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Abstract
CFD codes typically treat fluid/solid boundary conditions in a simplified manner such as constant pre-
scribed temperature or heat flux with zero mass transfer. However, thermal protection materials (TPS)
strongly interact with the flow so that simple CFD surface boundary conditions cannot realistically be
used for TPS design. In order to obtain a better estimation ofthe wall heat flux over an ablating surface, a
two-dimensional axisymmetric full Navier-Stokes equation solver is used coupled with surface mass bal-
ance and an equilibrium ablation model for graphite. The effect of gas injection in the boundary layer is
studied focusing the attention on the wall heat flux and its reduction due to convective blockage. Flat plate
tests are presented. Results are compared with the most commonly used simplified approaches.

Nomenclature

B
′

normalized mass blowing rate
Ch Stanton number for heat transfer
Cm Stanton number for mass transfer
D diffusion coefficient
h enthalpy
j diffusive mass flux
k thermal conductivity
Le Lewisnumber
M Machnumber
ṁ blowing mass rate per unit area
Nc number of species
Nel number of elements
Nr number of surface reactions
p pressure
qcond heat conduction into the solid
qrad radiative flux to the surface
T temperature
u streamwise velocity
v velocity component normal to surface
y mass fraction
αki mass fraction of elementk in speciesi
ǫ surface emissivity
η outward coordinate normal to surface
λ blowing correction parameter
ρ density
σ Stefan-Boltzmann constant
ω mass flux due to surface chemical reaction

Subscript
e outer edge of boundary layer or freestream
i species
k element
s solid properties at gas-solid interface
w gas properties at gas-solid interface
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1. Introduction

Upon exposure to ballistic re-entry and rocket nozzle environments, heat-protection materials are subjected to severe
thermal and mechanical conditions. Various thermal protection systems (heat sink, transpiration cooling, ablation)have
been proposed and investigated quite extensively, especially from the experimental viewpoint. Among them, ablative
thermal protection systems (TPS), which are characterizedby the sacrificial removal of the surface material for the
protection of the underlying structure, have been widely applied to re-entry vehicles and solid rocket nozzles. Ablative
TPS must be designed to keep the excessive heat from damagingthe vehicle or its contents with a minimum weight
penalty.

There are two categories of ablative TPS: thecharringand thenon-charringablators.CharringTPS materials are
made of a filler (usually a resin) and a reinforcing material (usually carbon). When heated, the resin experiences a series
of chemical reactions that release gaseous by products (pyrolysis) leaving a layer ofchar or residue. Gas pressure in
the pyrolysis zone forces the pyrolysis gas to flow through thechar into the boundary layer. Thechar itself can recede
due to chemical or mechanical action by the boundary layer. For anon-charringablator (such as carbon-carbon), mass
loss occurs only by surface ablation and mechanical erosion. Both thecharring andnon-charringablators sacrifice
some TPS material to divert the energy that would otherwise enter the vehicle.

An accurate prediction of the thermal response of these materials is essential to successfully carry out the design
of an optimum TPS. In recent years, computational fluid dynamics (CFD) technology has continued to develop in the
areas of non-equilibrium flow, multispecies kinetics, and multidimensional full Navier-Stokes capabilities. However,
most codes uses primitive surface boundary conditions and cannot be realistically used to predict the aerothermal
heating for the design of TPS.1 In fact, CFD codes typically treat fluid/solid boundary conditions in a simplified manner
and mass transfer is often not considered. Current methods focus their attention on some aspects of the problem at the
expense of others. Thus aerodynamic methods concentrate onthe flowfield, and rely on other methods to provide
material-response characteristics; on the other hand, material-response methods concentrate on surface ablation and
heat conduction in the material, using simplified models to provide the aerothermodynamic heating. However, in reality
all these phenomena are highly coupled. Thus, in order to improve estimating of the heat flux over an ablating surface,
a flow solver with ablating surface conditions becomes a requirement. This goal can be achieved by considering that
the surface energy and mass balances, coupled with an ablation model, provide complete thermochemical boundary
conditions for a solution of the fully coupled fluid-dynamics/solid-mechanics problem.2

In this study, a general surface boundary condition with mass balance and surface thermochemistry effects is
developed for equilibrium gas states adjacent to anon-charring(graphite) ablating surface. Based on this formulation,
a surface thermochemistry procedure is developed and integrated with a multi-species reacting Navier-Stokes solver.

