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a b s t r a c t
We study the ablation and transient pyrolysis outgassing of the carbon-phenolic ablators AQ61 and
Asterm in air and nitrogen plasmas. We investigate their resistance to high heating conditions, and characterize gas-surface interaction phenomena, including the interaction of the pyrolysis gases with the hot
plasma flow. The experiments were carried out in the Plasmatron facility of the von Karman Institute for
Fluid Dynamics. The aero-thermodynamic environment of atmospheric entry in the boundary layer of a
test object was selected with surface temperatures between 1900 K and 2800 K, and test chamber pressures of 15 hPa, 100 hPa, and 200 hPa.
Those conditions led to recession rates between 39 lm/s and 83 lm/s in air plasmas. Micrographs
revealed oxidation of the char layer and carbon fibers. Carbon deposition in the form of soot was observed
on samples tested in nitrogen, contrary to air ablation where charred resin was not found at the surface.
We propose an approach to estimate the temporally resolved pyrolysis outgassing rate, based on the
emission signature of pyrolysis products and the volume change of the sample. The temporal recession
rate was obtained from high-speed camera imaging. This enabled evaluation of the surface recession
as a function of the pyrolysis outgassing rate, which was then compared to numerical estimates predicted
by thermochemical equilibrium tables.
The thermochemical equilibrium model generally underpredicted experimental recession rates, particularly at low pressure (15 hPa). Stronger mechanical failure of the material was ruled out as experiments
at the same test conditions in nitrogen plasmas did not show any significant recession. Micrographs did
not indicate internal oxidation of the material, neither was spallation observed during the low pressure
experiments.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
On 6 August 2012, NASA’s Mars Science Laboratory (MSL) mission successfully landed a rover on the Martian surface including
an automated sample collection system for chemistry and mineralogy analysis. The next steps will be to identify, develop, and qualify
required technologies for returning Martian and other asteroid
samples safely to Earth.
Such sample return missions at very high re-entry speeds will
use ablative materials for the Thermal Protection System (TPS),
shielding the spacecraft from the severe heating during the atmospheric entry. The ablative Thermal Protection Material (TPM) is
generally composed of a rigid precursor and a filling matrix, to
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serve as a pyrolyzing, ablating, and insulating material at low
weight with reasonable mechanical properties. During atmospheric entry, part of the heat flux is transferred inside the heat
shield, and the virgin material is transformed following pyrolysis
and ablation. Pyrolysis progressively carbonizes the phenolic resin
into a low density, porous char, losing around 50% of its mass producing pyrolysis gases by vaporization. The pyrolysis gases are
convected out of the material and exhaust into the boundary layer,
providing a further barrier for the heat exchange by blowing and
undergo additional chemical reactions. Ablation of the char layer,
composed of the carbonized resin and the remaining carbon fibers,
is then promoted by heterogeneous chemical reactions, phase
change and mechanical erosion, altogether leading to recession of
the material [1–3].
A new class of lightweight carbon-phenolic composites is being
developed since the last decade, specifically designed for the high
heating rates of planetary missions. A current example is made of a
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porous carbon fiber substrate impregnated with phenolic resin
such as PICA (phenolic-impregnated carbon ablator) developed
by NASA [4,5], and European ablators Asterm and AQ61, developed
by Airbus DS [6]. Most recent examples for the successful performance of PICA are the Stardust [7], and MSL [8,9] missions. A similar ablator, PICA-X, is used for the Dragon spacecraft, designed by
SpaceX for crew and cargo service of the ISS.
Selection and thickness definition of the TPM are the two key
performance parameters in TPS design, and rely on predictions of
the heat flux to the bondline of the spacecraft. But despite the
advancements made since the Apollo missions to the moon, heat
flux prediction remains an imperfect science and engineers resort
to safety factors to determine the TPS thickness. This goes at the
expense of embarked payload, hampering sample return missions
[10]. Combined theoretical, numerical, and experimental research
is required to improve our understanding of the complex gas/surface interaction and ablator material response in atmospheric
entry flows. Ground testing in plasma wind-tunnels is currently
the only affordable possibility for both material qualification and
validation of material response codes. The goal of this work is to
contribute to the ongoing efforts of improving the heat shield reliability, reducing design uncertainties and developing new thermochemical ablation models with new experimental data on porous,
low-density ablators.
Most ground-based investigations of TPM have been carried out
in arc-jet facilities [5,11–16], which offer high-enthalpy, supersonic plasma flows to reproduce stagnation pressure and peak
heating on the material surface. This strategy allows qualification
of a specific material in a confined test environment, and the
design of material response models that match ground test data
[17]. The averaged experimental data, usually recession, mass loss,
and temperatures, are used to extract thermophysical properties of
the heat shield material [14].
The total mass loss of charring ablators is composed of simultaneous char layer ablation and pyrolysis of the internal resin binder
(Fig. 1). But transient phenomena, such as the rapidly changing
blowing rates caused by strong internal pyrolysis, are usually not
captured. Especially during start of the experiment, the strong
temperature rise causes almost instant vaporization of the phenolic resin near the surface. For example, the time for PICA to reach
steady-state ablation in arc-jet tests is on the order of 10 s [16].
During steady-state ablation, the speed at which the surface
recesses equals the speed of the pyrolysis propagation towards
the virgin material (s_ c ¼ s_ v ). Recent material response simulations
of porous ablators focused on the transient behavior of the pyrolysis gas flow. Those studies demonstrated the strong influence of
the sample geometry on the strength and direction of pyrolysis
outgassing [18] as well as the importance to accurately model
the pyrolysis gas flow for a correct temperature prediction [19].
In addition, state-of-the-art numerical models treat the pyrolysis

Fig. 1. Simplified schematic of mass losses on pyrolyzing ablator: Transient
_ pg ) inside the material leading to consumption of virgin
pyrolysis gas mass loss (m
material (s_ v ), and char layer removal by recession (s_ c ).
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gas mixture as an average of decomposition products [20,21].
New high fidelity material response models are proposed to take
into account the porous micro-structure of the new class of materials [22,23] as well as a non-constant elemental composition for
the pyrolysis gas mixture [24,25].
The focus of our study will be the identification of the transient
pyrolysis gas blowing rates for evaluation of the material recession
in different air and nitrogen plasma environments. The subsonic
1.2 MW inductively coupled plasma (ICP) torch of the Plasmatron
facility at the von Karman Institute (VKI) is able to reproduce the
aero-thermodynamic environment of atmospheric entry in the
boundary layer of a test object for a wide range of pressures and
heat fluxes [26,27]. In a previous article we studied a porous,
non-pyrolyzing carbon-bonded carbon preform [28], similar to
the precursor of carbon-phenolic ablators such as Asterm. With
this work, we extend our analysis towards phenolic-impregnated
carbon ablators that may serve as TPM for future missions.
In particular, this work provides information on the following
aspects:
1. Visual inspection including microscale analysis to identify ablation at the fiber scale (Section 3.1).
2. Thermal response of the material and ablation rates in air
(Sections 3.2 and 3.3).
3. Tracing of pyrolysis products in the boundary layer
(Section 3.4):
4. Suggestion of an experimental approach to track the transient
pyrolysis gas blowing rate, enabling comparison of ablation
rates with equilibrium thermochemistry (B0 -tables) (Section 4).
2. Ablative materials and experimental methods
The experimental and numerical tools for this work are
reviewed in this section. It includes presentation of the Asterm
and AQ61 material samples, the Plasmatron facility together with
experimental and numerical procedures to characterize the plasma
flow field, as well as the experimental setup with description of the
emission spectroscopy arrangement.
2.1. Ablative test samples
We tested two different carbon composites (Asterm and AQ61)
made of short carbon fibers impregnated with phenolic resin as
described below. Their geometry was a 25 mm radius hemisphere
with a 25 mm (Asterm) or 20 mm (AQ61) long cylinder. In the subsonic plasma flow of the VKI Plasmatron, hemispherical ablative
samples responded with a stable axial recession of the hemisphere,
with low sidewall ablation [29]. This allows for constant boundary
conditions throughout the whole experiment.
Asterm is a low-density ablator, similar to NASA’s PICA [4],
developed by Airbus DS for future high-speed (re-) entry missions.
It is manufactured by impregnating a rigid graphite felt preform
with phenolic resin, followed by a polymerization process and final
machining [6]. This approach significantly reduces the manufacturing effort and allows for large scale production over a large range of
final material densities, from 240 kg/m3 to 550 kg/m3. The
expanded structure of impregnated resin gives the material a low
density and high porosity. We already presented other Plasmatron
experiments of a similar non-pyrolyzing carbon fiber preform in
another reference [28]. This carbon-bonded carbon fiber (CBCF)
preform is made of short cut carbon fibers, interconnected in a
fully carbonized matrix [30].
AQ61 is a generic ablative material previously developed by
Airbus DS, representing a low density carbon-phenolic material. In
contrast to Asterm, AQ61 is not made up of one single piece of carbon
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fiber preform but is manufactured by impregnating large pieces of
carbon felts compressed to the right density during the impregnation process [6]. The cured AQ61 structure is more rigid than
that of Asterm, has a higher density, and presents a lower resin
content.

