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A stagnation line formulation is derived for ablation thermochemistry and used to solve
for the distribution of species, density, and enthalpy in a chemically active boundary layer.
The formulation is used to compute B’-tables that include the mass di usion terms and
the e ects of wall blowing on the boundary layer. This formulation avoids the need of
a blowing correction used in material response modeling. B’-tables are commonly used
in ablative material response modeling to determine the consumption rate of material at
the surface, B!, as a function of pyrolysis gas mass ux, Bg, temperature and pressure.
A thin control volume is considered where conservation of mass, equilibrium chemistry,
and the transfer potential approximation to the di usion transport terms are used to
determine B’-tables as a function of temperature and pressure. The sensitivity of the
tables to using equilibrium chemistry coe cients from JANAF ts, Gurvich ts and a
rigid rotor/harmonic oscillator approximation is investigated. Little e ect of the ts is
found at temperatures below 2,250K. However, important di erences at high temperatures
have been identi ed. Di erences at high temperatures were also found between B’-tables
derived using the simplest mass transfer approximation and tables derived without the need
to approximate the di usion transport terms. This implies that estimates of the recession
rate of ablative material in high enthalpy environments are sensitive to the approach used
to build B'-tables.

I. Introduction

Exploration beyond low-earth orbit and sample-return missions require reentering the atmosphere at
speeds above 10 km/s. In planning missions to planets with atmospheres, optimization of the mass of the
fuel and the mass of the heat shield often results in high speed atmospheric entries. To achieve these missions,
the mission designer relies on the availability of ablative materials. These specially designed materials harness
interactions between the ow environment and the surface (gas-surface interactions) to protect the payload.
They are designed to be an insulator that rejects heat by re-radiating and blowing the majority of the incident
heat back into the environment. In this process, ablative materials lose mass and their surface recesses. A
crucial tool in the design process of a thermal protection system is therefore a model that predicts the
required thickness for the payload to remain protected during atmospheric entry.

A common strategy, rst proposed by Kendall et al.> in 1968, is to run material and ow codes decou-
pled and approximate their interactions through the use of heat and mass transfer coe cients. The ow
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environment code uses \cold-wall" boundary conditions, i.e. independent of the material response code,
but provides the heat transfer coe cients, density, pressure, enthalpy, and species mass fractions at the
boundary layer edge. The material code, on the other hand, estimates the surface recession rate through
the use of tables. Kendall et al.> generated non-dimensional pyrolysis-gas mass ux and char consumption
rate, Bg and B, tables (commonly referred to as B’-tables) by considering a thin control volume where the
gas-surface interactions occur and where mass balance and equilibrium chemistry are satis ed. To obtain the
di usive transport terms that appear in the mass conservation equation, they used heat and mass transfer
coe cients to relate the boundary layer edge quantities to the quantities in the control volume. Because of
the e ciency of this strategy, it is still followed today.?

A weakness in this strategy is in the model of mass transport due to di usion into the control volume. In
addition, we expect that blowing the byproducts of the ablation process into the boundary layer will change
the conditions in the boundary layer. MacLean et al.®> and Gno o et al.* have shown that coupling the
byproducts of ablation to the uid code has an important impact on the ow environment.

While ow solvers have now been developed®# that can bypass the use of B’-tables, e orts to tightly
couple them to an in-depth material response solver are still work-in-progress. These e orts will result in
large codes that are designed for applications that require massive parallel computing capability. However,
there is a need for approximate solvers that can be used on a personal computer. In this paper, we develop
a stagnation line formulation and use it to test one of the approximations for the di usion mass transport
suggested by Kendall et al.! We solve for the distribution of species, density, and enthalpy in the boundary
layer given conditions at the boundary layer edge. This new capability enables us to produce B'-tables that
account for di usion and blowing into the boundary layer, and we compare these to B’-tables generated
using the approximations.

