material, typically caused
by outgassing, charring and thermal expansion.

» Ablation describes the mass loss due to high thermal and me-
chanical loads. It encompasses the effects of:

- Pyrolysis (material decomposition),

- Phase change (melting, evaporation, sublimation),

— Spallation (sudden mechanical removal of surface chunks
due to thermomechanical stress),

— Shear erosion (gradual removal of material by continuous
shear forces),

— Chemical reactions with the flow (for example, oxidation,
or reactions with free radicals),
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Fig. 1. Typical cork-based ablator evolution process.
Source: From [22]

— Particle-induced erosion (sudden mechanical removal of the
surface due to particle impact).

Recession is the progressive loss of material that results in a net
backward movement of the probe surface—it happens when the
ablation rate is higher than the swelling rate.

Thickness Evolution is the combination of swelling and ablation.
According to the convention used in this manuscript, it is positive
in case of overall recession, and negative in case of prevalent
swelling. It is therefore a more general term with respect to
recession—which means positive evolution.

In this work, the term thickness evolution is sometimes short-
ened to evolution, and particle-induced erosion is referred to simply as
erosion—not to be confused with shear erosion.

As mentioned in [9,22], cork-based ablators present a non-linear
behaviour at the beginning of the test where they experience swelling:
samples thickness evolves to negative values. Then, ablation processes
start, and recession gains prominence over swelling. The long-term re-
cession rate is constant, and therefore the evolution’s slope is constant.
The typical evolution process of cork-based ablator is reported in Fig.
1, taken from [22],

2.1. Erosion rate modelling

A particle-laden two-phase flow impacting a surface causes erosion.
In [23,24] erosion is described as a material-dependent process that
starts with a transient and stabilizes in a quasi-steady phase with
constant erosion rate.

Erosion is due to the combination of multiple effects, such as the
cutting wear and the deformation wear, as described in [25,26]. The
cutting wear is prominent when the impact angle is close to zero
(i. e. the particle moves almost parallel to the surface), while the
deformation wear gains importance when the impact angle is close to
90° (i. e. particles’ trajectories are almost perpendicular to the surface).
In this work’s scenario, the cutting wear is considered negligible, with
respect to the deformation wear, as the wind tunnel flow is almost
perpendicular to the sample surface.

The main contributions to erosion are given by particle size d,,
mass m,, velocity v,, impact angle , and material hardness H,, as
described by [25,27]. In the mentioned works, the Oka erosion model
was used [28,29], which relates the mass loss 4m to particle and
material characteristics:

Am € €3 jCq,
A_mp = clHUZUp dp“(smoz)c5 1
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valid for a close to 90°, where ¢; are the model’s coefficients. In
specific studies related to Martian entry conditions and cork modelling,
similar material-dependent erosion models were reported [15,30,31],
highlighting the dependency of the surface erosion depth Y¢ on the
impact crater and penetration depth, that in turn depend on particle
density p,, total particle number N, a, v,, and d:

Y =¢ U;7 d;g ng N, (sin @) (2)

According to this equation, one could relate erosion to particle’s kinetic
energy or momentum, depending on the model coefficients ¢,—which
are material- and flow condition-specific.

The erosion rate—defined as the contribution of particles alone to
the thickness evolution rate—can be evaluated by differentiating Eq.
(2). Assuming no change in particle properties, and constant velocity:

dyery ANy

ar 0Ty )
where dl\;’; © is the particle flux, defining the particle number per unit
time.

In this work, particles were counted—exploiting a laser sheet used
for particle image velocimetry (PIV)—within a defined region of inter-
est (Rol) upstream of each sample, with the aims of characterizing the
particle flux nature, and relating the particle count to the time-resolved
surface erosion, as described in Section 4. Counting was performed
within a rectangular Rol upstream of the sample, that lays in the
wind tunnel free stream (thus excluding the shock layer), with a width
Axp,; = 17.8 mm, and a height of 34.9 mm. The investigated Rol was
selected based on the presence of high-quality raw data, favourable
illumination conditions, and sufficient distance from the sample surface
to minimize the inclusion of particles originating from the sample.