2. Physical and mathematical modeling

The physics of the hot-gases over a solid surface is modeled by the multispecies reacting Navier-Stokes governing
equations, which are solved by a code3, 4 based on the lambda scheme.5 Because of the chemically active surface,
further physical modeling is necessary for the fluid-surface interaction. The latter aspect requires the addition of a
mathematical model of the hot-gas-flow boundary condition which describes the physics of the surface phenomena.

2.1 Ablating surface boundary conditions

The general boundary conditions for a chemically reacting,non-charringablating surface can be written as1, 2:
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which is the surface mass balance (SMB) for theith species. The subscriptsw ands denote gas and solid properties at
the wall, respectively.

The terms on the left-end side of Eq.(1) are the heat fluxes entering the surface due to conduction, diffusion and
radiation from the gas to the surface, while the terms of the right-end side are the heat fluxes leaving the surface due
to blowing, surface ablation, re-radiation, and conduction in the material. The conduction termqcond is an input for
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the CFD analysis, which has to be provided by numerical or semi-analytic CSM (Computational Solid Mechanics)
computation.

The term on the left-end side of Eq.(2) is the mass flux entering the surface due to diffusion, while the terms
on the right-end side are the mass fluxes leaving the surface due to blowing, surface ablation, and surface reactions
(different from ablation, i.e. catalysis). The termωr

i is the mass flux of speciesi due to surface reactionr, andys,i is the
mass of speciesi produced or consumed in the ablation process per mass of TPS material ablated, i.e.ys,i = ṁi/ṁ. The
ys,i are positive for ablation products, negative for species which are consumed in the ablation process and sum to unity.
Eq.(1) and (2) can also be applied to a non-ablating surface,with ṁ = 0. A summation of Eq.(2) over all the species,
considering that the summation made over the diffusive and chemical terms is zero because of mass conservation,
yields:

(ρv) = ṁ (3)

which can be used to simplify Eq.(1) and (2). It is interesting to note that a suitable combination of Eq.(1) and (2)
allows to express the so-calledheat of ablationterm. This can be obtained by multiplying Eq.(2) forhi and summing
over all the species:
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i is the chemical energy flux due to surface reactions different from ablation. Substituting Eq.(4)

into Eq.(1) and noting that the term
∑

i hiyw,i is the enthalpy of the mixture of gases at wallhw, yields:
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The termHabl =
∑

i hiys,i − hs is the so-called heat of ablation, which is the difference between the enthalpies of
the species created or consumed by the ablation mechanism and the enthalpy of the solid material at the surface
temperature; therefore it represents the energy absorbed (or released) by the thermochemical ablation process. The
term

∑

i
∑

r hiω
r
i − ṁ · Habl is therefore the heat flux due to the surface chemical reactions which will be referred to as

chemical heat flux.

2.2 Surface Equilibrium assumption

For an ablating surface, the SMB takes different forms depending on whether or not the flow is in chemicalequilibrium
with the solid phase. For equilibrium flow, it is convenient to use elemental mass fractionyk, which are known for
the TPS material and which are variables in the CFD solutions. yk represents the total mass fraction of elementk
independent of molecular configuration, i.e.yk =

∑

i αkiyi .
A summation of Eq.(2) over all the species yields a balance equation for each elementk, and consequently

eliminates the surface reaction term:
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The termyw,k is the elemental mass fraction of the gaseous mixture at the wall while ys,k is the mass of elementk
produced in the ablation process per mass of TPS material ablated, i.e.ys,k = ṁk/ṁ. Clearly theys,k must be equal to
the elemental composition of the TPS material. The use of Eq.(6) together with the assumption of chemical equilibrium
at wall permits to bypass the entire discussion about reaction mechanisms and the associated reaction rates, especially
for the complex flowfields with ablation. The termys,k only depends on the material composition while its species’
counterpart, the termys,i , also depends on the reaction mechanism with the atmosphere.