2.2. Plasmatron facility and flow characterization
The VKI Plasmatron facility has been used for the reproduction
of the aero-thermodynamic environment of re-entry plasma flows,
creating a high-enthalpy, highly dissociated subsonic gas flow. Previous ablation experiments on lightweight carbon-composites
were carried out on the MonA ablator [31] and a Carbon-Bonded
Carbon Fiber (CBCF) preform [28].
The Plasmatron is equipped with a 160 mm diameter Inductively Coupled Plasma (ICP) torch powered by a high frequency,
high power, high voltage (400 kHz;1:2 MW;2 kV) generator (MOS
technology). The gas is heated by induction through a coil, creating
a high purity plasma flow. Three probe holders are installed in the
Plasmatron facility next to each other, which can be exchanged
independently by a pneumatic mechanism. One holds the ablative
test sample, whilst the other two are used for heat flux and Pitot
pressure measurements in the same experimental run as the ablation test. The cold wall (350 K) stagnation point heat flux q_ cw was
measured with a water-cooled calorimeter with a sensing element
of 14 mm in diameter made of copper.
A water-cooled Pitot probe, connected to a Validyne variable
reluctance pressure transducer, was used to determine the
dynamic pressure of the plasma flow.
The subsonic Plasmatron flow-field was numerically simulated
using a Navier–Stokes equation solver coupled with Maxwell equations for the electro-magnetic field created by the coil (VKI ICP code
[32–34]). This provides hydrodynamic parameters (streamwise
velocity v, boundary layer velocity gradient b, boundary layer
thickness d) as an initial characterization of the boundary layer
around the test sample under Local Thermodynamic Equilibrium
(LTE) and axisymmetric flow assumptions. The hydrodynamic
boundary layer edge parameters, as well as the experimentally
determined heat flux and Pitot pressure serve as input conditions
for the VKI boundary layer code [35]. It solves the chemicallyreacting stagnation line boundary layer over a catalytic surface
under chemical non-equilibrium conditions, assuming a fixed wall

catalycity for copper (ccw ) and a cold wall temperature (T cw ) for the
heat flux probe. A more detailed description of this procedure
applied to ablation tests can be found in another reference [28].
Two test gases have been used, air and nitrogen, the latter to
restrict the number of chemical reactions at the wall. The duration
of each test was chosen to maintain a similar heat load on the sam_ ¼ 16 g/s. For the
ples for all test cases. The mass flow was kept at m
results presented throughout this paper, the time indication
s ¼ 0 s corresponds to the injection of the test sample into the
plasma flow. Plasmatron test conditions providing test gas, static
and dynamic pressure, cold wall heat flux, boundary layer edge
rebuilding, and ablation results are listed in Table 1.
The sample was attached to a sample holder located 445 mm
downstream of the plasma jet exit in an actively cooled sampleconditioning system to prevent preheating and early pyrolysis.
After reaching the favored test condition (test chamber static pressure and heat flux), the sample was inserted using a pneumatic
mechanism.

2.3. Experimental methods for ablation characterization
A schematic of the experimental setup for freestream and in situ
ablation measurements can be found in Fig. 2, and is reviewed
below. We used a two-color Raytek Marathon MR1S-C pyrometer,
employing a wide (0.75–1.1 lm) and narrow (0.95–1.1 lm) spectral
band for the temperature determination at a 1 Hz acquisition rate
(1300–3300 K). Using two narrow wavelength bands (two ‘‘colors”)
and under the assumption of an emissivity being independent of the
wavelength in the range 0.75–1.1 lm, temperature of the surface
can be estimated without knowing the emissivity. The pyrometer
was pointed and focused in the stagnation area of the sample
through a 1 cm thick quartz window, at an angle of 35° with
respect to the stagnation line. The instrument was calibrated up to
3300 K at the National Physical Laboratory (London, UK) using a high
temperature graphite blackbody, including a spot-size and uncertainty analysis, which resulted in dT w ¼ 15 K in the observed temperature range. The highest uncertainty was attributed to the
positioning of the pyrometer with respect to the quartz window,
introducing measurement inaccuracies.
The bright surface was observed with a High-Speed Camera
(HSC) for determination of the recession rates. The short exposure
times (2 ls) of the Vision Research Phantom 7.1 CMOS HSC

Table 1
Plasmatron test conditions and main results: test case reference for materials AQ61 (AQ) and Asterm (AS), followed by test gas, static pressure ps , dynamic pressure pd , Plasmatron
electrical power, mean cold wall heat flux q_ cw , flow enthalpy he , density qe , temperature T e , velocity v e , exposure time s and surface temperature T w , recession rate s_ , and total
mass loss Dm.
Test ID

Gas

Probe measurements and boundary layer edge characteristics
Measurements

Ablation experiments

Simulation

ps (hPa)

pd (Pa)

P (kW)

q_ cw (kW/m2)

he (MJ/kg)

qe (g/m3)

T e (K)

ve

(m/s)

s (s)

T w (K)

s_ (lm/s)

Dm (g)

AQ-A1a
AQ-A1b
AQ-A2
AQ-A3a
AQ-A3b

air
air
air
air
air

15
15
100
200
200

135
400
17.0
6.20
57.0

161
400
181
158
356

1023
2994
1038
1026
3058

21.7
52.0
21.6
20.9
42.0

0.62
0.27
3.86
7.67
4.32

5474
9051
5950
6090
8075

228.7
699.9
33.6
13.9
59.7

90.4
30.0
90.4
90.3
30.0

2115
2765
2080
1860
2790

47
47
46
39
83

5.8
4.0
4.9
3.6
3.8

AQ-N1a
AQ-N1b
AQ-N2

N2
N2
N2

15
15
100

131
263
13.4

177
354
213

997
3034
1017

22.2
59.7
23.2

0.63
0.25
3.83

5586
9217
6136

223.1
586.0
29.5

90.5
30.4
90.0

1975
2520
2005

0.5
2.1
0.6

2.4
2.3
1.8

AS-A1a
AS-A1b
AS-A2
AS-A3a
AS-A3b

air
air
air
air
air

15
15
100
200
200

143
–
15.5
6.00
50.0

155
395
184
163
356

1010
3000
977
1016
3200

21.1
53.1
20.5
20.7
44.7

0.63
0.26
3.98
7.72
3.93

5446
9142
5879
6077
8735

233.7
669.8
32.1
13.9
58.6

90.6
30.8
90.3
90.4
35.7

2080
2740
2050
1845
2735

58
62
54
35
71

8.0
5.8
6.7
5.5
6.0

AS-N1a
AS-N1b
AS-N2

N2
N2
N2

15
15
100

131
200
13.1

175
337
215

995
3128
1038

22.2
64.0
23.6

0.63
0.24
3.78

5584
9504
6159

222.9
526.6
29.6

90.4
30.4
90.0

1995
2490
2075

0.2
0
0

4.5
4.4
3.8
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fibers at microscale. A virgin sample of each material was first
inspected, followed by inspection of the tested samples. The SEM
system in use for this study was a Jeol JSM-6400 type of electron
microscope. The standard working distance (WD) in imaging mode
was set to 39 mm at an accelerating voltage of 20 kW. As the
charred test samples are mostly composed of charred carbon, no
further treatment, such as coating of the surface, is required.
Tested samples were first inserted as a whole into the SEM’s vacuum chamber to preserve the char layer for a first analysis. Then,
the sample was cut along the stagnation line with a scalpel in order
to study the sub-surface degradation.