Thanks to the nature of the Rol—according to its location and its
small height—it is reasonable to assume that the vertical component of
particle velocity within this region is negligible. Therefore, it is possible
to estimate the time it takes particles to traverse the whole Rol 4tg,,,
as:

Axp,
Rol 4

[v,l

Atpor =

The particle flux d{% can be related to the particle count n,, assum-
ing homogeneous velocity field and constant particle velocity v,; this
assumption is reasonable as the Rol lays in the free stream. Assuming
that the particle seeding is homogeneous, the counted particles can be
used to obtain the overall particle number in any wanted volume in
front of the probe simply by scaling with a constant ¢,;:

dN n, () (1)

= )
At por AXRor

According to the mentioned assumptions, all quantities above except n,,
are constant. Substituting Eq. (5) in Eq. (3), and collecting all constants
in one single proportionality factor A, one finds:

dye
T An,(1) (6)

A depends on the particle- and material-related properties, particle
velocity, and laser sheet volume. Combining Eq. (2) and Eq. (6) one
finds:

€8

+1 . -
A= cgepo) dyp) (sin@)S Axy) @

where ¢; are the model’s constants.

In summary, the erosion rate is proportional to the particle count,
assuming constant and homogeneous particle velocity, constant particle
properties (density and size), constant material properties, homoge-
neous seeding, and quasi-perpendicular impact.
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Fig. 2. 1D surface evolution model.

3. Mathematical model

The sample thickness evolution can be described by the sample
surface’s position Y(¢), with Y(zy) = 0 mm. In particular, negative Y
is associated to swelling, while positive Y to recession—according to
the convention used in this paper—as presented in Fig. 2. The model
is 1D.

The main assumptions of the model are:

1. The evolution rate % is dependent on several components; the

first is proportional to the distance between the sample surface
Y from a general equilibrium surface Y,,.

dY
(%
One can for instance visualize AY as directly related to the
surface layer, where the virgin cork transforms to pyrolysed
material and ultimately char, before being ablated away. AY
does not necessarily coincide with the charring thickness.

2. The second component of the evolution rate is provided by
particle-induced erosion. This effect is directly proportional to
the number of particles n,(7), as demonstrated in Eq. (6), as-
suming constant and homogeneous particle velocity, constant
particle properties (density and size), constant material prop-
erties, homogeneous seeding, and quasi-perpendicular impact.

)1 = —k (Y(t) = Y, (1)) = —kAY ®)

dYy dye
(), = G = 4m0 ©

3. The total evolution rate is the sum of the mentioned effects,
assuming linearity.

% = (%)l + (%)2=—k(Y(t)—YZq(t))+Anp(t) 10)
With k depending on the flow condition (stagnation temperature, mass
flow rate, enthalpy) and the material response (charring thickness, re-
cession rate, swelling rate), and A depending on the particle momentum
and the material properties, as for Eq. (7). Both proportionality factors
are positive.

The equilibrium surface location Y,, can be modelled in different
ways, depending on the expected material behaviour. It is reasonable to
hypothesize that Y, is time-varying, depending on the flow condition
and on the probe material. In this configuration, Y,, depends mainly
on swelling, recession, and erosion effects. Hypothesizing linearity
between these phenomena:

Yoo (1) = Y50+ Y00+ Y 0) an

where o, p, and ¢ refer to swelling, recession, and erosion effects,
respectively. The negative starting value of Y,, causes Y to move to
negative values (which represents swelling with decreasing exponential
trend) at the beginning of the test, and the positive constant slope leads
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the system to a positive constant recession rate on the long term, in
agreement with the results presented in [9,22]. For this reason, the time
evolution of the equilibrium surface can be modelled as a straight line
with positive slope and negative Y-intercept. In this configuration:

Yo +Yo()=ar+b 12)

where ¢ > 0 and b < 0.

Particles were observed to have a direct effect on Y,,. Their impacts
drive Y to jump sharply towards positive values (i.e., particle-induced
erosion, modelled by An,), violently striping the surface char away,
directly affecting AY = Y - Y,,. As the virgin layer is exposed, Y,, is
pushed back towards negative values, as the swelling phenomenon is
favoured. In other words, the virgin material is exposed to the flow
and “wants” to swell. At this stage of the study one can hypothesize
that Y, is decreased by the same amount that the probe has eroded
due to particles, that is:

t
qu(z):—/o Any(r)dt 13)

The negative sign highlights that this effect favours swelling. This
phenomenon was never reported in the literature and is defined as
post-erosion swelling.