The present paper is organized as follows: in section (I1), the thin control volume approach of Kendall
et al.> is revisited. Their simplest approximation is used to compare B’-tables generated using CEA® fts,
JANAF!! ts, and a rigid rotor/harmonic oscillator approximation to the thermodynamics.® In section
(111), the stagnation line approximation is derived without the use of self similar coordinates to represent
the boundary layer at the stagnation line. In section (1V), a new approach for the generation of B’-tables is
developed by means of coupling the thin control volume formulation to the stagnation line solution. Summary
and conclusions are presented in section (V).

I1. Thin Control VVolume

The B'-tables are built based on conservation of mass and equilibrium chemistry. They are essentially a
means to impose a boundary condition on an ablation code without having to couple the ow environment.
To compute the equilibrium mixture, the species equilibrium constants (functions of the Gibbs free energy)
are obtained from ts to the species thermodynamic properties. Modi cations to the equilibrium chemistry
assumption may be added to account for heterogeneous nite-rate chemistry or material failure;! unfortu-
nately, this methodology relies on rates and ablation mechanisms that are not well understood’ and will
not be considered in this paper. In a companion paper, the heterogeneous nite-rate chemistry of a carbon
preform is analyzed.® In this section, we revisit the derivation of the open control volume® formulation to
familiarize the reader with the details of the formulation and our choice of approximation for the di usion
transport terms.

Mass transfer flux Advection flux

T jk,w T (pv)yk,w

control volume pV=m

T mpg yk, pg T Mea yk, ca

Pyrolysis gas (pg) flux Char ablation (ca) flux

+ M,

P9

Figure 1. Mass uxes and compositions at the wall
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A. Mass Balance

We start with a Thin Control Volume (TCV), as shown in Fig. 1, that encloses the gas surface interface in
the moving reference frame of the surface. We assume that: (1) the surface is chemically active with carbon
char (C(gr)), assumed in equilibrium with the gas species, reacting with oxygen and sublimating; (2) the
pyrolysis gas products and the gas from the ow environment get transported into the control volume at a
rate slow compared to the chemistry time-scale, thus enabling equilibrium to be established for the mixture
within the control volume. We further assume no accumulation of gas in the TCV. The mass balance of the
elements in the control volume is given by,

MpgYk;pg + McaYk;ca = ( VwYiew T+ Jkw @

where Yi:pg: Yk:ca, and Yy are the mass fraction of the elements in the gas, the char, and the mixture,

respectively; mpq and M, are the pyrolysis gas mass ux and the char mass consumption rate [kgm 2s 1J;
is the density of the mixture [kg=mZ]; V is the velocity of the gas mixture, [m=s]; and jk. is the di usion
ux of the elements of the mixture, [kgm 2s 1)] given by,

- Mk
ILWin;W )

Jw =
i
where | are stoichiometric coe cients that are de ned in Eq. 6, M; is the molar mass of species i, and
Jyi:w IS the mixture species di usion ux.
By summing over the elements k in Eqg. 1, we get the total mass conservation equation,

Mpg + Mca = ( V)w ©))

Kendall et al.® considered several approximations to the species di usion ux. The simplest of these
approximations and the one we will adopt here is the transfer potential method that assumes equal mass
di usion coe cients for all species in the mixture:

Jkw = eUeCm (Ykw  Ykee) 4)

where ¢ is the density of the gas at the boundary layer edge, ue is the velocity at the boundary edge, [m=s],
and Cy, is the Stanton number for mass transfer. Corrections to account for unequal di usion coe cients
have been proposed by Kendall et al. but are not currently used.®
By substituting equations (3) and (4) into (1) and rearranging terms, we get the elemental composition
of the mixture,
rl"pgyk;pg + rDcayk;ca + eUeCMYk;e
Mpg + Mca + eUeCm

®)

The mass fractions of the elements in the mixture, yx.w, and the ablation mass loss rate, mc,, are the
unknowns that we need to determine. These represent n. +1 unknowns, where n. is the number of elements.

Yicw(Mea) =

B. Chemistry for heterogeneous mixtures

The convention we will follow starts by expressing the formation reactions for ns species as,’
< J ]
ING 1N (6)
K
where Ny represents base species for the elements in the system, ’k are the stoichiometric coe cients of the

formation reactions, and Nj is the gaseous product species formed by the reaction.