3. Experimental results and discussion
Plasmatron test conditions (static and dynamic pressures ps and
pd , electrical power P, and cold-wall heat flux q_ cw ), boundary layer
edge parameters (static enthalpy he , flow velocity v e , gas density
qe , and temperature T e ), and ablation data (surface temperature
T w , recession rate s_ , and total mass loss Dm) are summarized in
Table 1. A Kern EW150-3M balance (1 mg precision) was used
for pre- and post-test evaluations of total mass loss Dm. The surface temperature T w is reported as the mean over the whole test
time, and the recession rate s_ is the slope obtained from the HSC
during steady conditions.
Fig. 2. Schematic of experimental setup showing the spectrometer optical paths
perpendicular to the plasma flow ahead of the ablating sample (445 mm from
plasma torch exit).

prevented sensor saturation and enabled an in situ recession
analysis of the ablating test sample. It was moreover necessary
to determine the location of the ablating surface in situ to enable
evaluation of the emission spectroscopic measurements described
shortly. Acquisition of the HSC was triggered using a Digital Delay
Generator (DDG), synchronized with the Optical Emission Spectroscopy (OES) measurements, before injection of the test sample.
This allowed for a precise determination of the total injection time.
Synchronized with the HSC were three Ocean Optics HR4000
spectrometers along the stagnation line for spatial information of
the emission spectrum upstream of the test specimen. The optical
diagnostic bench consisted of a light collection system, and one
optical fiber for each of the three spectrometers. The light emitted
by the plasma was collected through a variable aperture and
focused by a plano-convex, uncoated fused silica lens (LA4745,
750 mm focal length) via two mirrors on the entry of the three
optical fibers (Ocean Optics QP600-2-SR/BX, 60010 lm core
diameter). The optical path was aligned perpendicular to the flow
and tangential to the test sample surface. The magnification of the
optical system was set to m ¼ 3 resulting in a distance between
each probing volume of Dd ¼ 2 mm.
The AQ61 and Asterm samples were studied by SEM to investigate the in-depth char layer degradation and ablation of the carbon

3.1. Post-test visual inspection
The post-test photographs of Fig. 3 show a clear difference of
two AQ61 test samples after ablation in air or nitrogen. Air ablation
led to alteration of the outer char layer due to carbonization of the
resin and ablation of the carbon fibers, especially visible on photographs of the sample backside. The central (darker) part was
not fully carbonized with some content of phenolic resin left. The
surfaces of the samples exposed to nitrogen plasma appeared gray
to black and covered with soot. This was confirmed by post-test
Scanning-Electron-Microscopy (SEM) as will be seen below.
The appearance of Asterm samples changed from the virgin yellow to black after the ablation test due to charring (Fig. 4(a)). Cut
Asterm samples revealed that most of the virgin material had been
pyrolyzed (Fig. 4(c)), except a small portion at the backside, probably caused by the water-cooled holding stem the sample was
mounted on. However, the color of partially charred Asterm does
not give quantitative information about its charring level. For
example, the coloring of charred PICA becomes blackish once
approximately 50% of the material is charred [17]. A thin layer of
soot covered the surface of Asterm samples tested in nitrogen
(Fig. 4(d)).
Closer observation of cut Asterm samples (Fig. 4(c)) reveals
slight differences in the char layer color, with a light-gray at a certain material depth (approximately 5 mm to 10 mm from the surface). This might be a result of different char layer compositions,

Fig. 3. Post-air ablation photographs of AQ61, exposed to a cold wall heat flux of q_ cw ¼ 3 MW=m2 and a chamber static pressure of ps ¼15 hPa in an air (T w ¼ 2765 K) and
nitrogen (T w ¼ 2520 K) atmosphere for 30 s.
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Fig. 4. Post-air ablation photographs of Asterm show carbonized surface with change of color from yellow to black (T w ¼ 2740 K), cut samples (c) reveal an almost completely
charred test sample (3 MW=m2 , 15 hPa); the nitrogen tested sample (d) illustrates soot formation at the surface (T w ¼ 2490 K). (For interpretation of the references to colour
in this figure caption, the reader is referred to the web version of this article.)

Fig. 5. Surface micrographs of AQ61 (a) after ablation in air depicts icicle shaped fibers with high porosity, no charred resin was identified at surface (AQ-A1a, 200 hPa,
1 MW=m2 ); Section-cut micrograph of Asterm (b) depicts similar icicle shaped fibers due to oxidation with high porosity of the charred material. Charred resin was identified
close to the surface and increased with material depth. The micrographs taken at depths of 0.5 mm (c) and 1 mm (d) highlight the high amount of charred resin but no
oxidation of resin and fibers (AS-A3a, 15 hPa, 1 MW=m2 ).

for example due to different char yields, and/or additional coking
of the pyrolysis gas during its travel through the material.
Air oxidation of the char layer led to removal of the carbonized
resin, followed by ablation of the carbon fibers, resulting in a
brighter color for the char layer. Oxidation from the fiber tips
resulted in strong thinning of the carbon fibers for both materials,
leading to icicle shaping of ablated fibers (micrographs Fig. 5).
Shape and roughness change of ablated carbon fibers due to
heterogeneous reactions, in particular, the typical icicle shape
observed during this work, is reported in literature for various conditions and materials [36–39]. Charred, partially ablated resin was
visible 50 lm to 100 lm below the surface of AQ61. In this zone,
all charred resin was oxidized, followed by ablation of the carbon
fibers. Accordingly, charred resin was identified below the surface
in the case of Asterm but not at the tip of the fibers (Fig. 5(b)). The
amount of charred resin increased in-depth of the material (Fig. 5
(c) taken at 0.5 mm and Fig. 5(d) taken at 1 mm), but no quantitative analysis was performed. We further did not observe any internal oxidation of the charred resin, which, for example, would
indicate an inflow of boundary layer gases. Lachaud et al. showed

that the internal pressure created by the pyrolysis gases leads to
the blockage of boundary layer gases [19].
Micrographs of samples exposed to nitrogen revealed corrosion
of the carbon fibers along the whole fiber length without significant recession. In addition to this, a web of thin ‘‘cross filaments”
(nanometer scale) in-between carbon fibers was visible at the stagnation point of the tested samples (Fig. 6).
Due to the lack of oxygen, most of the carbonized resin
remained as a connecting matrix in-between the carbon fibers.
Micrographs proved that the sidewall of samples after nitrogen
exposure was darkened by agglomerated carbon particles, forming
soot at the surface (Fig. 7(b)). At the rear wall of the test specimen,
the carbon fibers were augmented and thickened with charred
resin in a small zone along the radius (Fig. 7(c)).
Both the carbon filaments and soot at the surface are assumed
to be a result of carbon deposition from the pyrolyzed phenolic
resin, that is not consumed by combustion in the gas-phase and
condenses at the surface. Soot formation in flames is prominent
in the combustion literature and an omnipresent byproduct in
oxygen-poor environments. Many pathways exist for soot forma-
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3.2. Surface and in-depth temperatures

Fig. 6. Post-nitrogen micrograph of AQ61 (AQ-N1a) presents nano-scale ‘‘cross
filaments” at the surface.

tion and Wang recently presented a summary of the formation of
condensed-phase materials [40]. Important factors in soot formation are a high temperature environment as well as the presence
of acetylene (C2H2). Evidence supporting the presence of acetylene
may lie in the findings of C2 in the gas-phase (Section 3.4). However, we found soot formation on a non-pyrolyzing carbonbonded carbon fiber preform in a previous study [28]. The thin carbon filaments observed in the stagnation point may therefore be a
result of condensation, for example of CN produced by nitridation,
at the surface. Condensation of pure carbon molecules, such as C,
C2, C3, is more likely at higher temperatures, when the surface
reaches sublimation.