In current form, a severe particle burst can lead to a sharp decrease
in AY, which results in a negative Y rate with large magnitude. If the
effect is pronounced, the magnitude could become non-physically high,
causing a swelling rate higher than the swelling rate at the beginning
of the test—that is a physical limit. For this reason a constraint on Y,,
needs to be imposed such that AY(r) can never be larger than AY (¢,):

AY () < AY (t)) = —b > Y, 2Y®)+b 14

The model is formulated as a constrained linear, first-order, inhomo-
geneous ODE with a time-dependent forcing term involving an integral,
solvable through the corresponding initial value problem (IVP):

dt
Y (ty)) = 0 mm

&= k(YO —ar=b+ [y Any(0)dr) + Any(0) as)

The IVP’s general solution, without the mathematical constraint
proposed in Eq. (14) yields:

Yo +/ oks <k <as +b— A/S np('r)dr> + Anp(s)> ds]
0 0

1 t

= e”“[ Y, +ka/ se’”ds+kb/ Fods+

—— 0 0
—_— ——

recession

initial condition
t N t

—kA/ s </ np(r)dr) ds+ A/ Fn(s)ds ] (16)
0 0 0

<

Y1) =e X

swelling

post-erosion swelling particle-induced erosion

In its explicit form:

1- e‘k’ —kt
YO =alt- +b(1—e )+
——
\———-Wf_-_d swelling
recession
1 t
- A / ny(s) (1— =) ds+ A / n,(s)eK=ds a7
0 0

. . post-erosion swelling . particle-induced erosion
With this formulation, the solution depends on four terms, each

associated to the four effects:

» Recession contributes with an exponential decay towards a linear
trend with slope a, which is the long-term recession rate.

» Swelling contributes with an exponential decay with initial value
b.

+ Post-erosion swelling is caused by the cumulative exposure to
particles and it is represented by the convolution of the particle
flux n,(1) with the kernel h,(t) = 1 — ¢7¥, which accumulates
particle effects over time with a saturating memory effect.
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Fig. 3. Generic response without particles.

Particle-induced erosion is the instantaneous reaction to the
particle flux n,(t) and it is represented by the convolution of
n,() with the kernel h,(t) = ¢, representing an exponentially
weighted instantaneous impact of particles.

Note that the explicit solution is useful for understanding each ef-
fect’s contribution, but it does not consider the constraint proposed
in Eq. (14). Enforcing such constraint during the fitting process requires
numerical integration.

3.1. Model discussion

The model presented in this work serves as a tool for identify-
ing material parameters in response to high enthalpy flows. Unlike
approaches that rely on detailed chemical reaction mechanisms or
fully deterministic simulations—such as the DLR’s FAST tool [32],
the NASA’s LAURA code [33,34], or other models [35]—the present
model is grounded in the experimental evidence of cork behaviour
under relevant thermal and aerodynamic loads. This strategy offers
notable advantages: it is relatively straightforward to implement and
can provide reliable predictions if properly validated against experi-
mental data. However, a significant limitation is the requirement for a
sufficiently comprehensive database linking flow conditions to material
response; currently, the lack of such data limits predictive accuracy for
conditions different from those investigated, highlighting an important
avenue for future experimental and validation efforts.

Qualitative simulations of the described 1D model are here pre-
sented, with the aim of guiding the reader towards a clearer under-
standing of its behaviour. In Fig. 3, the model response is shown when
no particles are considered (1, = 0). The dark grey line represents the
equilibrium surface evolution, Y, (t) = at+b (from Eq. (12)); the red line
represents the model solution, Y (r); and the shaded region corresponds
to AY, which—according to Eq. (8)—is proportional (through the factor
—k) to the first derivative of Y when no particles are present. In case
of no particles:

+ Since —AY (1y) = b <0, at ¢, = 0 s the surface Y is pulled towards
negative values (this represents the swelling behaviour).

+ In the following few seconds, —AY is negative, with decreasing
magnitude: the first derivative of Y is negative-increasing.

+ At the inversion point, when A4Y is zero, Y has a stationary point.

+ After the stationary point, —AY increases up to a constant: com-
bining the explicit solution presented in Eq. (17) with Eq. (12),
one finds that—for long testing times—the first derivative of Y
tends to a. In other words, the long-term slope of the red line—
which coincides with the long-term recession rate—is equal to a.
This aspect is convenient while fitting the mathematical model
to the data, as the recession rate is easily retrieved during the
process.
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Fig. 4. Generic response with particles.