1. Gaseous mixture

To compute the equilibrium composition of a gaseous mixture composed of ng di erent chemical species,
ns independent equations are needed. We have n, = ng n. independent equations obtained from the
equilibrium of the formation reactions, Eq. 6, where n. is the number of base species that are elements. Be-
cause of the adopted convention for the species formation reactions, n. species formation reactions are trivial.
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Equilibrium of the chemical reactions

Assuming that the species of the mixture are in chemical equilibrium, n, equations are obtained from
the de nition of the equilibrium constants,

P roducts X;?
Ki=m ——— — = ] 7
] Reactants Q 5 K )
k "k

From the above convention, the equilibrium constants are given by
!

p . X

1 . > . .
INK; (T:p) = == Jgj (T;prer) Jo (Tiprer) I J ' (8)
RT K Pref K
where g; = h; Ts; is the species Gibbs free energy and pyef is a reference pressure.
Mass conservation of the elements
The remaining, nc = ns Ny, equations are obtained from the mass conservation of the nuclei,
<
. "
N L v ©)
k

J
P
where M, the gas-phase average molecular weight (M = ; M;X;), is an additional unknown in the system.
At this point, we have ng equations for ng + 2 unknowns. We seek two additional relations.

Mole-Fraction de nition

By de nition, the mole fractions sum to one. This provides an additional equation:

>
Xi=1 (10)

To summarize, for a gaseous mixture, the system of ng + 1 independent equations reads:

8 .

= Ik(xk + i:)f(Xj = EMYK;W(mca):Mk

> ; P ; iXi = 1 (11)
i InX; K kInxk = InK;

The remaining constraint is obtained by considering the condensed phase reaction.

2. Condensed phase species chemistry

In the presence of solid reacting species (as is the case for ablating materials), solid species are added to the
system. Therefore, heterogeneous equilibrium reactions are needed to close the system. Our current interest
is in carbon-based materials, therefore, we will consider a char composed of a single element, C(gr), formed
by the following elementary reaction

C ¥ C(gr) (12)

where C is carbon gas. In the case of ablative materials, it is assumed that the solid behaves as an in nite
source of condensed species when present. Therefore, the activity of the solid (or its mole fraction), is taken
equal to one, Xcgry = 1, in heterogeneous equilibrium reactions (it is equal to zero when not present). The
following system is added to the gaseous species system,

C
Xcgry = 1 (13)
InXe = In KC(gr)
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The equilibrium constant for condensed-phase species reads:

dcgn(T)  9c(T;pref) +1In P (14)

1
InK T:p)= —
C(gr) ( p) RT Pref

Fits for the Gibbs free energy of carbon graphite gc(gr)(T) can be found in the literature.®

3. Complete System

The complete homogeneous/heterogeneous equilibrium chemistry system coupled to mass transfer reads

8 P )
% KXk F pkxj = gMyiw(Mea)=Mk
S (15)
= Inxc = InKcgr
inxg o knxe = InK;

The system is closed: we have (ns + 2) unknowns and (ns + 2) equations; M and m¢, are 2 additional
unknowns to the mole fractions of the mixture . The system is quadratic in these unknown quantities and
an iterative procedure is used to solve it. It is interesting to note that only gaseous species mole fractions
appear in the system. This is due to the fact that the mole fraction of gaseous carbon C is xed by the
heterogeneous equilibrium reaction InXc = InK¢ gy as long as graphite is present in the mixture. Carbon
gas is carried out of the wall by di usion and convection simultaneously, causing ablation.

Two intensive variables need to be xed to solve the equilibrium chemistry problem. We choose the
pressure and temperature as our state variables, because they are the available variables when coupling to a
material response code. The input variables are yi.pg, Mpg (given by the material response code), UeCwm,
and yk.e (e for edge; these depend on the surrounding atmposphere), Yk.ca, Tw, and py. The current code
implementation provides m¢, that is needed to compute the recession rate of the surface:

rr= Mea _ [kg=m?=s]
ca  [kg=m?3]

where ¢4 is the density of the charred ablative material.

The computation also provides the species composition X;j, from which the total enthalpy of the gas in
the control volume, hy,, can be evaluated.