Fig. 8 presents the surface- and internal-temperature responses
of AQ61 samples in air and nitrogen plasmas at a cold wall heat
flux of 1 MW/m2 (a) and 3 MW/m2 (b).
Surface temperatures quickly reached a quasi-steady state after
injection into air and nitrogen plasma, resulting in maximum surface temperatures of 2765 K and 2530 K, respectively. Ablation of
the char layer, and hence, a varying distribution of the surface carbon fibers, together with fluctuations of the plasma jet, caused
fluctuations of the surface temperatures within 10 K to 20 K.
For the kind of materials under investigation, a steady burn-off
rate is favored, keeping the high surface temperature at a constant
value. Above roughly 3000 K, an increasing heat flux would rather
cause higher surface recession than a surface temperature rise. At
low heat flux (Fig. 8(a)), thermocouples were located 5 mm and
10 mm behind the initial stagnation point, but were changed to
10 mm and 20 mm for the higher heat flux test (b). Thermocouples
of the same experiment recorded almost identical temperatures
during the cool down phase once the heat wave had penetrated
through the sample. Because the sample was shielded from the
hot plasma during facility start-up by a water-cooled control system, initial temperatures did not exceed 360 K for any of the thermocouples prior to injection. Pyrolysis reactions do not take place
at temperatures below 500 K and pre-charring of the test sample
can thus be excluded.

3.3. In-situ recession analysis
The HSC captured recession of the ablating surface during the
whole experiment for each test. The in situ recession for four conditions according to low/high pressure at low/high heating rates

Fig. 7. Post-nitrogen-ablation photograph (a) and micrographs of AQ-N1b (N2, 15 hPa, 3 MW/m2) highlighting soot at the sidewall (b) and agglomerated carbon fibers at the
back side (c).

Fig. 8. Surface (T w ) and internal temperatures (5 mm and 10 mm at 1 MW/m2 (a) and 10 mm and 20 mm at 3 MW/m2 (b)) during AQ61 ablation are higher in air plasma (full
lines) than in nitrogen (dashed lines) (AQ-A1a/b, AQ-N1a/b).
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Fig. 9. AQ61 centerline recession in air at low (a) and high (b) pressure and heating conditions of 1 MW/m2 and 3 MW/m2 (a and b).

Fig. 10. Asterm centerline recession in air at low (a) and high (b) pressure and heating conditions of 1 MW/m2 and 3 MW/m2 (a and b).

are shown in Fig. 9(a) and (b) for AQ61, and in Fig. 10(a) and (b) for
Asterm.
Both materials responded with very similar recession rates at
low pressure, as well as at high heating rate in a high pressure
environment (AS-A3b and AQ-A3b). At low heating but high pressure (A3a), AQ61 showed a slightly higher recession rate than
Asterm. The data suggest similar AQ61 and Asterm recession rates
at low pressure, independent of the heat flux (conditions A1, surface temperatures between 2080 and 2765 K), indicating a diffusion controlled ablation regime. Generally, a higher pressure
would then lead to a higher carbon consumption and hence, a
higher ablation rate. This was not seen in our case for low heating
rates, where ablation rates at high pressure were lower than at low
pressure (conditions A3a). However, recession rates for tests at
high heat flux and high pressure (A3b) were considerably higher
than at low pressure.
Figs. 9 and 10 also suggest that the surface began receding several seconds after injection, especially for the higher pressure condition AS-A3a. Here, the sample did not recede for the first 20 s.
This might be either due to the thermal inertia and the required
time to heat the sample, or to the strong pyrolysis outgassing at
the beginning of the test, preventing recession. We presented in
Fig. 8 the surface temperature response of AQ61 samples, which
showed that the surface was almost instantly heated to high temperatures, only slightly rising during the test. Additionally, we will
see below in Section 3.4 that pyrolysis blowing rates reached their
maximum between 2 s and 3 s after sample injection.
Based on those two observations, (1) very fast heating of the
surface and (2) strong pyrolysis gas blowing just after sample
injection, we conclude that the delayed surface recession was
caused by the ejection of pyrolysis gases into the boundary layer.
Section 4 will present an approach to estimate the surface recession as a function of the pyrolysis gas blowing rate. The obtained
results will be compared to a numerical ablation model based on
equilibrium thermochemistry (B0 -tables).

MacDonald et al. [41] also studied ablation of Asterm, at atmospheric pressure and surface temperatures of 2150 K and 2200 K.
Their bulk Asterm material is reported with a density of
350 kg/m3, higher than ours. Their recession rate extracted from
video imaging was 47 lm/s for surface temperatures of approximately 2100 K at atmospheric pressure. This lies between our
observations at similar surface temperatures for low (15 hPa:
58 lm/s) and high (200 hPa: 35 lm/s) pressures. Their initial sample shape was a cylinder, experiencing strong edge ablation over
the 300 s test. This led to increasing surface temperatures during
the first 60 s of the test, which became more uniform once the
cylinder was ablated. This observation gives ground to the argument that the boundary layer thermochemistry was influenced
during the experimental run by the shape change of the sample.
3.4. Temporal emission of ablation and pyrolysis products
A conventional photograph serves to illustrate the strong
boundary layer emission in the visible wavelength range during
ablation including pyrolysis gases (Fig. 11(a)). An emission spectrum taken in the boundary layer in front of the sample indicates
dominant radiating molecules in the range 240–900 nm, most of
them originated either from the pyrolysis gas ejection or the ablation process (Fig. 11(b)). Excited atomic oxygen and nitrogen from
the plasma freestream were also identified. In general, the radiative spectrum was dominated by spontaneous emission of the electronically excited CN violet (B2 Rþ ! X2 Rþ ) system. At elevated
surface temperatures, above 2600 K, atomic carbon was detected.
We could further identify Ha and Hb lines of the Balmer series,
and molecular systems including hydrogen as products from the
phenol decomposition such as CH (A-X), NH (A-X) and OH (A-X),
and carbon molecular systems like C2 (Swan). Strong emission of
the sodium (Na) doublet was observed around 589 nm for most
of the experiments, which probably is a result of sample fabrication but also contamination due to machining. Main radiating tran-
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Fig. 11. (a) Strong boundary layer radiation in the visible wavelength range captured by photograph during AQ61 ablation; (b) Spectrally resolved emission during AQ61
ablation in air plasma (AQ-A1b) highlighting multiple species resulting from pyrolysis and ablation processes (3 MW=m2 , 15 hPa).

