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Abstract

The modelling of ablation of Carbon/Carbon (C/C) composites utilized as
rocket engine hot parts is addressed under the angle of the competition be-
tween bulk transport of reactants and heterogeneous mass transfer, associ-
ated to reactivity contrasts between constituent phases. A numerical solver
based on a simple model and built on a VOF technique allows direct simula-
tion at two scales: Tts application to actual complex materials is performed;
the results are consistent with experimental data and help understanding the
origin of the material behaviour, either in terms of acquired surface morphol-

ogy or in terms of effective recession rate.
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1. Introduction

In the high-technology field of rocket solid propulsion, for example in
the case of Ariane V boosters, thermal protection materials constituting the
nozzle and divergent inner walls are submitted to very high temperatures —
up to 3000 K. Under such heavy solicitations, few materials can remain in
the solid state. Among them, Carbon/Carbon (C/C) composites have several
relative advantages [1]: excellent ratio of mechanical properties versus density
at high temperature, small thermal expansion, cost-effective processing of
thick and large parts [2, 3].

In spite of these performances, the thermochemical constraints lead to a
recessive degradation of the C'/C composite surface by mass loss or ablation.
The causes of this mass loss is mainly oxidation [4], while mechanical erosion
may also play a role.

The ablation of the composite walls acts at a macroscopic scale and mod-
ifies the device geometry: the throat section increases. This may lead to a
thrust loss compared to the nominal performances of the propulsion system.
Moreover, as the thickness of the parts is reduced, the insulating function of
the composite is damaged and may lead to a degradation of bonding parts.
This macroscopic change in the geometry is linked to a modification of the
microscopic structure of the composite characterized by an increase of the
surface roughness. Indeed, the surface acquires a multiscale roughness which
has been observed using SEM microscopy as illustrated in [5, 6]. It is also
reported in [1] that this roughness development leads to an increase by a fac-
tor 1.7 of the convective heat flux received by the composite, which in turn
has an impact on the recession velocity. These observations illustrate the
fact that ablation is a multiscale and multiphysics process involving strong
couplings between recession, surrounding flow, heat and mass transfer.

Many experimental characterizations of ablative materials have been re-
ported [7, 8, 9, 10, 11, 12]; they usually consist in SEM observations of the
ablated surfaces as well as of recession rate measurements (in mm/s or in

g/s/m?*). Usual patterns of the rough surfaces are fiber denudation at the
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Figure 1: Multiscale structure of C/C composites used as nozzle throat parts.

micro-scale, due to a weak interphase or a weak matrix, and block denuda-
tion at macro-scale, mainly due to mechanical erosion of poorly bonded parts
of the composite.

Numerous modelling studies have focused on the surrounding fluid behav-
ior [4, 13, 14| with very simple descriptions of the composite properties. On
the other hand, studies dealing with the structural and chemical complexity
of such materials [15, 8, 16] do not take into account the transfer/recession
coupling. The different points of view adopted in these works correspond to
the fact that the composite heterogeneity and the global flow have different
scales. The surrounding flow must be known at the part-scale, 7. e., a metric
scale, whereas the composite is heterogeneous at a micrometer scale as illus-
trated by Figure 1. Therefore, the composite properties must be up-scaled
in order to obtain an effective composite description suitable for macro-scale
simulations.

In this paper, the focus is set on the competition between mass trans-
fer and recession of the composite surface, with the objective of building
an equivalent or effective macro-scale model yielding both a correct surface
morphology and an adequate recession rate.

The document is organized as follows. In a first section, a description
is given of the physico-chemical model that has to be modelled. Then, the
model is set up, making use of some assumptions. A numerical method is
outlined in a third part. Finally, its applications to two actual cases are

described and discussed.



2. Description of the ablation conditions

2.1. Description of the ablative media

Carbon/carbon composites are part of the ceramic matrix composites
(CMC). They are composed only of the element Carbon. Nevertheless, the
material shows several scales of heterogeneity with a wide range of thermo-
chemical properties [17].

