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ABSTRACT

Thermal protection systems (TPS) are used to ensure ac-
ceptable temperatures for the outer surface of space vehicles
during atmospheric entry. Carbon fiber preforms, such as
Calcarb, are widely used in TPS materials due to their small
weight and low thermal conductivity. The main question
addressed in this work is the choice of the macroscopic
model allowing to accurately describe coupled heat and mass
transfer in Calcarb. For this purpose, both one and two-
temperature (1T& 2T) models are used. In the coupling
between the two macroscopic equations for each phase, the
2T model features a heat transfer coefficient (hv) that is a
subject of numerous studies. However, the correlations in
these studies are not suitable for Calcarb due to its proper-
ties such as small characteristic length (fiber diameters of 50
µm), anisotropic micro-structure and low thermal conductiv-
ity (0.23W/(m K)). An experimental investigation was con-
ducted based on the transient single-blow technique (TSBT)
to obtain the temperature fields inside Calcarb. To investigate
the influence of the anisotropic structure of the materials on
hv, different experiments were performed by changing the
orientation of the sample (Through-Thickness (TT), In-Plane
(IP)). The gas flow inside Calcarb is considered compress-
ible and laminar. The velocity field is modeled by Darcy’s
law. Temperature-dependent thermophysical properties are
implemented in the numerical simulations. The effective pa-
rameters, that is, the thermal conductivities and heat transfer
coefficients, are obtained by carrying out an inverse analy-
ses using 1T and 2T models. The method adopted allows
automatic optimization of parameters by coupling the Open
Source optimization software Dakota with the porous mate-
rial analysis toolbox software PATO. The results show that
the value of hv in the 2T model is around 109 W/(m3 · K).
Gas and solid temperatures are in local thermal equilibrium
within Calcarb in the conditions of the experiment and in this
case the use of a 2T model is not necessary. It remains im-
portant to take into account the fact that the effective thermal
conductivity in the 1T model is altered by gas flow rate due
to the dispersion mechanism.

Index Terms— One and two temperature model, Inverse
analysis method, Experimental investigation, Heat transfer,

Carbon fiber preform.

1. INTRODUCTION

Carbon fiber preforms are widely used in the industry as insu-
lators in high temperature furnaces. At the end of the 1990’s,
NASA used a rigid carbon felt called FiberForm, produced by
Fiber Materials Inc., to develop a new generation of low den-
sity heat shield to protect space vehicles during hypersonic
atmospheric entry [1]. This new class of materials called
Phenolic Impregnated Carbon Ablators (PICA) has flawlessly
been used since then: Stardust (NASA, 2006) [2, 3], Mars
Science Laboratory (NASA, 2012) [4, 5], Dragon vehicles
(SpaceX, since 2012) [6]. The European Space Agency and
ArianeGroup have developed ASTERM [7] based on Calcarb,
produced by Mersen. FiberForm and Calcarb are both made
of chopped carbon fibers of millimeter length and of about 10
micrometer in diameter [1, 8] as shown in Fig.1. During the
manufacturing process, the carbon fibers tend to align accord-
ing to the compression plane resulting in anisotropic prop-
erties. The direction perpendicular to this plane is defined
as ”Through-Thickness” (TT) and that parallel as ”In-Plane”
(IP), they are defined in Fig.2. The thermal conductivity ratio
between TT and IP directions is of about two [9]. For perme-
ability this ratio has been found to lay around 1.8 [10].

The knowledge of the distribution of the temperature in
the gas and solid phases in Carbon fiber felts is required for
a comprehensive understanding of heat transfer [11] and to
reduce design uncertainties [12, 13]. The heat transfer pro-
cess in porous materials can either be studied under the as-
sumption of local thermal equilibrium (LTE) or local thermal
non-equilibrium (LTNE) [11, 14, 15, 16]. In LTE models, it is
assumed that the average temperatures of the solid and fluid
phases are equal. There are many studies regarding incom-
pressible non-reacting flows [17]. In a recent work a generic
LTE model was proposed for porous reactive materials sub-
mitted to high temperatures [18], the energy conservation can
be written as in Eq.1, [18, 19]. The generic LTE model needs
to be upgraded in the local disequilibrium case, such as pos-
sibly for the pyrolysis of PICA [20]. The two-temperature
thermal transport equations for the LTNE model in the case
of compressible and reacting flows are given in Eq.2 and 3.
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Details on the derivation are provided in a companion presen-
tation at FAR 2022 [H. Scandelli et al., Two temperature abla-
tive material response model with application to low-density
carbon phenolic ablators].