In Fig. 4, a generic simulation with particles is reported; particles
are randomly simulated and plotted as a green line. In this case, Y, (1)
includes the post-erosion swelling contribution, as reported in Eq. (13):

Y,,(t) is not a straight line as in the case without particles: its value
is pulled towards negative values—thus favouring swelling—due
to the post-erosion swelling effect.

At the same time, particles give a positive contribution to the
derivative of Y, according to Eq. (9). For this reason, Y increases
in the presence of particle bursts.

Particle-induced erosion and post-erosion swelling are two coun-
teracting phenomena: depending on the particle number, one
effect may prevail. In fact, in the presence of particles, the deriva-
tive of Y is not always positive, even though erosion takes place.
The constraint presented in Eq. (14) forces AY —the grey region—
below  AY(#,), to avoid representing a  too-high
non-physical swelling value.

After the particle flow is terminated, Y,,(r) resumes its linear
behaviour, and Y responds nominally as in the case without
particles.

The model parameters a, b, and k have a specific influence on the
system response, and they depend on material properties and flow
condition. Their effects are illustrated in Figs. 5 to 7, where each
parameter is varied individually, considering the particle-free case for
simplicity:

* The parameter a is the slope of Y,, and the long-term recession
rate, thus defining the slope of Y at the end of the test.

+ The parameter b is the Y-intercept of Y,,, and it has a direct effect
on the swelling amount, i. e. to what extent the surface Y moves
towards negative values at the beginning of the test.

» The parameter k is the system’s stiffness and it represents how
fast the material reacts to the imposed forcing term AY. Response

time and swelling amount depend on this parameter.

4. Experimental setup

A sketch of the experimental setup in the L2K test section is reported
in Fig. 8. This is the same setup used in [11,13]. The coordinate system
is defined as follows: the x-axis coincides with the nozzle symmetry
axis, it originates 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. Note that the sCMOS is represented on a wrong plane for
schematic visualization purposes only; same for the particles injection,
which happens on the horizontal mid-plane of the settling chamber.
In practice, both the seeding generator and the sCMOS camera are
positioned in the xz plane.
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4.1. Arc-heated facility L2K

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 different degrees of free-
dom, such as mass flow rate, reservoir pressure, nozzle exit diameter,
sample position, and chamber background pressure, which grant a wide
range of operating conditions of the testing facility. Thanks to the use of
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Table 1
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Flow conditions FC. P and nP superscripts indicate the FC with and without particles respectively. The

mass flow rates are equal for all FC.

Parameter FCI? FCI? FCI? FCi?
Reservoir pressure, [hPa] 790 930 790 930
MgO Particles X X v v
Predicted specific enthalpy®, [MJ/kg] 5.6 9.2 5.6 9.2
Predicted reservoir temperature?, [K] 2815 3283 2815 3283
Total mass flow rate, [g/s] 41.2

Mass flow rate CO, (97%), [g/s] 38hor+2BP

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

2 Estimated with quasi-1D flow solver NATA [37].

«—Long-distance microscope

g t sheet optics

Mirror
\

Seeding [ ]
generator =]

Reservoir Nozzlé

Region of interest
Diffuser

Fig. 8. Experimental setup sketch, in the L2K test section. The reported axes
originate on the flow axis, at the nozzle exit location. In practice, both the
seeding generator and the sCMOS camera are positioned in the xz plane.

conical nozzles, the heat flux varies also on flow axis. A broad selection
of intrusive and non-intrusive measurement techniques can be used (for
instance, thermocouples, infrared cameras, pyrometers, Pitot probes,
Tunable Diode Laser Absorption Spectroscopy or TDLAS, Laser Induced
Fluorescence or LIF, Fourier Transform Infrared spectroscopy or FTIR,
PIV, LPT).