The composite is formed by reinforcements and a matrix as illustrated in
Figure 1. The reinforcement architecture can be textile-like (. ‘e., stacked
layers of fabric plies) or show a complex multidimensional and multiaxial
geometry. The reinforcements are fiber bundles or yarns made of cylindri-
cal carbon fibers of approximately 5 um radius. The reinforcements can be
also composite materials when the fiber bundles are densified by a matrix
as illustrated in the last picture of Figure 1. The matrix is deposited in the
reinforcement architecture by liquid or vapor phase deposition [18]. In these
two processes, the nanotexture and nanostructure of the obtained carbon
will depend on the operative conditions as well as the chemical precursors
(see e.g. [19] for gas-deposited pyrocarbons). The composite is treated at
high temperature in order to reduce the density of micro-structural defects
and to approach the graphite crystalline structure. Nevertheless, the ob-
tained material shows significant spatial heterogeneity. The matrix has a
lower coherence length of the ordered domains, which is known to be re-
lated to a higher reactivity [15, 20, 21, 17]. Two scales of heterogeneity are
thus identified as illustrated in Figure 1: the micro-scale (fiber scale) with
a characteristic length, [,,, of a magnitude of ten microns and the mesoscale
(reinforcement scale) with a characteristic length, [, , of a magnitude of few
millimeters. Therefore, the macro-scale effective property is the result of a
double change of scale starting from the micro-scale. Assuming the sepa-
rability of these heterogeneity scales, the composite will be described as an
assembly of homogeneous but distinct phases. In addition to the different
carbon phases, in some of the studied materials, especially the woven ones,

there is a significant amount of macro-scale pores which will be taken into
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Figure 2: Microscale recession of the ablative surface.

account by an explicit description of the pore volume.

Since the curvature radius of the parts is large compared to the scales
of interest in this work, it will be neglected in the developments. Due to
the industrial process of part manufacturing, the composite surface will be

assumed to be perfectly flat at the initial state.

2.2. Transfer phenomena

Under rocket firing conditions, the flow is highly turbulent in the core of
the nozzle and the boundary layers themselves are turbulent. Computation
of the mesoscale flow profile [22] shows that the longitudinal velocity is about
1000 m.s~! at 2 mm of the ablative wall. The associated Reynolds number is
then Re,, = 510* At the micro-scale, the Reynolds number decreases and is
about Re, = 250. Modeling the turbulent momentum or mass transfer and
its coupling with the surface recession is beyond the scope of this paper. In
a preliminary attempt at understanding the concept of effective surface for
ablative walls, we will only consider the laminar case, characteristic of the
micro-scale. Moreover, compressibility of the fluid phase will be ignored.

During the ablation process, even though the macro-scale position of the
ablative surface evolves due to recession, the thickness of the gasified material
is small compared to the section of the nozzle throat (a few millimeters as
compared to one meter), and is not significantly affected. The top of the
boundary layer follows the macro-scale displacement of the ablative surface.
Taking into account this evolution, the model is developed in a local frame
which recedes with the surface as illustrated in figure 2.

The products of the propellant combustion contain numerous molecules



as described in [1|. Due to its very high temperature, the homogeneous reac-
tions occurring in the gas phase are very fast and the gas mixture is always
in a local chemical equilibrium [23]. Water being the most abundant among
them, it will be the only modeled species. This molecule is sufficiently diluted
in typical propergol combustion products [1] to be assumed to have no im-
pact on the flow characteristics. Moreover, in the case of laminar boundary
layers, the transverse pressure gradient is zero. On the other hand, there is
a temperature gradient through the boundary layer, and, consequently, the
equilibrium concentration of water is a function of the distance to the wall.

Mass transfer of water is governed by the chemical potential gradients for
this species. In contrast with species which are not consumed or produced
by the wall, there is a strong transverse gradient of the difference between
the equilibrium chemical potential and its actual value. In response to this,
there is a water diffusive flux oriented towards the wall, which has to be
combined to a convective flux oriented tangentially. The magnitude of the
convective flux decreases when getting close to the wall ; some distance away,
it is so strong that it ensures completion of chemical equilibrium. In order
to describe as simply as possible this transfer, we choose to display a model
in which we substitute the chemical potential difference by the more familiar
quantity concentration, which will be considered constant on the boundary

layer limit.