(a) FiberForm (b)Calcarb

Fig. 1. Scanning electron micrography (SEM) images of
FiberForm and Calcarb

Fig. 2. Photographs of the Calcarb
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In the Eq. 2 and 3, there are three effective properties,
hv , ks,eff and kg,eff . The purpose of this article is to de-
termine keff in the LTE model and ks,eff , kg,eff , hv in the
LTNE model and analyze the anisotropic properties of Car-
bon fiber felts. The remainder of the paper is organized as
follows. In Section 2, the experimental setup and test proce-
dure are presented. In section 3, a two-dimensional geometric
model is generated. An optimization problem for minimizing
the error between measured and predicted temperatures is in-
troduced. In section 4, the value of keff in the LTE model
and ks,eff , kg,eff , hv in the LTNE model for different inlet
gas flow rates in two directions are presented. The results ob-
tained by solving the LTE model and the LTNE model were
compared. The conclusions of the paper (Section 5) provide
an outlook on the determinations of the ks,eff , kg,eff , hv for
complex porous media when correlations are not available.

2. EXPERIMENT METHOD

As already mentioned, the determination of the effective
properties through an inverse method requires experimental
data. The experiments could be conducted in steady state or
in transient conditions [21, 22, 23, 24]. In the former, the
sample is heated by the wall to a constant temperature. Cold
gas is injected at the inlet of the sample and its temperature
is measured at specific positions as it heats up. The transient
method considered in this work is called the transient single
blow technique (TSBT)[23, 25]. In this method, the gas is
heated upwind of the sample. It is this gas that heats the
sample. The temperature profile of the sample is recorded as
a function of time. For the steady state method, the macro-
scopic solid temperature was affected by the heat source from
outside of the channel and gas inside the sample, which is
not suitable for the study of heat convection inside porous
materials. Therefore, we selected the TSBT in this work.

2.1. Experimental system and test procedure

A schematic of the experimental system that we developed
and an enlarged view of the test section (with thermocouples
shown) is presented in Fig.3. It consists of a gas tank, the
mass flow controller, the heating equipment, the test section,
and measuring device.

In the experiment, the first step is to set the flow rate of
inlet gas. This value is controlled and measured by the mass
flow controller (Bronkhorst F-201CV-020-AAD-11-Z). The
gas is heated with a heat exchanger made of Calcarb. The hot
gas flows trough the sample. The red points in Fig.3 indicate
the positions of thermocouples (type K, 0.25 mm sheath di-
ameter). The inlet and outlet gas temperatures, tube surface
temperature and the solid temperature inside the sample are
measured. The thermocouples are connected to a display data
logger (Pico Technology TC-08) that records the temperature
at a time steps of 1.0 s. The mass flow rates of inlet gas vary
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(a) experimental setup

(b) test section part

Fig. 3. Schematic diagram of the experimental system and an
enlarged view of the test section with thermocouples

from 1.92e-5 kg/s to 7.63e-5 kg/s. To measure the anisotropic
properties of the materials, different experiments were per-
formed by changing the orientation of the sample (Through-
Thickness (TT) and In-Plane (IP)).

2.2. Experimental uncertainty analysis

There are two types of experimental uncertainties: the first
one is the direct measurement error (caused by experimental
devices), and the second one is the error arising from the mea-
surement process. In this work, the range and uncertainty due
to the experimental device can be seen in Table.1. Here, er-
rors from the measurement process are chiefly due to the posi-
tioning of the thermocouples. In the flow1 and flow2 regions
(defined in the simulation section), the uncertainties δ1 and δ2
on thermocouple positions are 0.01% and 0.2% respectively.
In the sample region, the uncertainties δ3 is 0.5%. Based on
the uncertainty analysis, the uncertainties on hv , ks,eff and
kg,eff is smaller than 12.1 %.