The analysed flow conditions (FC) are defined by DLR in the post-
flight analysis of ESA ExoMars 2016 mission [36], and are reported
in Table 1. Here, the superscript “P” indicates the flow condition
with particles, while the superscript “nP” indicates no particles in the
flow. The wind tunnel flow represents a slightly simplified Martian
atmosphere and its composition is 97% CO, and 3% N,. To generate
the particle-laden flow, a seeding generator inserts MgO particles in
the L2K flow upstream of the nozzle expansion. The seeding generator
is a pressurized vessel working with a bypass (BP): 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, (superscript “hot”), while 2 g/s of
CO, are used for collecting the particles inside the pressurized vessel
(superscript “BP”). Particles of magnesium oxide (MgO) are stored
inside the pressurized vessel. The used particles are LUVOMAG®M SF.
The producer assures that 95% of them range between 1 pm and 3 pm.

Fig. 9 shows the test chamber during a particle-laden flow exper-
iment, as captured by the video monitoring cameras. The flow enters
from the left, with the sample held in position by a cooled support.
When particles are present, a bright red-orange bow shock forms ahead
of the sample, followed by a blue-greenish wake containing ablation
products downstream. The green light-sheet used for in-situ evolution
measurements and particle count (Sections 4.3 and 4.4) is also visible,
illuminating both the sample and the particles suspended in the flow.

Fig. 9. L2K test chamber during a particle-laden flow experiment, on a cork
sample. The green light-sheet is used for in-situ evolution measurements and
particle count.
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Fig. 10. Sample geometry. The left side faces the flow; the right thinner side
is used to position the thermocouples and to connect to the cooled support.

4.2. P50 cork samples

The samples used in this study all have the same characteristics, to
address the repeatability of the tests in the L2K wind tunnel. All tests
are executed in the same way, and the only variables between tests
are the reservoir pressure and the presence of particles, as reported in
Table 1. The sample geometry is presented in Fig. 10. The material is
P50 cork, from the company Amorim Cork Solutions.?

During a wind tunnel test the sample is positioned on the flow axis
after the flow is stabilized, at a distance of x = 300 mm from nozzle
exit. At this location, the expected® cold-wall heat flux and stagnation

2 https://amorimcorksolutions.com/en-us/materials-applications/
aerospace/

3 These values are computed numerically with the DLR-TAU solver, with
the same setup used in [13].
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https://amorimcorksolutions.com/en-us/materials-applications/aerospace/
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Table 2

Test parameters for different flow conditions.
Flow Sample Residence Stagnation Stagnation
condition position time heat flux® pressure”
FCIP/"P 300 mm 60 s 280 kW/m? 1280 Pa
FCIIP/"P 300 mm 60 s 490 kW/m? 1510 Pa

2 Predicted with CFD.

Fig. 11. Sample before testing.

pressure are reported in Table 2. The heat flux values are comparable
to the ones calculated in [38], for the MSL entry module. A total of
10 tests are performed, namely 2 tests per each FCs"? and 3 per each
FCs?, to assess repeatability. Peculiar phenomena (later discussed) are
observed when particles are fed in the flow. A picture of the sample
installed in the wind tunnel before the test is shown in Fig. 11.

Snapshots from video monitoring are shown in Fig. 12 to quali-
tatively show the sample behaviour during test in the different flow
conditions. One can observe the particles’ erosive effect that causes the
disruption of cork charring cells, and the effect of the higher enthalpy
of FCITIP/"P that makes the sample surface hotter, thus brighter.

4.3. Laser-sheet profile tracking (LPT)

The samples evolution was measured with an innovative technique
based on image processing, and described in [11], named laser-sheet
profile tracking (LPT). The laser sheet sketched in Fig. 8 highlights the
probe’s mid-profile, that can be tracked over time. During the test, the
camera records multiple pictures at a defined frame rate—limited by
the laser repetition rate—building up a time series. The frame rate of
the system is 15 Hz, thus 900 frames per minute. The profile P, is
created by the intersection of the sample with the light-sheet plane
containing the sample’s axial-symmetry axis. The algorithm finds the
axial position of the profile for every pixel in y. In other words: x =
P.(y,1), as can be seen in Fig. 13, from [11]. By comparing P,(r) with
P,y = P.(ty = 0s), one can measure the probe’s evolution on the mid
plane of the sample. Thanks to the experiment setup construction, the
displacement of the profile in x coincides with the evolution of the
profile, which is time- and y-dependent. To evaluate the local evolution
E, the profile at the beginning of the test (#, = 0 s) is subtracted from
each profile:

E(y5t):Pr(yat)_Pr(y7tO):Pr(Yst)_Pr,O (18)

Thanks to the massive structure of the L2K wind tunnel and the rela-
tively short testing times, no laser misalignments and no probe support
deformation were observed.
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(c) Fc (d) FCIr®

Fig. 12. Samples during testing in different flow conditions.
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Fig. 13. Mid-plane profile evolution, colour-ordered over time. The two plots
present the same data, one with equal axes aspect ratio (left), and one with
stretched x to better appreciate the profile evolution.
Source: From [11].