Table 2
Radiative transitions of electronically excited atomic and molecular species including C, H, Na, C2, CH, CN, NH and OH.
Species

Transition

Wavelength, nm

Species

Transition

C

1 
P1

! 1 S0

247.8

C2

H

3 ! 2 ðaÞ

d Pg ! a3 Pu (Swan)

656.3

CH

A2 D ! X2 P

431.4

H

4 ! 2 ðbÞ

486.2

CN

388.3

Na

2 
P1=2;3=2

B2 Rþ ! X2 Rþ (violet)

589.0

NH

A3 P ! X3 R

336.0

OH

A2 Rþ ! X2 P

306.4

! 2 S1=2

sitions are listed in Table 2. Wavelength indications for molecules
refer to the vibrational 0–0 (bandhead) transition.
Line-of-sight averaged emission spectra can give valuable information about the decay of various emitting species and hence, the
transient behavior of material decomposition throughout the
experiment. To evaluate the temporal emission of atomic lines of
species i, the emission signal ðkÞ was integrated with respect to
the wavelength for each individual spectrum at time step Ds:
ðD sÞ

Ii

Z
¼

k2

k1

ðkÞdk /

Z

k2

nu
k1

Aul hc
dk;
4p kul

ð1Þ

with the Einstein coefficient Aul (atomic transition probability) and
the number density of excited atoms nu . Assuming LTE at temperature T, the population density of an upper state with degeneracy g u
is linked to the total species density N through a Boltzmann
distribution,

nu ðTÞ ¼ NðTÞ



g u exp  kEBuT
Q int

:

ð2Þ

This shows that the (integrated) emission signal not only depends
on temperature, but is also a function of the species concentration.
Hydrogen is a dominant product of phenol decomposition at
high temperatures through dehydrogenation [42] and can be

3

Wavelength, nm
516.2

probed via the strong Ha emission line (Fig. 11(b)). Normalized
temporal emission profiles of Ha taken by the three spectrometers
were almost identical, although taken 2 mm apart from each other
in the boundary layer (Fig. 12(a)). Emission intensities increased
away from the sample surface as is indicated by the maximum
(calibrated) emission intensity of each curve in the legend. This
might be a result of an increasing gas temperature in the boundary
layer, leading to more excited states of hydrogen atoms according
to Eq. (2). Dissociation of molecules containing hydrogen in the
boundary layer may serve as another explanation. However, the
normalized curves of Fig. 12(a) illustrate, that the temporal behavior of hydrogen emission is mostly driven by the transient pyrolysis gas injection, rather than being a function of the distance from
the surface. Hydrogen emission showed the same temporal behavior as NH and C2 (Fig. 12(b)). The Asterm composite has a higher
phenolic resin content compared to AQ61, and therefore responds
with higher pyrolysis outgassing at elevated temperatures. For this
reason, the temporal emission profiles are only shown for Asterm.
Emission was clearly strongest at test start, probably due to the
high injection of pyrolysis gases, and then decreased with progressing pyrolysis inside the material along with less outgassing.
All emission profiles were similar for AQ61 and Asterm in both
air and nitrogen plasmas, showing very similar temporal trends
independent of the test gas.

Fig. 12. (a) The normalized temporal emission profiles of Ha are identical for the three spectrometers (max. intensity indicated), hence, do not depend on distance from the
surface; (b) H, NH, and C2 temporal profiles recorded during Asterm ablation (middle spectrometer) in air plasma are identical, confirming the pyrolysis gas origin (AS-A1b).
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The C2 Swan system was also identified by emission spectroscopy during ablation testing of the carbon-phenolic ablator
PICA [43], MonA [31], and AQ60 [44]. In the latter reference, C2
emission is interpreted as a result from carbon particles that sublimate in the boundary layer. We have presented atomic carbon
emission, most probably caused by sublimation, for a nonpyrolyzing CBCF preform material in another reference [28]. No
traces of C2 had been observed in that case. Based on those
grounds, we relate the here observed C2 emission to the hydrocarbon molecules ejected by the pyrolyzing material. From hydrocarbon chemistry it is known that C2 is a dissociation product of C2H2,
and C2 spectra are prominent in high-temperature processes such
as combustion and gas-phase pyrolysis. Two carbon atoms of acetylene are bonded together in a strong triple bond, breaking up at
higher temperatures into C2 and H [45]:

C2 H2 þ M
C2 H þ M

C2 H þ H þ M
C2 þ H þ M

Table 3
AQ61 and Asterm mass loss due to pyrolysis outgassing only (mpg) and its percentage
contribution to total mass loss.

ð3Þ

Test ID

Tw, K

ps , hPa

mpg , g

mpg
Dmtot ,

AQ-A1a
AQ-A1b
AQ-A2
AQ-A3a
AQ-A3b

2115
2765
n/a
n/a
2790

15
15

1.12
1.77

23
44

200

2.26

60

AQ-N1a
AQ-N1b
AQ-N2

1975
2520
2005

15
15
200

2.37
2.27
1.82

100
100
100

AS-A1a
AS-A1b
AS-A2
AS-A3a
AS-A3b

2080
2740
2050
1845
2735

15
15
100
200
200

4.79
4.24
4.32
4.04
4.83

60
73
65
74
81

AS-N1a
AS-N1b
AS-N2

1995
2490
2075

15
200
200

4.53
4.44
3.81

100
100
100

%

ð4Þ

Those mechanisms support our argument that the C2 Swan emission originated from the phenolic decomposition. Especially during
the start of the ablation test, the virgin material at the surface is
almost instantly heated above 2000 K, leading to vaporization and
a fast consumption of the vaporized phenolic binder in the boundary layer.
Accordingly, the atomic carbon emission recorded at 248 nm
suggests sublimation of the char layer. Reactions (3) and (4) also
serve to explain the recorded hydrogen signal (Ha and Hb ). Experimentally recorded hydrogen emission increased away from the
surface, most probably due to the temperature increase leading
to dissociation of the hydrocarbons.
Few similar studies of the emission signature during Asterm
ablation are available in the literature. MacDonald et al. [41] studied ablation in the UV/VIS range of Asterm. They also observed CN
violet emission close to the ablator surface and atomic oxygen
emission decreased gradually from the freestream towards the
ablator surface. From this, they concluded a boundary layer thickness of approximately 5 mm. In line with our study, the authors
observed sodium and calcium in the boundary layer and also
assigned this to material contamination.
Hermann et al. [46] studied the coupled effects of ablation and
radiation in a magnetoplasmadynamic arcjet. They studied ablation of the non-pyrolyzing CBCF preform as well as pyrolyzing
Asterm. Although the experiments were still preliminary, the
authors report reduced VUV radiation caused by the carbonphenolic material, suggesting absorption of incident radiation by
the released pyrolysis gases. Conversely, Asterm ablation resulted
in a higher emission signature in the UV/VIS spectral range, compared to a cold copper probe. Strong CN violet emission was
observed in this case but the authors do not report on C2 Swan
emission, which might have been produced during the first test
seconds in their case. Unfortunately, no temporal behavior of the
emission in front of the pyrolyzing material is reported.

4. Ablation rate comparison with thermochemical equilibrium
tables
This section first outlines the experimental approach for determination of in situ pyrolysis gas blowing rates. Secondly, we
describe the numerical procedure for computation of the ablation
rate based on different pyrolysis outgassing rates and gas compositions. The numerical approach is based on thermochemical ablation tables at equilibrium (B0 -tables).

4.1. Experimental approach
Before comparing the experimental recession data with computed ablation curves, it is essential to know the temporal pyrolysis blowing rate during each experiment, which strongly impacts
the surface thermochemistry and ablation rate. To do so, we determined the volume loss of ablated samples from HSC images. The
pixel:mm conversion was determined using a mm-resolved chessboard, placed at the initial sample location. Assuming axisymmetric ablation, it was possible to determine the volume loss by
integration of the extracted profile, and to study the shape change
[29]. From the density of the charred material qc , it was possible to
estimate the total mass loss solely caused by degradation of the
phenolic resin through pyrolysis mpg by

mpg ¼ Dmtot  V abl  qc ;

ð5Þ

with the ablation volume loss V abl from the HSC contour, and the
total mass loss Dmtot from post-test weighing of the sample
(Table 1). We used the non-pyrolyzing carbon preform in another
reference to examine the validity of this technique [29]. In that
non-pyrolyzing case, mass loss estimated from HSC images
(V abl  qc ) should be identical to the weighted one (Dmtot ) because
only carbon fiber removal led to mass loss. Note that this only holds
true if a density change, e.g., by volumetric ablation, does not occur,
i.e., oxygen is not diffusing into the porous medium.
In addition, mass loss during ablation in nitrogen atmosphere
was assigned to pyrolysis only, as recession of the surface proved
sufficiently low (Table 1). Those values were used as indication
for comparison with the pyrolysis blowing rates obtained during
air ablation. The results of this analysis are presented in Table 3,
separated for AQ61 and Asterm.
The mass loss mpg represents an integration over the whole test
time as it is computed from the total mass loss mtot (Eq. (5)). To
obtain temporally resolved pyrolysis gas blowing rates, we made
use of the hydrogen time-profile provided by the spectrometer
(Fig. 12(a)). From Eq. (1) we can assume that the intensity of
hydrogen is directly related to the number of hydrocarbons ejected
into the boundary layer, and therefore, to the strength of pyrolysis
outgassing. We support this assumption with the identical temporal Ha -profiles at various distances from the surface (Fig. 12(a)),
and the identical temporal profiles of various pyrolysis products
in the gas-phase (H, NH, C2) in Fig. 12(b). On the basis of this