Table 1. The uncertainty analysis δ in the experimental

Range Uncertainty
Temperature sensor -270◦C to +1820◦C ± 0.2%
(Pico Technology)
K-type thermocouple -100◦C to + 800◦C ± 0.5 %
Flow controller 0 to 4 L/min ± 0.5 %
The placement error z=± 2mm 0.1%
(flow1, δ1)
The placement error z=± 2mm 0.2%
(flow2, δ2)
The placement error z=± 0.5mm 0.5%
(sample, δ3)

3. PARAMETER ESTIMATION METHOD

3.1. Mathematical model

The Reynolds number based on the pore diameter (dp) is de-
fined as, Re =

ρgudp

µg
. When the inlet gas mass flow rate

caries from 1.92e-5 kg/s to 7.63e-5 kg/s, Re varies from 1.12
to 4.4. The upper limit of validity of Darcy’s law lies around
Re = 5 ∼ 10. [26, 27]. The flow inside the carbon fiber felt
can be modeled by Darcy’s law. The governing equations are
given by the LTNE model which consists of the mass conser-
vation equation, Eq.4 and the two-phase energy conservation
equations, Eq.2, 3. To solve implicitly Eq.2, 3, it is conve-
nient to express it in terms of temperature. Eq.2 and 3 can be
simplified as follows

∂

∂t

(
ε
Mp

RTg

)
+∇ ·

[
Mp

RTg

(
−Ks

µ
(∇p)

)]
= 0 (4)

∂

∂t
(ε(ρcp)gTg) +

∂

∂t
(εp) +∇ · ((ρcp)guTg)− u∇p =

∇ · (kg,eff · ∇Tg) + hv (Ts − Tg)

∂

∂t
((1− ε)(ρcp)sTs) = ∇ · (ks,eff · ∇Ts) + hv (Tg − Ts)

(5)

The two-dimensional compressible two-temperature Darcy’s
scale equations are solved using the Porous material Analysis
Toolbox based on OpenFOAM (PATO)[28] that integrates
chtMultiRegionFoam of OpenFOAM 7 [29] to simulate the
gas flow.

3.2. Geometric model and simulation results

The geometric model established is presented in Fig.4. It has
same length as the experimental device. This model consists
of 5 regions, flow1, sample, flow2, thermocouple and tube. It
is a 2D axi-symmetric geometry and the wedge mesh is used
in this model.

Fig. 4. The geometric model of tube

The length of flow1 domain, sample domain, flow2 do-
main and thermocouple domain are L1, L2, L3 and L4 re-
spectively. The gas temperatures in flow1 and flow2 domains
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are represented by T . The average gas and solid temperatures
in the sample are represented by Tg and Ts. The solid temper-
ature in the thermocouple and the tube regions are represented
by Ta. The inlet and wall surface temperatures are imposed
in the simulation using a secondary polynomial fitting of the
experimental data.

3.2.1. Thermal properties of gas and solid phase

The thermophysical properties (kg , ks,cpg,cps) are tabulated
as a function of temperature for solid and gas. The effec-
tive thermal conductivities keff in the LTE model (Eq.1) and
ks,eff , kg,eff in the LTNE model (Eq.5) are expressed as,

keff,|| = c1 · ks, keff,⊥ = c2 · ks
ks,eff,|| = c3 · ks, ks,eff,⊥ = c4 · ks

kg,eff,|| = εkg + c5, kg,eff,⊥ = εkg + c6

(6)

The values of ks,eff in the case of no gas flow are mea-
sured in TT and IP directions respectively by using transient
Plane Sources technique (Hot Disk, TPS 3500) [30]. At room
temperature, these values are 0.212 and 0.399 W/(m · K)
in TT and IP directions respectively. For the same type of
fiber materials (FiberForm), the mean thermal conductivity
obtained in the literature [31] are 0.167 and 0.392 W/(m · K)
in the TT and IP directions.