2.8. Heterogeneous reactions

The composite surface is subjected to several heterogeneous reactions
leading to the gasification of the solid wall. Numerous studies have been
done in order to identify the chemical mechanisms and kinetics of carbon
gasification at the composite scale under laboratory conditions [8, 24, 25, 26,
27, 16, 28, 29, 30]. Some studies were focused on the mass loss in nozzle
throat applications [31, 1, 13, 14]. These studies agreed on the fact that
mass loss in the nozzle throat application is mainly due to carbon oxidation

by HyO and C'O, present in the gaseous products of propergols combustion



C(s) + HaO(g) — CO(g) + Ha(g)
C(s) + COy(g) — 2CO(g)

Libby et al. [32] assume that the kinetic rates of the two oxidation mech-
anisms are identical. Under this assumption, water vapor being ten times
more concentrated than carbon dioxide in the nozzle, the mass loss is mainly
caused by Hy0O.

The data from these studies can be collected into a global formalism with
H>0 as a single oxidizing species, and an apparent first-order rate law with

constant k :

k= K, T,e Fe/RTs (1)

In this expression, the values of the pre-exponential coefficient K lie between
1 and 50m.s7 1. K~ and the activation emnergy E, is about 40 kcal.mol™!.
The K, variation is linked to the nanotexture and nanostructure of carbon

and will depend on the considered solid phase.

3. Model set-up

The global ablation phenomenon is the result of the competition between
several processes. In order to compare the influence of each of these pro-
cesses, several dimensionless numbers have to be considered in addition to

the previously defined Reynolds number :

ug Ly
D

e The mass Péclet number Pe, = , where uq is the magnitude of the
reference fluid velocity in the global frame, compares the velocity of

advective to diffusive transfer mechanisms.

e The Damkohler number Da,, = % compares the surface reaction to the
diffusion process. In the absence of advection, large values of Da lead
to a diffusion-limited process for which the wall concentration is close
to zero and the mass loss does not depend anymore on the reactivity

k. On the contrary, when Da < 1, reaction is the limiting factor and



the concentration field tends to be uniform at the value imposed at the

upper part of the boundary layer.

e The condensation ratio w = %2= which is the ratio between the reces-
sion and reaction velocity, is also the ratio between the solid volume
concentration ¢; and the gas concentration ¢, in the bulk phase, close

to the top of the boundary layer.

In the present application, the rate constant ranges between 107! and 200

m.s~ !, the diffusion coefficient is close to 107% m?.s7!

, and, taking [, as a
reference length, the dimensionless numbers take approximately the following
values : Pe = 500, Da € [1072,20], @ = 310~%. The proposed range for the
Damkohler number is due to the range on the pre-exponential factor, K,
defined in equation (1).

The obtained value of the Péclet number suggests that, even at the micro-
scale, mass transfer is dominated by advection. However, in a recent study
of the effective reaction rate for a rough surface, it has been shown [33| that
the effective reaction rate is not sensitive upon the Péclet number below a
value about Pe=500, for a wide range of Damkdhler numbers. This indicates
that a purely diffusive analysis has a relatively broad applicability range.

The condensation ratio shows that recession is slow compared to reaction.
Moreover as £~ < 1, recession is slow compared to diffusion relaxation. The
diffusion-reaction process is not influenced by the recessive displacement of
the surface and velocity in the local frame can be identified with the velocity
in the frame linked to a non recessive surface.

In a first approach, we will assume that the Péclet and the condensation

numbers are small, i.e., we neglect advection effects, and the obtained model

can be written :

i DAc = 0in Q (2)
n.(—DVe)—ke = Oon X (3)
k
v+-n = 0on (4)
CS



Equation 2 is a pure transient diffusion equation describing the reactant
transport in the volume above the surface, equation 3 describes the matching
of the incoming reactant flux and of the heterogeneous reaction rate at the
surface (in which we have neglected the impact of the surface velocity), and
equation 4 describes the surface recession with v being the surface velocity.
This is comparable to the model conditions derived for the study of ablative
thermal protection system C/C' components [34]. However there will be
a difference when applying this model to the large scale evolution of the

materials, as shown later.