1

A detailed analysis of the char layer density is presented in the next section.
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Neglecting species condensation at the surface, the mass
conservation equation of element k (e.g. C, H, N, O) for the control
volume can be written as follows

_ pg yk;pg þ m
_ c yk;c ¼ ðqv Þw yk;w þ jk;w ;
m

Fig. 13. Temporal pyrolysis blowing rate processed for Asterm ablation (AS-A3a)
based on measured hydrogen (Ha ) emission and mass loss due to pyrolysis
outgassing mpg (Table 3); the momentaneous char blowing rate is given as well (ASA3a, 1 MW/m2, 200 hPa).

evidence, it seems fair to suggest that the increasing temperature
in the boundary layer for a given spectrometer does not have significant impact on the temporal pyrolysis profile. In other words,
it is not important at which distance from the surface the normalized temporal profile of Ha -emission is taken.
The resulting temporal pyrolysis outgassing peaked shortly
after sample injection at 0:065 kg=ðm2 sÞ (Fig. 13), but decreased
rapidly during the first seconds. In addition, the temporal carbon
blowing rate, based on the recession rate (Fig. 10) and a char density of 225 kg/m3, is shown.1 A second order polynomial fit to the
recession data provided the instantaneous recession rate for each
time step. This enabled evaluation of ablation rates for the corresponding pyrolysis blowing rates at the same instant of time. These
data will be presented together with the numerical results for better
comparison in Section 4.2.
4.2. Numerical approach
Following the approach of Kendall et al. [20], thermochemical
tables (B0 -tables) are widely used to estimate the char consumption of an ablating surface as a function of the pyrolysis gas mass
flow, the temperature, and pressure. Surface mass and energy balances at thermodynamic equilibrium couples the atmosphere of
interest with the surface char and the pyrolysis products. A schematic of the surface mass and energy balances of a generic ablating, or ‘‘active” surface is presented in Fig. 14, with an imaginary
thin control volume fixed to the receding wall. Heat and mass
transfer-coefficients correlate the convective heat and mass transfer rates at the ablating surface to the flow environment at the edge
of the boundary layer, without the need to fully couple the flow
environment [47]. The thermochemical tables obtained from this
approach, specific for one TPM composition and atmosphere, relate
surface temperature and pressure to a dimensionless surface mass
flux.

ð6Þ

with the left-hand side terms being the mass ejected by the material: yk;pg and yk;c are the mass fraction of each element k in the
pyrolysis gas (=0 if non-pyrolyzing), and the char, respectively.
_ pg and m
_ c are the pyrolysis gas mass flux and the char
Quantities m
mass consumption rate (kg=ðm2 sÞ). The fluxes away from the surface are the diffusive flux jk and the motion of the fluid at velocity
_ with yk;w as the mass fraction of each
v due to the inserted mass (m),
element at the wall. Since mass is only inserted by the surface
heterogeneous reactions, summing up Eq. (6) over all elements k
P
( k jk;w ¼ 0 due to mass conservation) yields the global surface
mass balance,

_ c ¼ ðqv Þw ;
_ pg þ m
m

ð7Þ

_ pg þ m
_ c being the total material mass loss rates.
with m
Analogous to the mass conservation discussed above, incoming
energy fluxes to the control volume are the convective heat flux
(q_ conv ) including diffusion, possible radiation from the boundary
layer (q_ rad;in ), and the enthalpy fluxes due to the solid material con_ c hc þ m
_ pg hpg ). Energy fluxes leaving the control volume
sumption (m
include surface radiation (q_ rad;out ), material conduction (q_ cond ), and
the enthalpy flux carried by the species ‘‘blown” from the surface
(ðqv Þw hw ). The global energy conservation is thus given by

_ c hc þ m
_ pg hpg ¼ ðhqv Þw þ q_ rad;out þ q_ cond ;
q_ conv þ q_ rad;in þ m

ð8Þ

with surface entering fluxes on the left-hand side and exiting
energy fluxes on the right-hand side. At low enough freestream
gas temperatures, the incoming gas radiation q_ rad;in can be neglected
and the outgoing radiation emitted by the surface reads

q_ rad;out ¼ erT 4w :

ð9Þ

In our case, the surface energy balance is obsolete as the measured surface temperature will be directly used for the computation. However, the approach is shown for completeness.
The diffusion flux jk;w of the elements in the mixture can be
computed using the transfer potential method that assumes equal
mass diffusion coefficients for all species in the mixture

jk;w ¼ C M ðyk;w  yk;e Þ;

ð10Þ

with C M being the dimensional mass transfer coefficient [kg/(m2 s)].
Substituting Eq. (10) and (7) into (6) provides the char consumption
rate in dependence of the pyrolysis mass flux,

_c¼
m

_ pg ðyk;w  yk;pg Þ þ C M ðyk;w  yk;e Þ
m
:
yk;c  yk;w

ð11Þ

Division by C M yields the non-dimensional mass blowing parame_ pg =C M and B0c ¼ m
_ c =C M . The composition at the wall
ters B0g ¼ m
(yk;w ) can then be computed based on thermochemical equilibrium
for a given B0g and starting from an initial guess of B0c by

yk;w ¼

B0pg yk;pg þ B0c yk;c þ yk;e
B0pg þ B0c þ 1

:

ð12Þ

The elemental compositions of the pyrolysis gas (yk;pg ), char (yk;c ), and
boundary layer edge (yk;e ) are given as we will describe shortly. The
mass-transfer coefficient C M is still required for a full description of
the problem. In a fluid flow with heat and mass transfer, thermal
diffusivity a and mass diffusivity D are related by the Lewis number
Fig. 14. Overall mass fluxes including compositions (a) and energy fluxes (b) in a
control volume fixed to the surface of a generic ablative material.

Le ¼

a

D

:

ð13Þ
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Assuming equal mass and energy transfer coefficients, i.e., Le = 1,
and applying a blowing correction for the mass injection at the surface [48,49], we obtain

C M ¼ C H ¼ C H0

lnð1 þ 2KB0 Þ
;
2KB0

ð14Þ

with C H being a corrected heat transfer coefficient, B’ = B’c + B’g, and
K a factor depending on the flow regime (we assume K ¼ 0:5 for
laminar flow). Assuming that the viscous dissipation in the boundary layer equals heat conduction, the Prandtl number equals one,

lc p

Pr ¼

k

¼

m
a

ð15Þ

and the boundary layer heat transfer coefficient C H0 can be approximated from the measured cold wall heat flux q_ cw and the computed
boundary layer edge enthalpy he and cold-wall enthalpy hcw ,

C H0 ¼ 

q_ cw
he þ

1
2

v 2e  hcw

:

ð16Þ

In this case equal heat and mass transfer coefficients are assumed,
independent of the wall condition (hot ablating wall, or cold wall
calorimeter measurement). The non-equilibrium boundary layer
computation provided the cold-wall enthalpy hcw , instead of an
equilibrium enthalpy at 350 K (temperature of the calorimeter). It
is based on the calorimeter recombination efficiency c. C H0 was provided for each test condition through Eq. (16) by the numerical
rebuilding procedure (Table 1). C M was then available as function
of the boundary layer edge condition without ablation.
For comparison with the experimental data and better understanding, the dimensionless blowing rates B0c and B0g can be converted to ablation rate by

s_ c ¼

_c
m

qc

¼

B0c C M

ð17Þ

qc

_ g ¼ B0g C M ).
and pyrolysis blowing rate (m
We used the thermochemical library MUTATION++ [50–52] for
computation of B0c based on B0g with an initial elemental composition for the resin (C6H5OH), mixed with air (21% O, 79% N). The initial elemental composition (yk;pg ) was calculated based on pure
resin (Table 4), and assuming that a certain percentage of the mixture, by mass, will be transformed into solid char of pure carbon,
staying within the material. This char yield fraction (Y char ) was
removed from the pyrolysis gas mixture, with the rest of the pyrolysis gases mixing with the air. The new pyrolysis gas composition
was computed based on the new molar content of carbon X C ,
which was obtained from pure phenol as initial composition,

XC ¼

MC6 H5 OH ð1  Y char Þ  MO  6MH
;
MC

ð18Þ

with M being the molecular mass of the respective constituents.
A scheme illustrating the procedure for computation of ablation
rates is given in Fig. 15. Numerical simulation of the plasma flow
field and the boundary layer code provided the required condition
at the boundary layer edge (Table 1). Knowledge of the boundary
layer edge enthalpy (he ) and the cold-wall heat flux allowed comTable 4
Pyrolysis gas elemental compositions by mole for different char yields (by mass) for
computation of thermochemical equilibrium tables.
Char yield

Carbon

Hydrogen

Oxygen

0
40
50
65

0.4615
0.291
0.229
0.115

0.4615
0.608
0.661
0.759

0.0769
0.101
0.110
0.126

Fig. 15. Ablation computation procedure: Experimentally measured surface temperature and pressure as well as pyrolysis gas composition based on char yield
(Y char ) are input for computation of thermochemical ablation (B0 -tables) using
++
MUTATION ; the numerical simulation of the boundary layer edge condition (enthalpy
he ) serves for computation of the ablation and pyrolysis blowing rates.

putation of the dimensional ablation and pyrolysis blowing rates
based on C M following Eq. 14 and 16.
A char yield close to 50% is a common assumption for PICA-like
materials [53], but should ideally be determined, for instance, by
Thermal Gravimetric Analysis (TGA). We estimated the virgin
Asterm density to be 265 kg/m3, and it is made up of approximately 30% phenolic resin. Hence, a 50% char yield would result
in a char density of qc ¼ 225:3 kg/m3. MUTATION++ assumes the char
composition at the wall to be solid graphite. We computed the
ablation rates for three different pyrolysis gas elemental compositions, resulting from char yields of 40%, 50%, and 65%. The elemental composition of the pyrolysis gas as a result of each char yield is
listed in Table 4.
The computed ablation rates are presented together with the
experimental measurements in Fig. 16 for all four test conditions
according to low pressure conditions AS-A1a (Fig. 16(a)), and ASA1b (Fig. 16(c)), as well as high pressure conditions AS-A3a
(Fig. 16(b)), and AS-A3b (Fig. 16(d)). Each of the lines represents
the computed carbon consumption rate for a wide range of pyrolysis gas blowing rates. Bullets represent the experimental data
including error bars.
Regarding the experimental data, no recession was observed for
all conditions right after injection of the sample, i.e., at high pyrolysis blowing rates. Although no temporal axis is shown, the test
time can be imagined to increase from right to left as indicated
in Fig. 16(a), i.e., at decreasing pyrolysis blowing rates (consistent
with Fig. 13). At high pressure tests (200 hPa (b) and (d)), the ablation rate increased with decreasing pyrolysis blowing. This was
less pronounced at lower pressure (15 hPa (a) and (b)), where
especially the high heating condition (AS-A1b at 3 MW/m2)
responded with an almost steady ablation rate.
The measured surface temperature T w and the experimental
pressure ps of each test condition served as input for the
B0c (T w ; p; B0g ) computation. Fig. 16 serves to illustrate the general
trend of surface ablation vs. pyrolysis gas blowing rate: The surface
ablation rate equals zero for char yields of 50% or lower at high
pyrolysis gas blowing rates (B0c ¼ 0), as all oxygen is consumed
by the carbon ejected by the pyrolysis gas into the boundary layer.
At decreasing pyrolysis gas blowing, the ablation rate increases
with a maximum at B0g ¼ 0, where all oxygen diffusing through
the boundary layer is consumed at the surface. Note that these
curves are computed based on thermochemical equilibrium.
In general, the B0 -table approach underpredicted experimental
ablation rates. This is especially apparent for low pressure tests
(39% for AS-A1a, Fig. 16(a) and 24% for AS-A1b, 16(c)). The numerical ablation rates closely matched the experiment at high pressure
but low heat flux (Fig. 16(b)). At high heating conditions, the
experimental data could be matched with a char yield of 65% at
high pyrolysis blowing rates (AS-A1b and AS-A3b, Fig. 16(c) and
(d)). However, for pure char ablation without pyrolysis outgassing,
recession is still underpredicted by within 20%. Varying pyrolysis
gas compositions based on char yields between 40% and 65%
strongly influenced the computed ablation rates within the
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Fig. 16. Experimental ablation rates (symbols) compared with simulated carbon ablation rates (lines) for four Asterm test conditions computed at the measured surface
_ c ¼ B0c C M ) and were computed for a range of pyrolysis gas blowing rates (B0g ), and different pyrolysis
temperature T w ; The simulated curves are based on a B0 -table approach (m
gas compositions according to char yields of 40%, 50%, and 65%. The pyrolysis gas composition (Table 4) influences the ablation rate especially at high pyrolysis blowing rates.

observed range of experimental pyrolysis blowing rates. This can
be assigned to the reduced carbon available in the pyrolysis gas
at higher char yields, especially at pyrolysis blowing rates exceeding 0.005 kg/(m2 s). With high pyrolysis gas blowing rates at high
char yields additional oxygen coming from the phenolic resin is
injected into the boundary layer leading to higher surface ablation
rates. The different char densities, based on the phenolic char yield
(Eq. 17), marginally influenced the ablation rate when pyrolysis
_ pg ! 0).
blowing was negligible (m
4.3. Discussion of experimental and numerical approaches
The available evidence suggests a strong deviation of experimental ablation rates from predictions following the B0 -tables approach,
especially at low pressure (15 hPa). We will first discuss the numerical procedure in order to find possible reasons for this deviation, followed by a discussion regarding the experimental data.
4.3.1. Numerical approach.
A strong assumption has been made regarding the chemically
reacting boundary layer, applying heat and mass transfer coefficients to the ablation computations. Those relate the wall condition to that at the boundary layer edge through species fraction
differences across the boundary layer as the driving potential. Real
diffusion in the gas-phase is not computed but might be higher in
the experiments than represented by the mass transfer coefficient.
In addition, the boundary layer, as well as the surface, may not be
in thermochemical equilibrium at low pressure. We presented in
another reference temperature measurements in the boundary
layer from ablation originated CN violet emission that suggested
a deviation from thermal equilibrium at pressures of 15 hPa [28].
But despite those indications of possible non-equilibrium at the
wall, thermochemical equilibrium is usually an upper bound
assumption that would lead to an overestimation of ablation rates
rather than underestimation as in our case. In order to better
address diffusion through the boundary layer we suggest a coupled

computation of material response and flow field, for example, by a
simplified stagnation line description. This was already performed
by Turchi et al. [47] for the non-pyrolyzing CBCF preform. Applying
finite-rate chemistry at the reacting wall would help to further
research the gas/surface interaction. Additionally, we suggest a
sensitivity analysis of the boundary layer rebuilding procedure as
both the edge enthalpy he and the cold-wall enthalpy hw are based
on the cold-wall calorimeter recombination efficiency c. An inaccurate assumption for c affects the heat transfer coefficient C H . Both
investigations are currently ongoing.
Further, the char layer, composed of the carbonized resin and
the remaining carbon fibers, is treated as homogeneous solid carbon. But the reactivity of the carbonized matrix was suggested to
be approximately 10 times higher than that of the fibers for those
types of materials [22]. Our micrographs support this assertion, as
no charred resin was found directly at the surface where the fibers
were oxidized. Hence, treating the carbonized resin and carbon
fibers separately in the numerical model may help to increase
the recession rates towards the experimental observations.