3.2.2. Pressure, velocity and temperature fields in the full do-
main

Fig. 5, 6 and 7 show the pressure, velocity and temperature
fields in the full domain. Fig. 8 shows the temperature fields
for the fluid and solid phases inside the sample. The pressure
remains constant in the flow1 and flow2 regions, and in the
sample region, the pressure changes are in agreement with
Darcy’s law.

The average gas velocity in the tube is calculated from the
volumetric mass flow rate. The gas velocity distribution in the
tube is in agreement with Poiseuille’s law. The gas velocity
inside the sample vg is equal to the Darcy velocity u divided
by the porosity ε. The gas velocity profile can be considered
unidirectional within the sample.

In the sample region, the temperature difference between
the macroscopic average gas and solid temperatures Tg and
Ts is negligible. It shows that in this case, when the value of
hv is large enough (hv ≈ 109w/m3 ·K), a rapid heat transfer
between the gas and the solid takes place and local thermal
equilibrium is reached.

3.3. Optimization process

In this part, we coupled the Open Source optimization soft-
ware Dakota [32] with PATO to perform parameter optimiza-
tion. We possess three data sequences {T i

g}ni=0, {T i
s1}ni=0,

{T i
s2}ni=0 that are the measured outlet gas temperature data

Fig. 5. Pressure p distributions obtained by LTNE models
(Pa)

Fig. 6. Velocity u distributions obtained by LTNE models
(m/s)

and solid temperature data collected at every time step in ex-
periment. A minimization problem for the relative error be-
tween the measured and predicted temperature can be defined
as:

S =
1

3
(

√√√√ 1

n

n∑
i=1

(
T i
g,num − T i

g

T i
g

)2

+

√√√√ 1

n

n∑
i=1

(
T i
s1,num − T i

s1

T i
s1

)2

+

√√√√ 1

n

n∑
i=1

(
T i
s2,num − T i

s2

T i
s2

)2

)

(7)

The gradient descent algorithm and genetic algorithm
were used in the Dakota software. For faster and more
stable convergence, we also apply the adaptive nonlinear
least-squares algorithm (ANLSA) from the nl2sol package
available in Dakota, which is more suitable to solve an un-
constrained nonlinear minimization problem [33].

4. RESULTS AND DISCUSSIONS

4.1. Determination of keff in LTE model

Both samples (TT and IP directions) are tested in the ex-
perimental set-up at different volumetric flow rates from 1.0
L/min to 4.0 L/min. The corresponding mass flow rate of
inlet gas qm varies from 1.9e-5 kg/s to 7.63e-5 kg/s. The
transient gas temperature data T1 is fitted into a secondary
order polynomial using least square, which we use as bound-
ary condition. Fig.9 shows the influence of 3 variables (hv ,
c5, c6) on the error S. The gas flow direction is TT direc-
tion in this case. The values of c3 and c4 are set to 0.053
and 0.099. The corresponding values of ks,eff in the flow di-
rection and perpendicular to the flow direction are 0.212 and
0.399 W/(m3 · K). The colour bar indicates the value of S.
The genetic algorithm was used in this optimization process.
The bounding value of c5, c6 and hv are set between 0 to
0.5, 0 to 0.3 and 106 to 1011. When the value of S is below
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Fig. 7. Gas temperature T distributions in the flow region
obtained by CHT foam solver (K)

(a) Solid temperature (b) Gas temperature

Fig. 8. Gas Tg and solid Ts temperatures distribution inside
the sample obtained by LTNE model (K)

0.002, the values of c5 are distributed on a scale of 0.05 to
0.19, whereas the values of c6 are only concentrated between
0.10 and 0.15. The values of hv are concentrated between 1e7
and 1e11. Fig. 10 is a further explanation of Fig.9, where the
values of c5 , c6 are set to constant values. Only hv has an
effect on the error S. It shows that when the value of hv is
greater than 108.5, the fluid and solid are in LTE model inside
the sample. In the next optimization process, the LTE model
was used. The one temperature equation (Eq.1) is PATO. The
optimisation objects are changed from hv and kg,eff to keff .