4. Numerical approach for the recession model

The problem for the recessive model requires the description of a moving
interface. Interface tracking methods can be divided into two different general
approaches. The first idea is to have a Lagrangian tracking of the interface.
In this technique, the velocity of each node of the interface is computed and
the geometry is rebuilt at each time step. Such a method can be used in a
classical finite element procedure. Nevertheless, the geometry actualization
and the associated re-meshing contribute to a high CPU time. The second
method is a Eulerian description of the interface. In this method the problem
which is written for each phase is transformed into a continuous formulation
valid everywhere in the computed domain. In this class of method, different
possibilities are available, such as the VOF (Volume of Fluid) method [35],
level-set approaches [36], and many other phase-field approximations (see for

instance the model of [37] for describing crystal growth).

4.1. Description of the method

This work makes use of a VOF method, featuring a Piecewise Linear
Interface Calculation (PLIC) [38] because of its ability to work with non-
differentiable surfaces. Indeed, the major difficulty for the problem under
consideration lies in the description of the interface. The micro-scale obser-
vation of the ablated material [8, 24, 39, 5] shows that ablation leads to sharp

edges.



Solid/Fluid Interface
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Figure 3: Interface description at the voxel scale.

In the PLIC description, the interface is modeled by local planar surfaces,
whose positions and slopes are obtained from the phase indicator variable, as
illustrated in Figure 3. We adapted this technique to our problem [40| with
the idea to keep the possibility of sharp edges, as it is a characteristic feature
of ablated surfaces. We do not describe here the details of the numerical
technique, since it involves a fastidious listing of all possible geometrical
situations.

The simulated domain is composed by a composite region topped by a
fluid region. The composite region itself contains fluid voxels representing the
pores and two types of solid voxels representing the different carbon phases
(mainly the carbon fiber and matrix).

In problem (Eqs 2 - 4), the coupling between transfer equations and
surface recession is not explicit. The mass transfer problem depends on the
surface evolution through the geometry of ¥. Moreover, the displacement
of the local frame in the global frame requires the knowledge of the average
recession velocity. In order to produce a weak description of these couplings,

the following loop is built:

1. Solve the concentration field in the local frame.
2. Evaluate the local recession velocities in the global frame.

3. Perform solid displacement in the local frame.

In order to have a complete form of the model, boundary conditions must be

added to the previous balances. A Dirichlet condition ¢ = ¢ is chosen at the
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upper boundary and ¢ = 0 at the bottom boundary. As the reactant does not
diffuse in the solid phase, this condition has no impact on the simulations of
dense composites. When the simulated composite is porous, the solid domain
is chosen thick enough to produce a total consumption of the reactant before
the bottom of the domain. Periodicity conditions are used along the vertical
sides. The initial surface of the composite is chosen perfectly flat and the
initial concentration field is zero: ¢(x,t = 0) = 0. Because the recession
time is large compared to diffusion time, the concentration field reaches a
steady-state long before any significant first change is noticed in the wall
position.

The diffusion-reaction problem is solved implicitly. Once the concentra-
tion field is obtained, the local recession velocities in the global frame are
evaluated from eq.(4). The evolved surface is then given by the use of PLIC
formulation. The obtained algorithm is implemented into a FORTRAN 90
code later referred to as DiAbl3D.

The program has been tested on an ideal computational cell described in
[6]. An analytical expression has been derived for the roughness morphology
[5, 6] ; it extends the results given in [24] to the case of diffusion/reaction
competition. The numerical results match satisfactorily the predicted surface
equations, as well as the numerical results obtained by another code [41].
Figure 4 shows a rather good agreement between a simulated fibre profile
and the analytical shape for intermediate values of Da. When Da becomes
very close to zero, the code is in perfect agreement with the predicted shape,

which is a straight cone.