4.3.2. Experimental approach
Instead of underpredicted recession rates, the ablation experiment might be falsified, leading to too high material recession
compared with pure thermochemical equilibrium ablation.
Mechanical erosion of the charred surface was first ruled out as
cause for an overshoot of experimental ablation rates for our test
conditions. Shear stresses in the subsonic flow field are very low
due to the low flow velocity and gas density. The corresponding
test in nitrogen showed almost no ablation of the surface although
flow velocities (and dynamic pressures) at 15 hPa were very similar to those in air, in the order of 220 m/s (AS-A1a, AS-N1a) and
530 m/s to 670 m/s (AS-A1b, AS-N1b), respectively (Table 1). However, research during the last years provided ample support for the
assertion that the porous micro-structure of the materials considered in this study may develop an ablation zone in the subsurface
char layer [22,23,54]. Their work propounds the view that at a high
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diffusion rate of oxygen compared with the oxidation reaction rate,
the oxidant concentration can become homogeneous inside the
porous char and ablation occurs in volume. In that case, ablation
of the char layer and carbon fibers from within could lead to higher
ablation rates due to a weakened fiber structure. Convection of
oxygen into the porous material due to a higher stagnation point
pressure compared to the sidewall static pressure offers a similar
explanation. This would weaken the char-fiber structure by oxidation from within, leading to detachment of fiber fragments once
the surrounding fibers ablate. This scenario would be a combination of chemical and mechanical ablation. A 3D numerical study
of low-density carbon-phenolic samples has shown the strong
influence of side-wall outgassing on the porous material [18]. In
this case, the pyrolysis gases created inside the material may leave
from the sidewall instead of blocking the boundary layer gases at
the stagnation point. However, Lachaud et al. showed in recent
simulations that boundary layer gases penetrate the test sample
only during the first fractions of a second. After that, the pyrolysis
gases build up enough pressure against the oxygen from the
boundary layer [19]. Simulations using a material response code
should be performed in the future to confirm this for our experimental setup. However, this does not impact ablation rates at
low pyrolysis gas blowing, as observed towards test end, for which
the numerical model still underpredicts ablation rates. Lastly,
recession rates of Asterm and AQ61 were very similar, and both
increasing with chamber pressure for a heat flux of 3 MW/m2
(15 hPa and 200 hPa), from 47 lm/s to 83 lm/s for AQ61
(AQ-A1b ! AQ-A3b) and from 62 lm/s to 71 lm/s for Asterm
(AS-A1b ! AS-A3b), respectively. Although dynamic pressure was
one order of magnitude lower at high chamber static pressure,
the recession rate increased. Moreover, if mechanical erosion by
in-depth oxidation occurred at low pressure, it should also be
apparent for high heat flux tests (A1a ! A1b). These resulted in
even higher dynamic pressure and higher diffusion. But recession
rates at low pressure were almost identical for the two heat fluxes
at 15 hPa arguing against mechanical erosion at low chamber pressures. The micrographs of ablated samples support this argument.
No oxidation of the charred material was observed below a depth
of approximately 100 lm. Some spallation of samples was
observed at high pressure conditions (200 hPa), but almost not visible at low pressure. We suggest additional studies for a detailed
characterization of spallation phenomena during the experiments,
for example by high-speed video imaging as performed by Martin
et al. [55].
The highest experimental uncertainties were introduced by the
surface area that was used for the computation of the pyrolysis
blowing rate. We considered a constant outgassing rate over the
hemisphere, justified by the sudden surface temperature rise during sample injection, setting the surface at a high enough temperature to cause pyrolysis. The maximum and minimum blowing
rates were then obtained by considering or neglecting pyrolysis
through the cylindrical sidewalls. However, this uncertainty has
no influence on the measured recession rates, still putting the predicted recession rates at low pyrolysis blowing (towards test end)
into question. Improvement of the experimental values is suggested, e.g., by scaling the pyrolyzing surface according to surface
temperature mappings obtained using infrared-camera images.
A camera with higher resolution would further improve the volumetric recession of the sample, possibly extended by additional
cameras for 3D images as performed by Löhle et al. [56] during
ablation tests. Further studies are also advised regarding the effects
of sidewall pyrolysis outgassing. This may be either done during
the experiment using impermeable sample holders or by a numerical analysis using 2D material response codes.

5. Conclusion
We performed ablation experiments of low density carbonphenolic ablators in air and nitrogen plasmas to investigate ablation of the surface and the transient pyrolysis gases created by
the material. Cold wall heat fluxes were 1 MW=m2 and 3 MW=m2
at test chamber pressures between 15 hPa and 200 hPa, resulting
in surface temperatures of 1900 K to 2800 K and maximum surface
recession rates in air plasma of 83 lm/s (5.0 mm/min).
Air ablation led to icicle shaping of fibers at the surface and
charred resin was found 50 lm below the surface. No internal
oxidation was observed, arguing against an inflow of boundary
layer gases into the porous material. Fully coupled material codes,
able to represent the material’s microstructure, are required to
simulate the oxidation zone of the charred resin and carbon fibers
at the surface. On the contrary to air, carbon deposition in the form
of soot was confirmed on samples tested in nitrogen in the stagnation point region as well as at the side- and back-walls.
Emission spectra recorded in the boundary layer were indicative of reactive products that originated from pyrolysis outgassing
(C2, CH, CN, NH and OH). The time-resolved emission of species
associated to the pyrolysis gases helped to rebuild the temporal
pyrolysis outgassing profile. We proposed an approach to estimate
the temporal pyrolysis outgassing rate, based on pre/post-ablation
volume and mass measurements. The temporal recession rate was
obtained from high-speed camera imaging. This enabled evaluation of the surface recession as a function of the pyrolysis outgassing rate, which was then compared to numerical estimates
predicted by an approach using thermochemical tables at equilibrium (B0 -tables).
In all cases, the thermochemical equilibrium model underpredicted the experimental recession rates, especially at low chamber
pressure (15 hPa). Experimental recession rates at low chamber
pressure did not increase with tripled heat flux, indicating
diffusion-limited ablation. We showed that changes of the pyrolysis gas composition, caused by different char yields of the resin,
strongly influence the surface ablation rate. However, this did
not help to match all of the experimental data, especially at low
heating and low pressure (1 MW/m2, 15 hPa) the discrepancy
between experiment and simulation persists. Stronger mechanical
failure of the material due to high flow velocities at lower pressures may serve as explanation, although experiments at the same
pressure and heat-flux conditions but in nitrogen plasma did not
show any significant recession. If, however, oxygen is able to flow
through the permeable char layer due to a higher stagnation point
pressure compared to the sidewall static pressure, the interior
char-fiber structure may be weakened by oxidation, followed by
removal due to aerodynamic shear. This scenario would be a combination of chemical and mechanical ablation. However, no internal oxidation of the porous material was observed by scanning
electron microscopy. Additionally, such chemical–mechanical
ablation should also be apparent for high heat flux tests, which
result in even higher dynamic pressure, and higher diffusion at
higher wall temperatures. But this was not observed in the current
ablation test campaign. No spallation was observed during the low
pressure experimental runs.
In the case that mechanical erosion can be ruled out, the application of B0 -tables for the ablation thermochemistry, including heat
and mass transfer coefficients for the boundary layer, may not be
sufficient for all test conditions. Both explanations, chemical–mechanical erosion and limited validity of the thermochemical table
approach, require detailed numerical simulations of the microscale
char layer for improved description of this problem. We further suggest investigation of the effects of sidewall pyrolysis outgassing.
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