Fig. 9. The influence of 3 variables on the error S, qm=7.63e-
5 kg/s

The comparison between the predicted and measured out-
let gas temperatures T4, solid temperature T5 and T2 in IP
and TT directions at different velocity are shown in Fig.11
and Fig.12. In the LTE model, the gas and solid tempera-
ture inside the sample are the same. In these simulations, the

Fig. 10. The influence of hv on the error S

value of keff are derived from the optimal solution. These
values were summarized in Table.2. As the table shows, the
inverse analysis method has a higher sensitivity in the com-
ponent perpendicular to the flow direction. The components
in the flow direction have low sensitivity and only a range of
data is obtained.

Table 2. The value of effective conductivity keff and relative
error S used in LTE model in different mass flow rates

Flow qm c1 c2 keff keff S
direction (kg/s) (axial) (radial)
IP 1.9e-5 0.041∼0.08 0.08 0.165∼0.356 0.319 1.56e-4

3.82e-5 0.032∼0.094 0.087 0.139∼0.367 0.339 5.17e-4
5.73e-5 0.042∼0.1 0.097 0.168∼0.408 0.396 8.51e-4
7.63e-5 0.029∼0.11 0.105 0.118∼0.454 0.422 8.01e-4

TT 1.9e-5 0.033∼0.1 0.108 0.136∼0.399 0.432 3.08e-4
3.82e-5 0.031∼0.11 0.112 0.125∼0.405 0.448 7.85e-4
5.73e-5 0.021∼0.10 0.118 0.084∼0.412 0.475 8.80e-4
7.63e-5 0.023∼0.12 0.13 0.093∼0.483 0.523 6.93e-4

4.2. Comparisons with LTNE model

For the case of gas flowing through the carbon fibre felts, the
fluid and solid phases are at same temperature due to a suffi-
ciently large hv . In this part, simulations are conducted using
the LTNE model for comparsion with the LTE model. The
value of kg,eff in radial direction is calculated according to
Eq.8.

kg,eff = keff − ks,eff (8)

The value of kg,eff and square root of the relative er-
ror (S2) between LTNE and LTE model were summarized
in Table.3. The definition of S2 is similar to that of S in Eq.7.
In all simulations, the value of S2 is less than 0.05%. So the
LTE model can be used to solve the heat transfer problems
inside the Carbon fiber felts.

5. CONCLUSIONS

We have developed an original experimental set-up to char-
acterize heat and mass transfer in carbon fiber materials. It

2nd International Conference on Flight Vehicles, Aerothermodynamics and Re-entry Missions & Engineering (FAR)
19 - 23 June 2022. Heilbronn, Germany



(a) qm=1.9e-5 kg/s

(b) qm=3.82e-5 kg/s

(c) qm=5.73e-5 kg/s

(d) qm=7.63e-5 kg/s

Fig. 11. The comparison of predicated and measured temper-
ature in IP direction.

(a) qm=1.9e-5 kg/s

(b) qm=3.82e-5 kg/s

(c) qm=5.73e-5 kg/s

(d) qm=7.63e-5 kg/s

Fig. 12. The comparison of predicated and measured temper-
ature in TT direction.
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Table 3. The value of kg,eff and relative error S1 between
LTE and LTNE models in different mass flow rates

Flow qm c3 c4 c6 ks,eff kg,eff S2
direction (kg/s) (radial) (radial)
IP 1.9e-5 0.099 0.053 0.079 0.212 0.107 1.57e-4

3.82e-5 0.099 0.053 0.097 0.212 0.127 3.21e-4
5.73e-5 0.099 0.053 0.157 0.212 0.184 3.91e-4
7.63e-5 0.099 0.053 0.183 0.212 0.21 4.04e-4

TT 1.9e-5 0.053 0.099 0.021 0.399 0.047 1.21e-4
3.82e-5 0.053 0.099 0.028 0.399 0.055 3.14e-4
5.73e-5 0.053 0.099 0.061 0.399 0.088 2.78e-4
7.63e-5 0.053 0.099 0.117 0.399 0.144 3.73e-4

was used to measure the properties of Calcarb. Inverse anal-
ysis was performed by coupling PATO and Dakota. It proved
to be a robust method to determine hv , kg,eff , ks,eff for the
LTNE model or keff for the LTE model for complex porous
media when correlations are not available.