5. Roughness evolution of actual C/C composites

In this section, the surface evolution of two different classes of composites,

i. e., with two different kinds of reinforcement architectures, is studied.

5.1. “AD” Reinforced structures

The “4D” composite is reinforced by millimetric bundles of parallel fibers

organized following the four inner diagonals of a cube, as explained in [42, 43|

11



Analytical profile

Figure 4: Steady ablation profile of a cylindrical fiber emerging from amatrix with Da = 2,

¢y = 0.5, and K = 4.

Figure 5: Left: SEM micrograph of the ablated surface of a bundle in 4D C/C compos-
ite. The bar lengthds approximately 30 pym. Right : simulation of the ablated bundle
morphology.

and illustrated by the elementary pattern represented in figure 6, where the
cylindrical reinforcements are shown in dark, and the inter-bundle matrix is
shown in light. Their typical diameter size is millimetric. The bundles are
themselves constituted by a dense packing of parallel fibers embedded in a
carbon matrix.

Figure 5 (left) shows that, after ablation, the fibers and matrix emerge
from the surface and have a characteristic shape with an approximate tip
angle of 30°. The main cause of this morphology is the presence of a weak
interphase between the fibers and the intra-bundle matrix (both having sim-
ilar ablation resistances), associated to a low Da number [6].

In those conditions, it has been shown [6] that the effective reactivity of

the bundle is close to the one of the weakest phase, that is, of the interphase.
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This has been taken as a first clue to the identification of the individual
reactivities af all phases, together with the assumption that the matrix has
approximately the same reactivity as the fibers. The ratio between fiber and
interphase reactivity has been varied systematically and the resulting steady-
state angle tip was measured ; a correct match between experimental and
modelled morphologies has been obtained for a ratio close to 8.5. Then, it
has been confirmed that the effective reactivity of the bundle is very close
to the reactivity of the weakest phase. It has also been checked that the
transient time (= 3 seconds) before development of the steady morphology
is very short with respect to the total rocket firing time in usual tests.

Using these results, bundle-scale modelling is possible with our developed
code by using the obtained effective reactivity. However, we know that tur-
bulent effects at this scale might be important. To take into account these
effects without having a strong modification of the mass transfer model, the
diffusivity coefficient is artificially increased in order to represent the turbu-
lent diffusivity. Values were matched to the turbulent kinematic viscosities
obtained by a 1D boundary-layer code [22]. One missing input parameter is
the reactivity ratio-between the bundle and the inter-bundle matrix phases.
Again, a simulation is run several times with a variation of the reactivity
contrast, until the correct morphology is reproduced. The resulting evolu-
tion of the composite is represented in figure 6. One observes that, after a
strong change in the composite surface, the roughness amplitude reaches a
steady state. To obtain the very satisfactory agreement shown in Figure 7,
the reactivity ratio between bundles and matrix is found to be 1/2. This
means that the weakest phase at the macroscopic scale is twice as reactive
as the strongest one.

An argument for this surprising agreement is the following. The total
resistance to ablation is the result of several phenomena chained together in
series : first, the heterogeneous reaction; second, the diffusion through the
mass transfer boundary layer, which can be equated to the laminar bounday

layer; third, mass transfer by convection and diffusion through the turbulent

13



Figure 6: Evolution of the composite at millimeter scale for the 4D structure with [,, =

5mm for time steps t = 0,0.25,0.75,1.25,1.75,2.25 s.

fluid. The most important resistances control the ablation rate as a whole.
It appears that the transfer resistance in the turbulent fluid is not impor-
tant. The controlling phenomena are then the heterogeneous reaction and
the transfer through the laminar boundary layer. For the latter, the only crit-
ical parameter is the boundary layer thickness, that can be extracted from
specific computations [22]. So, reducing the model to heterogeneous reaction
and pure diffusion through a laminar boundary layer still allows to capture

the main features of the wall recession dynamics.