4.4. Particle count

Particles highlighted by the light sheet were counted with a built-
in function from the DaVis software used for recording [39], named
Particle Counter, after the raw images were processed by:

1. Cropping the figure according to the selected Rol (described in
Section 2.1).

2. Setting all values below a threshold intensity to 0—the threshold
choice is based on the noise value.
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3. Applying a 2-pixel Gaussian sliding filter to make particle image
shapes more regular.

The acquisition frequency needed to count all particles passing through
the Rol is v* = 1/4tg,;. Considering particles moving at approximately
2 km/s, the necessary acquisition frequency v* is in the order of
100 kHz. The result is therefore severely under-sampled, as the laser’s
repetition rate is 15 Hz. Moreover, the so-found particle count n,()
represents the particles that pass through the laser sheet only, and no
information is known about particles outside the laser sheet. Therefore,
the obtained particle count should be considered only a qualitative
indicator of the overall particle flux. The obtained n, values can be
used only in the hypothesis of homogeneous seeding.

4.5. Error sources

The systematic error sources of this experimental setup are here
described and quantified:

* Mechanical vibrations: the wind tunnel might generate vibrations
that cause optics misalignment and image shift. To assess this, the
sample support structure was monitored in the raw data for any
image displacement before, during, or after the tests. Owing to
the massive structure of the L2K wind tunnel and its relatively
low mass flow rate, no vibrations were detected. Therefore, no
systematic error is introduced by mechanical vibrations.

Laser and optics misalignments: the laser line-of-sight and the optics
may randomly misalign due to mechanical vibrations and insta-
bilities. However, precise monitoring of the laser status before
and during each test, combined with the absence of mechanical
vibrations, ensured that no systematic error was introduced.

* Pixel quantization (finite sensor resolution): the sCMOS sensor reso-
lution is 44.0 px/mm for this setup [13]. The location algorithm
of LPT is based on the intensity-weighted method, thereby reduc-
ing the quantization error to 1/10 of pixel [40]. The quantization
error is therefore 1/440 mm.

Intrinsic calibration uncertainty: calibration is performed with the
DaVis software [39] by third-order polynomial fit, whose error is
less than 1.3 pixels for all experiments (i.e. 0.030 mm).

The overall systematic error on the LPT data is therefore 0.030 mm.
Beyond systematic errors, the LPT algorithm can introduce a positional
uncertainty due to its intensity-weighted profile detection. To control
this, any measurement with a standard deviation exceeding 0.3 mm
is discarded as an outlier, ensuring that the location error remains
below this threshold. The 0.3 mm threshold should be considered a
conservative limit, likely overestimating the detection error for most
data points. By combining systematic error and positional uncertainty,
the overall error on the LPT data is therefore less than 0.3 mm.

5. Results

The described mathematical model was fitted to bounded LPT data
(Jy] €5 mm),* with the particle number n, measured as mentioned in
Section 4.4, for each run of the experimental campaign. Fitting was
performed by numerical integration of Eq. (15), with the following
strategy:

1. The model is fitted to LPT data of FCs"¥ with n ,(1) =0, to retrieve
k =kgy, a=ay and b = b,.

4 LPT measurements were restricted to the central region of the sample
surface, where physical quantities remain uniform, allowing the thickness
evolution to be considered effectively one-dimensional.
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Table 3
Fitted model parameters for FCs"’.
FCI"? FCII"?
a, [mm/s] 0.024 0.038
by [mm] -2.08 -1.17
ko [s71] 0.015 0.030

2. The model is then fitted to LPT data of FCs”, with the measured
n,(t). During the fitting process, k, a, and b, are bounded such
that: (k, a, b) = (k, a, b)y=5%. The proportionality factor A is thus
retrieved for each run with particles.