The surface equilibrium approach provides satisfactory accuracy with reduced computational cost, although
ablating surface non-equilibrium should be taken into account. However, only few data are available to validate gas-
surface kinetic models which strongly affect the prediction of mass blowing rate.6 For these reasons the surface equi-
librium approach has been used here: this is equivalent to assume that the regime is always diffusion controlled.

2.3 Ablation model

Solving the mass and energy surface balances is only possible if the ablation term is suitably modeled. Thus it is
necessary to prescribe some relationships among the blowing mass flow rate ˙m and the flow and surface properties.
Two different ablation models have been considered in the present study: a classicalthermochemical table modeland
a fully-coupled ablation model. Both models rely on the assumption of surface equilibrium.
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2.3.1 Thermochemical table model

The thermochemical tableablation models,7 which are the most widely used for TPS materials, are obtained from a
solution of the equations for thermodynamic equilibrium between the TPS material and the atmosphere of interest,
coupled with surface mass balance and simplified boundary-layer transfer potential methodology. With the transfer
coefficient approach the diffusional mass flux of theith species to the surface can be expressed as:
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whereCm is a dimensionless mass transfer coefficient and ()e refers to the edge of the boundary layer. Substituting
Eq.(7) in the mass balance Eq.(6) and introducing the dimensionless mass fluxB

′

= ṁ/ρeueCm, yields:

ye,k + B
′

ys,k = (1+ B
′

)yw,k k = 1,Nel (8)

For each value ofB
′

, Eq.(8) permits to find the wall elemental composition (ye,k andys,k are known). Once theyw,k are
known, the wall temperature can be determined by the wall pressure and the assumption of chemical equilibrium using
a free energy minimization procedure.8 The net result of the calculations is a set of thermochemicaltables relating
surface temperature and pressure to a dimensionless ablation mass flux.

Figure 1 showsB
′

(T, p) for thermochemical ablation of carbon in air. At each pressure and temperature corre-
sponds a dimensionless mass flux (left) and a mixture composition in equilibrium with the solid phase (right). As the
pressure is increased, a higher surface temperature is needed to reach the same dimensionless ablation rate.
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Figure 1: Dimensionless ablation rateB
′

(T,P) (left) and wall composition (right) for carbon ablation inair.

The advantage of using these tables is that, once they have been generated, they are applicable over a wide range
of aerothermal heating conditions. The disadvantage is that they are obtained with a very simplified boundary layer
approach based on transfer coefficients to model species diffusion across the boundary-layer. From the definition ofB

′

it is clear that the diffusion coefficientCm plays a dominant role in determining the surface ablation rate, and thus the
uncertainty in this estimated mass blowing rate can be high.

2.3.2 Fully-coupled ablation model

An accurate evaluation of the mass transfer mechanism is a key issue to predict the correct mass blowing rate and
consequently the heat flux over an ablating surface; thus, a full Navier-Stokes approach is needed to solve the coupled
material/flow problem: the advantage of using pre-generatedB

′

(T,P) tables is lost but the simplified boundary-layer
transfer coefficient approach can be completely removed.

Assuming surface equilibrium, with the pressure coming from the flowfield and with the wall temperature as-
signed, the chemical composition at wall can be obtained. From these data the wall elemental composition is easily
obtained and, as a consequence, also the wall diffusive mass flux of elementk:
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where the wall mass fraction gradient can be evaluated from the surface and flowfield solution. Finally, with the
elemental composition and the elemental diffusive mass flux at wall, the mass blowing rate can be evaluatedusing
Eq.(6). Among theNel equations of this type there areNel − 1 relations due to the fact that the elemental compositions
of the atmosphere and of the surface material are known; the only unknown is their relative amount at the wall.
Therefore the mass blowing rate can be obtained from Eq.(6) using any of the elements of the system.

During the computational transitory the mass blowing rate boundary condition and the wall chemical composi-
tion are continuously updated until the steady-state condition is reached. Mass blowing rate must be updated continu-
ously because it depends on the boundary layer solution (viathe diffusive mass fluxes) and at the same time it affects
its development. When steady-state is reached, the mass blowing rate is everywhere consistent with the mass balance
Eq.(2) and the wall composition is in chemical equilibrium with the wall material at the wall pressure and temperature.
Unlike thethermochemical tablemodel, the mass balance equation is not inserted in the chemical tables but is part of
the solver’s boundary conditions, through Eq.(6), and thusno simplified mass transfer model has to be introduced.