5.2. Composites with woven architecture

Another class of C/C composites is prepared from preforms made of
woven carbon fiber fabrics [44]. The matrix is infiltrated between the fibers
by Chemical Vapor Infiltration, i. e., a gas-phase route [45]. During this
process, the tortuosity of the preform plays an important role by limiting

the deposition in the composite core [46]. As a consequence, the composite

14



Figure 7: Comparison between simulated (left) and experimental (right) structures.

material at the end of the process still contains about 10% pore volume. In
this section, DiAbl3D is used to investigate the role of the tortuosity of two
different composites on their effective ablative behavior. Since the developed
model cannot describe precisely the turbulent transfer occurring in the nozzle,
the ablation process modeled here refers more to a purely diffusive oxidation
of the material, e.g. in a laboratory furnace, than to the nozzle application.
This study has been made for different Damkohler numbers. For a given
composite, this dimensionless number is a function of temperature because
of the exponential variation of the reactivity (Arrhenius law). The Damkohler
values used in the simulation are therefore linked to the temperature of the
experimental furnace.

Two different woven architectures were compared (they will be referred
to as A and B). As the description of such architectures by analytic means
is complex and poorly realistic, the structure of the native composite was
obtained using X-ray tomography with a voxel dimension of 20 x 20 x 20um3.
The scans allow to recognize three phases: the yarns, the surrounding matrix
and the pores. A region of 2x2x6mm was extracted from the whole scanned
region. Such a volume contains a representative number of yarns. The initial
structure of composite A is illustrated in the first picture of figure 8.

The porosity was determined from the scans to be ¢4 = 10.4% and

eg = 9.7%. The final tortuosity for molecular diffusion in the vertical di-

15



rection was determined from the scans as follows. A steady-state concen-
tration field was computed using DiAbI3D by imposing an average vertical
concentration gradient to the composite sample. This allows to calculate the

effective diffusivity Dg and, subsequently, the tortuosity, n4 and ng. We

found ny = €4 DD*’“ = 15 and ng = 26. The obtained values show a good agree-
ment with the values proposed by [47, 48| for fibrous materials havinga 3D
structure. The ablative evolution of composite A is shown in figure 8. As the
composite has no stationary or even strictly periodic structure in the vertical
direction the system does not reach a true steady-state profile. Nonetheless,
the simulations have shown that after 0.2 mm of recession, the thickness of
the ablative front reaches a pseudo-steady state. At the studied tempera-
tures, T' = 1850, 2300, 3000 K, the associated Damkohler number defined
with yarn properties takes the values Da = % = 0.7, 1.1, 7. Under such
conditions, the reactant is totally consumed in the first millimeters of the
composite and does not penetrate deep inside the porous structure.

Figure 8 shows that, at.the lowest temperature (7" = 1850 K), the sur-
face develops an important roughness. An estimation of the reaction front
thickness was obtained using the maximum depth at which ¢ = 1073¢y. The
obtained values at this temperature are 1.1 mm for composite A and only
0.7 mm for-composite B. So, gasification in composite B is limited to a thin-
ner region than in the case of composite A. The obtained receding velocities
are in the following ratio : Z:—;;}(T = 1850 K') = 1.24. Under the chosen con-
ditions, the ablation process occurs in a significant thickness of the porous
material and is therefore influenced by the geometrical structure of the porous
domain. The explanation for the difference in behavior between sample A
and sample B is that the penetration of the reactant is facilitated in the less
tortuous material (sample A), which leads to a larger global reaction rate.
When temperature increases, ¢. e., when Da increases, reaction occurs in
a thinner domain. For instance, at T = 3000 K, which represents the tem-

perature of the nozzle throat, the wall remains flat and the reaction front

thickness is less than 60 um for both composites. The difference of behavior
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Initial Profile

T=1850K T=2300K T=3000 K

Figure 8: 3D initial and ablated morphologies obtained on a woven composite after 0.5mm

of recession, for three different temperatures (i. e. Damko6hler numbers).

between the two samples becomes negligible, as illustrated by the ablation

velocity ratio value ”“'2 (T = 3000 K) = 1.02.