All 6 runs with particles are reported in Figs. 14 to 16, and Figs.
17 to 19, along with one exemplary run without particles. The figures
present the raw LPT data for both the FCs"” and FCs”, along with
their respective fits describing the thickness evolution. Additionally, the
particle count 7, is shown using green colour scales in three forms: the
raw n,, the Gaussian-smoothed n,, and regions identified as particle
bursts—i.,e., areas where the smoothed r, exceeds a threshold defined
as the mean value of the smoothed n, plus 1.2 times its standard
deviation.

The parameters obtained after fitting in FCs"F are presented in
Table 3. By comparing the two flow conditions, one can see that the
higher heat load provided by FCII"? affects the parameters’ values: in
the higher enthalpy flow condition, the long-term recession rate a is
higher, the swelling amount is lower in magnitude, and the system
stiffness is higher—meaning that the response to the forcing term Y,,(¢)
is faster. The evaluated values of a;, which are in agreement with the
typical recession rate of cork-based ablators, should be appreciated.
However, at this stage of the study there is a considerable uncertainty
on the determination of g in the lower-enthalpy flow condition, due to
the short test times that did not allow the observation of the constant
long-term recession rate, characteristic of cork-based ablators. Further
campaigns are needed to study these parameters in a broad range of
wind tunnel conditions and cork materials, to assess their variability.
The outcome of a broad study aimed at the characterization of different
materials in several flow conditions could be used by the scientific
community to develop simple and fast mathematical models for the
prediction of the ablation process.

By comparing Fig. 14 with Fig. 17, one can observe that the particle
count is notably lower in the higher enthalpy flow condition. This is due
to the agglo-melting phenomenon—particle agglomeration favoured
by melting—theorized in [13]. Agglo-melting happens only in FCII?,
as the reservoir temperature of this flow condition is higher than
the particle melting temperature. Moreover, all n, profiles are not
homogeneous and present significant variations: particle flow might be
characterized by bursts and is significantly influenced by the particle
seeding generator dynamics. Future studies should aim at improving
this hardware component.

In Fig. 16, run 4 had less violent particle bursts, causing a less-
pronounced thickness evolution, compared to runs 2 and 3. In runs
2 and 3, on the other hand, the first 20 s were highly loaded with
particles that caused violent erosion. This phenomenon did not start
at the beginning of the highly-loaded phase due to the fact that the
material requires a start-up time to develop a brittle char layer. The
model well fits run 4 and has a slight error at the beginning of runs 2
and 3; this might be due to the fact that the current mathematical model
considers no start-up processes in terms material properties, which
are hypothesized constant throughout the test. Nevertheless, it well
represents the erosion events recorded with LPT, such as for example
the one in run 3 at + = 31 s. The computed factors A are coherent
between FCI” runs, with an average value of A = 5.211e-5 + 3.5%.

In Figs. 17 to 19, the model well represents runs 8 and 9, while it
has a slight deviation at the beginning of run 7, probably for the same
reason mentioned for the previous figure (i. e. the material response
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Fig. 14. Lower enthalpy FCI?/"”: blue colours indicate conditions without particles (Run 1) and red colours indicate conditions with particles (Run 2, with
computed A = 5.468e—5). The particles counted within the light sheet are presented in green, through raw data, Gaussian-smoothed results, and burst regions.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 15. Lower enthalpy FCI”/"”: blue colours indicate conditions without particles (Run 1) and red colours indicate conditions with particles (Run 3, with
computed A = 5.078e-5). The particles counted within the light sheet are presented in green, through raw data, Gaussian-smoothed results, and burst regions.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 16. Lower enthalpy FCI?/"”: blue colours indicate conditions without particles (Run 1) and red colours indicate conditions with particles (Run 4, with
computed A = 5.086e-5). The particles counted within the light sheet are presented in green, through raw data, Gaussian-smoothed results, and burst regions.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 17. Higher enthalpy FCII*/*’: blue colours indicate conditions without particles (Run 5) and red colours indicate conditions with particles (Run 7, with