3. Results

The fully-coupled procedure described above is applied to aflat plate made of pure carbon (graphite). Isothermal
solutions with different surface temperatures are presented to examine their effects on flow predictions. Chemical
reactions between the wall material and the environmental gas are considered only at the surface using an equilibrium
approach. Once the wall composition has been calculated, the species are not allowed to react as they are diffusing
across the boundary layer. For the present calculations, the thermodynamic and transport properties of the single
species are described by curve fits.8 Mixture properties for conductivity and viscosity are derived from the Wilke’s
rule. The diffusion model used is limited to binary diffusion using a constant Lewis number.

3.1 Supersonic flat plate with fully-coupled ablation model

The supersonic (M = 4) flow of air over a graphite flat plate is analyzed. Three different surface temperatures are
considered: a)Tw = 2500 K; b) Tw = 3800 K; and c)Tw = 3900 K. The environmental gas is frozen air with
equilibrium composition at the freestream thermodynamic state (p = 1 bar, T = 4000K, yN2 = 0.767,yO = 0.233).
The equilibrium composition between gas phase and solid phase is imposed; two ablation species are considered (CO
andC3) which make up more than 85% of the equilibrium mixture for the actual conditions of pressure and temperature.
Species with minor concentrations have been neglected.
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Figure 2: Species diffusion mass fluxes and mass blowing rate forTw = 2500K (left) andTw = 3800K (right).

Figure 2 shows the wall diffusive mass flux of each species (CO, C3, N2, O) together with the mass blowing rate.
According to the surface mass balance Eq.(2), the mass blowing rate is determined by the wall diffusive mass flux,
together with the surface and material composition. Mass blowing rate is thus strongly varying in the streamwise di-
rection according to the growth of the boundary layer: higher mass blowing rates are experienced near the leading edge
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of the plate where the diffusional mass fluxes are higher. The diffusional mass fluxes are positive for the atmospheric
species and negative for the ablation products created at the surface. The surface temperature of 2500K is too low to
trigger surface sublimation (with formation ofC3) and the only ablation mechanism is the oxidation of carbon.
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Figure 3: Mass blowing rate (up left), conductive heat flux (up right), temperature profile (down left), and chemical
heat flux (down right) for three wall temperatures.

Figure 3 shows the mass blowing rate, surface conductive heat flux (k·∂T/∂η), and surface chemical heat flux. All
these variables are strongly varying with the surface temperature. The mass blowing rate increases with temperature,
especially in the sublimation regime (Tw = 3800K andTw = 3900K). In this regime, a slight increase of the surface
temperature causes a large increase of the mass blowing rate. This behaviour has been previously shown by the sudden
increase ofB

′

with temperature in the thermochemical table model (Fig. 1). The surface heat flux is reduced due to the
increase of wall temperature and mainly due to the so calledblockage effectcaused by the blowing of ablation product.
The dashed lines in Fig. 3 (up right and down left) represent the same solution without ablation. The effect ofblockage
is evident in the sublimation regime where the heat flux is highly reduced if compared to the non-ablating case. The
blowing of ablation products thus generates a cooling of theboundary layer which consequently reduces the wall heat
flux. This can be seen looking at the temperature profiles shown in Fig. 3 (down left). For strong blowing the blockage
effect is one of the major mechanism to limit the temperature rise inside the material. Finally, Fig. 3 (down right) shows
thechemical heat fluxfor the three cases. It can be seen that in the oxidation regime (Tw = 2500K) the chemical flux
is positive, while in the sublimation regime it is negative.Therefore in the former regime the chemical reactions at
wall are releasing heat, whereas in the latter they are absorbing it. This is due to the fact that the oxidation reaction of
graphite (with formation ofCO) is and exothermic process whereas the vaporization process (with formation ofC3) is
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endothermic.