Va

This study shows that at high temperature (7" > 2000 K'), the compos-
ite architecture plays a less significant role on its ablation behavior. When
temperature reaches such values, ablation occurs only at the surface of the

porous wall, even at the mesoscale.

In conclusion, the numerical simulations have shown the importance of

the Damkdhler number on the obtained morphologies. All other parameters

17



remaining unchanged, a slower reaction rate leads to a higher roughness and

an increase of the associated exposed surface.

6. Conclusion

This work has presented a modelling analysis of the surface evolution
of C'/C' composites under ablation in rocket nozzle conditions. Previous
studies had shown that the morphological parameters are directly linked to
the material structure (reactivity contrast between constituents) and to the
physico-chemical regime — chiefly the reaction/diffusion ratio translated by
the Da number.

The ablative behavior of a complex two-scale architecture has been suc-
cessfully performed, thanks to an inverse approach for the determination of
the reactivity contrasts between phases.

The extension of the direct simulation to complex woven architectures
confirm the impact of the Damkdhler number on the recessive evolution that
had been determined on ideal architectures. In the case of a reactive porous
interface, the numerical simulations show that, when the heterogeneous reac-
tion becomes faster (i. e., for large values of Da), the reaction front becomes
thinner and the global recession depends less on the pore space structure.

Another conclusion is that the effective recession rate for the composite
is not-given by a simple rule of mixtures — rather, in many conditions, a
weakest-link rule applies. Reconstituting the morphology helps in identifying
the weakest phase properties, even though they are not available as separate
components.

These encouraging results have been obtained in spite of very crude ap-
proximations on the description of the gas flow surrounding the material.
This very fact suggests that the material architecture is the primary ele-
ment that determines its morphology after ablation, though the flow has an
importance in some cases.

These results are of importance for the rocket nozzle designer, since the

roughness and effective mass transfer coefficients may be assessed directly.
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Entering these quantities in a rocket nozzle CFD code allows a better pre-
diction of the final protection thicknesses and throat radius.

Depending on the application, it could be necessary to extend the pre-
sented work by taking into account stronger couplings with other transport
mechanisms, in particular heat transfer, under the form of convection, con-
duction and radiation. Also, mass convection is a phenomenon that has been
neglected in this first approach, and further work is ongoing to remove this

rather strong hypothesis.
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Nomenclature

Greek symbols

n  Tortuosity in the vertical direction.

¢  Pore fraction at the mesoscale.

v Dynamic viscosity of the fluid, m?.s7!.
Q1 Fluid domain surrounding 2, m?.

¢s Volume fraction of fiber.

w  Condensation ratio, w = .
¥ Ablative surface, m?2.

T Transient evolution duration for Da < 1, s.

Latin symbols

c Reactant concentration in €2, mol.m=3.

Co Reactant concentration in the nozzle core, mol.m=3.
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Average reactant concentration, mol.m=3.
Microscale reactant concentration deviation,mol.m=3.

Solid concentration, mol.m=3.

Reactant diffusion coefficient, m?2.s71.

Effective diffusivity for vertical diffusion, m?.s~!.

Damkéhler number, Da = 5l.

(k)1

Average Damkohler number, (Da) = 5.

Activation energy in k expression, kcal.mol™".

Ratio of reactivites between the solid phases.

Surface local reactivity, m.s 1.

Fiber reactivity, m.s .

Matrix reactivity, m.s~!.

Effective surface reactivity, m.s— 1.

Harmonic average reactivity, m.s—.

Superficial average reactivity, m.s .

Pre-exponential coefficient, m.s~1. K1,
Microscale characteristic length, m.
Mesoscale characteristic length, m.

Normal to ¥ pointing towards the fluid, m.

Mass Péclet number, Pe = %l.

Fiber radius, m.

Microscale Reynolds number, Re, = %
Mesoscale Reynolds number, Re,, = %

Position dependent Reynolds number, Re, = “*.

Fluid velocity in the local frame, m.s~*.

Fluid velocity in the global frame, m.s~*.

Local recession velocity in the global frame,m.s™.

Average recession velocity in the global frame,m.s~.

23