computed A = 3.191e—4). The particles counted within the light sheet are presented in green, through raw data, Gaussian-smoothed results, and burst regions.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 18. Higher enthalpy FCII*/*": blue colours indicate conditions without particles (Run 5) and red colours indicate conditions with particles (Run 8, with
computed A = 4.761e—4). The particles counted within the light sheet are presented in green, through raw data, Gaussian-smoothed results, and burst regions.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 19. Higher enthalpy FCII?/"?: blue colours indicate conditions without particles (Run 5) and red colours indicate conditions with particles (Run 9, with
computed A = 2.540e—4). The particles counted within the light sheet are presented in green, through raw data, Gaussian-smoothed results, and burst regions.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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start-up processes). Most notably, run 8 had a very small particle flux,
that did not cause any pronounced erosion effect, except at + = 31 s
and ¢t = 51 s. On the contrary, post-erosion swelling caused the probe
to be more swollen than in the case without particles. The model well
fits this behaviour and is thus a confirmation that post-erosion swelling
may be a physical effect—which was never mentioned in the literature,
regarding two-phase high-enthalpy flows effects on materials. A values
are not coherent between FCII” runs, as seen through the standard
deviation: A = 3.497e—4 + 26.7%. The high deviation between the
computed factors A can be another evidence of agglo-melting, that
causes particle size distribution change. This requires dropping the
hypotheses which the mathematical model is based on, and the analysis
can be considered only qualitative for FCII®.

FCI®: \ A=5211%10" +3.5%

FCII®: \ A=3497x10™* +26.7%

Since these tests were too short to accurately characterize the long-
term recession rate a and the swelling constant b, these results are
not reported. In the future, longer tests shall be performed to evaluate
these parameters with more accuracy. This analysis could have a broad
application in future experimental campaigns, as it can be applied to
tests with and without particles, for all possible atmospheres.

6. Conclusions

A one-dimensional mathematical model has been proposed to de-
scribe the thickness evolution of cork-based ablators in particle-laden
two-phase high-enthalpy flows, explicitly accounting for swelling, re-
cession, particle-induced erosion, and the newly identified post-erosion
swelling phenomenon. The thickness evolution is described by a con-
strained initial value problem defined and discussed in Section 3,
whose solution explicitly depends on the four terms related to reces-
sion, swelling, post-erosion swelling and particle-induced erosion, as
reported in Eq. (17).

Fitting against time-resolved thickness evolution data demonstrated
that the model reliably reproduces experimental results within ac-
ceptable accuracy, thereby confirming the existence of post-erosion
swelling. The experimental setup, which accounts for time-resolved
thickness evolution measurements via laser-sheet profile tracking (LPT)
and particle counting, is described in Section 4, while the correspond-
ing fitting results are presented in Section 5.

Depending on the heat flux condition, the long-term recession rate a
ranges from 0.024 mm/s to 0.038 mm/s, the swelling parameter b from
—2.08 mm to —1.17 mm, and the system’s stiffness k from 0.015 s~! to
0.030 s™1, as reported in Table 3. The particle-induced erosion param-
eter A has physical significance under the assumptions of constant and
homogeneous particle velocity, constant particle and material prop-
erties, homogeneous seeding, and quasi-perpendicular impact. These
conditions are satisfied only in FCI?, where A = 5211 x 107 +3.5%. In
FCII?, however, particles undergo agglomeration and melting, which
violates the assumption of constant particle properties; consequently,
the analysis in this case can only be considered qualitative.

Experiments were conducted in the arc-heated wind tunnel L2K
under four flow conditions (Table 1), which correspond to two heat flux
levels (Table 2) representative of Martian entry, including dust storms.
Given the limited number of investigated flow conditions and heat
flux points, caution must be exercised when extrapolating the model
parameters.

6.1. Outlook

This paper offers a computationally efficient basis for the determi-
nation of material-specific parameters and provides a foundation for
future parametric extensions aimed at predictive modelling of mate-
rial response in high-enthalpy flow environments, including scenarios
relevant to Martian atmospheric entry during dust storms.
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Further experimental campaigns should be conducted to explore
a wider range of conditions and materials, with the ultimate aim of
deriving parameter sets that allow computationally efficient predictions
of cork behaviour—applicable, for example, to both Earth and Martian
atmospheric entry—using the model developed in this work. This will
also enable a systematic sensitivity analysis of the model parameters
with respect to flow conditions and heat flux.

In the future, microscopic structural analysis (e.g., Scanning Elec-
tron Microscope SEM combined with Energy-Dispersive X-ray spec-
troscopy EDX) could be performed to further elucidate the physical
mechanisms of post-erosion swelling. The feasibility of this analysis
with respect to test operation and physical limits imposed by arc-heated
flow operation should be assessed.
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