3.2 Comparison with thermochemical table approaches

With the procedure developed in this work, the mass balance equation is solved inside the CFD code, through the
boundary condition. However, in many cases CFD codes are loosely coupled with the material and often the flowfield
solutions are obtained using ablating boundary conditionswith B

′

tables or even non-ablating boundary conditions
corrected with blowing reduction equations.

x [m]

M
as

s
bl

ow
in

g
ra

te
[k

g/
m

2 s]

1 2 3 4

0.2

0.4

0.6

0.8

1

1.2

Tw = 2500 K
Tw = 3800 K
Tw = 3900 K

fully-coupled ablating b.c.
ablating b.c. with B’ table
corrected non-ablating b.c.

x [cm]

C
on

ve
ct

iv
e

he
at

flu
x

[k
W

/m
2 ]

1 2 3 4

5000

10000

15000

20000

25000

30000

35000

Tw = 2500 K
Tw = 3800 K
Tw = 3900 K

fully-coupled ablating b.c.
ablating b.c. with B’ table
corrected non-ablating b.c.

Figure 4: Mass blowing rate (left) and conductive heat flux (right) for different wall temperatures with three different
boundary conditions.

When athermochemical tableapproach is used, the mass blowing rate is obtained by tablessuch as those in
Fig. 1 (left); the diffusion coefficientCm is derived from semi-empirical relations such as9:

Cm = Ch · Le−2/3 (10)

whereCh is the heat transfer coefficient and is evaluated from the CFD solution by its definition10:

Ch =
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wherehr is the recovery enthalpy andhe,w is the enthalpy of the edge gas at the wall temperature. Eq.(11) is used to
evaluate the heat transfer coefficient from the CFD solution andCh is then used with Eq.(10) to computeCm. With Cm

and theB
′

value coming from the table, the mass blowing rate can be finally evaluated.
Whennon-ablating boundary conditionsare used (no mass injection and no chemical reactions at wall), a blow-

ing correction is typically adopted to reduce the computed heat flux to take into account of the blockage effect due to
the ablation gases injected into the boundary layer. The most commonly used blowing-correction equation is10:
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whereλ is a blowing reduction parameter; withλ = 0.5 Eq.(12) reduces to the classical laminar-flow blowing cor-
rection. When a non-ablating CFD solution is performed, Eq.(11) is used to compute the non-ablative heat transfer
coefficientCh0 which is then reduced with the use of Eq.(12). The correctedCh is finally used to evaluate the mass
blowing rate as in the case of thermochemical table approachwith ablating boundary conditions.

Fig. 4 shows the mass blowing rate and conductive heat flux forthe three wall temperatures, computed with
three different boundary conditions: fully-coupled ablating boundary conditions, ablating boundary conditions coupled
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with F(T, p, B
′

) thermochemical tables, and non-ablating boundary conditions coupled with thermochemical tables and
blowing correction equation. Both the blowing rate and the heat flux clearly show the error introduced by the simplified
boundary conditions. The agreement between the table approach and the fully-coupled approach is very good at the
lowest temperature but gets worse as the temperature and consequently the mass blowing rate are increased. Obviously
the non-ablating approach is the one leading to major errors. The comparison between the cases with ablating boundary
conditions shows that at the higher surface temperatures the table-predicted mass blowing rate and heat flux are affected
by a certain degree of inaccuracy. These results show the limitations of thethermochemical-tableapproaches due to
the simplified boundary-layer diffusion model expressed by Eq.(7), which was developed7 from the laminar boundary-
layer theory over flat plates; thus the present comparisons between the two approaches are made in the most favourable
condition. For turbulent solutions over more complex geometries the error is expected to be definitely larger.

4. Conclusions

A general surface boundary condition with mass balance for an ablating surface has been derived assuming equilibrium
between the gas and the solid phase. A computer procedure based on these surface conditions was developed and inte-
grated with a two-dimensional axisymmetric full Navier-Stokes equation solver coupled with an equilibrium ablation
model. Solutions with various surface boundary conditionswere obtained to study the effects on surface composition
and ablation rate. The effect of gas injection in the boundary layer is studied focusing the attention on the wall heat
flux and its reduction due to the ablation phenomenon. Results have been compared with the most commonly adopted
approaches and the inaccuracy of simpler methodologies hasbeen shown.
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