The results on Calcarb show that the value of hv in the
LTNE model is around 109 W/(m3 · K). Gas and solid tem-
peratures are in LTE within Calcarb in the conditions of the
experiment and in this case the use of a LTNE model is not
necessary.

The effective thermal conductivity keff in the LTE model
is altered by the gas flow rate due to the dispersion mecha-
nism. In the LTNE model, keff is split into two terms, kg,eff

and ks,eff . The error S2 difference obtained by solving the
LTE model and the LTNE model is less than 0.05 %. Prelim-
inary investigation showed that kg,eff in the LTNE model in-
creases exponentially with increasing Péclet number, that is,
increasing flow velocity. The dispersion mechanism in Cal-
carb should be further investigated.
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perimental based numerical approach for determina-
tion of volumetric heat transfer coefficients of modified
graphite foams,” Appl. Therm. Eng., vol. 174, pp. 115–
310, 2020.

[26] S Majid Hassanizadeh and William G Gray, “High ve-
locity flow in porous media,” Transport in porous me-
dia, vol. 2, no. 6, pp. 521–531, 1987.

[27] Wojciech Sobieski and Anna Trykozko, “Darcy’s and
forchheimer’s laws in practice. part 1. the experiment,”
Technical Sciences/University of Warmia and Mazury in
Olsztyn, 2014.

[28] Jean Lachaud, James B Scoggins, Thierry E Magin,
MG Meyer, and Nagi N Mansour, “A generic local
thermal equilibrium model for porous reactive materials
submitted to high temperatures,” International Journal
of Heat and Mass Transfer, vol. 108, pp. 1406–1417,
2017.

[29] Peter Renze and Kevin Akermann, “Simulation of
conjugate heat transfer in thermal processes with open
source cfd,” ChemEngineering, vol. 3, no. 2, pp. 59,
2019.

[30] Silas E Gustafsson, “Transient plane source techniques
for thermal conductivity and thermal diffusivity mea-
surements of solid materials,” Review of scientific in-
struments, vol. 62, no. 3, pp. 797–804, 1991.

[31] Francesco Panerai, Joseph C Ferguson, Jean Lachaud,
Alexandre Martin, Matthew J Gasch, and Nagi N Man-
sour, “Micro-tomography based analysis of thermal
conductivity, diffusivity and oxidation behavior of rigid
and flexible fibrous insulators,” International Journal of
Heat and Mass Transfer, vol. 108, pp. 801–811, 2017.

[32] B M Adams, W J Bohnhoff, M S Dalbey,
K.R.and Ebeida, J P Eddy, M S Eldred, R W Hooper,
P D Hough, K T Hu, J D Jakeman, M Khalil, K A
Maupin, J A Monschke, E M Ridgway, A A Rushdi,
D T Seidl, J A Stephens, L P Swiler, and J G Winokur,
“Dakota, a multilevel parallel object-oriented frame-
work for design optimization, parameter estimation,
uncertainty quantification, and sensitivity analysis:
Version 6.15 user’s manual,” Sandia Technical Report
SAND2020-12495, 2021.

[33] J. E. Dennis, D. M. Gay, and R. E. Welsch, “An adaptive
nonlinear least-squares algorithm,” ACM Trans. Math.
Softw., vol. 7, no. 3, pp. 348–368, 1981.

2nd International Conference on Flight Vehicles, Aerothermodynamics and Re-entry Missions & Engineering (FAR)
19 - 23 June 2022. Heilbronn, Germany