The formulation has been implemented in the existing code MUTATION.® We refer to the code that
implements the algorithm to solve the system given by Eq. 15 as MUTATION-B. The current code may
be used to generate pre-computed B'-tables. It provides the dimensionless ablation mass-loss rate, B'c =
Mca= ¢UeCm, and the wall enthalpy as a function of pressure, temperature, and the dimensionless pyrolysis-
gas ow rate By = mMpg= eUeCm.

(16)

C. Representative B’-tables for carbon bers with pyrolysis gas from phenolic

We have outlined a procedure where given mpg, Tw and pw, and <usCpm, We can compute me,. Kendall et
al.l observed that by normalizing Eq. 5 using UeCpm, the system becomes independent of the conditions
at the boundary layer edge and the Stanton number. Eq. 5 was then normalized and rearranged to read,

_ BgYK;pg + Bg)’k;ca + Yke
Yisw = B +Bl+1

n
Rewriting the above equation in terms of B{, we get,

Bg(YK:pg Yiw) + Vke  Yiow)

BO
¢ Ykica  Yiow)

(18)

where Bg = Mpg= eUeCnm and Bg = Mca= eUeCm. We recall that Bg is the key quantity extracted from the
Bl-tables to compute the recession rate.

MUTATION-B developed for the system of equations outlined in the previous sections was used to study
an ex-phenolic pyrolysis-gas mixture in air. Starting from a mixture of about 150 species (corresponding to
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the species available in the JANAF! and Gurvich® tables containing C, H, O, N), we removed species from
the mixture and checked that the B? obtained did not change in the temperature range of interest, 500K -
4000K. With 4 elements (C, H, O, and N) included, we were able to reduce the mixture to 19 representative
species: C, H, O, N, CH, CH4, CO, COz, CN, C2, C2H, C2H2, C3, C4, C5, HCN, H2, Hzo, N2.

1000 £ ‘ ‘ ‘ ‘ ‘

3e+07

100 -

T [

1000 2000 3000 2000 3000 4000
Temperature [K] Temperature [K]

IS}
n

2e+07 — 0.05 </ —

— 0.00001

B'c
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Total enthalpy of the mixture
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S
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Figure 2. Char rate consumption rate as a function of temperature for a range gas injection rates. The mixture
is assumed to be at p =1 atm. The solid lines are from MUTATION-B, the symbols are from MAT.°

Figure 2 presents a typical B? table. B! is plotted on a logarithmic scale as a function of temperature
for a range of pyrolysis-gas injection rates, Bg. The most noticeable feature is the large plateau over a large
temperature range, illustrating the fact that B! becomes independent of temperature at low pyrolysis gas
injection rate. This illustrates the well known di usion-limited regime where all of the oxygen transported
from the boundary layer edge to the control volume is consumed at the surface. In other words, in this
regime, the surface recesses at the same rate independently of the temperature. The gas composition at the
wall is plotted in Fig. 3 as a function of temperature for small mg. It shows that the gas composition at
the surface is independent of temperature in the di usion-limited regime. At the surface, all of the oxygen
available has been consumed by the carbon and is in the form of CO for intermediate temperatures. At
lower temperatures, CO, is predominant at equilibrium (Boudouard equilibrium); therefore, two moles of
oxygen are now necessary to remove one mole of carbon (this corresponds to the lower plateau on the left
side of Fig. 2). At very high temperatures, the sublimation regime is observed leading to a sharp increase in
the ablation rate.

o
=

o
=

Species mole fraction

00
Temperature [K]

Figure 3. Species mole fractions over temperature for p = latm and given mpg

D. E ects of the thermochemical tables on the B’-tables

A key dataset for accurate estimates of ablation rates is the equilibrium constants needed to compute the
equilibrium composition. The equilibrium constants are directly related to the value of the Gibbs free energy
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used for each species. At least three di erent databases are available to compute the Gibbs free energy, gi,
from equations (8) and (14). An option is to use polynomials with coe cients obtained from the CEA®
or the JANAF!! thermochemical tables. Another option is to re-compute the Gibbs free energy using a
rigid-rotor/harmonic-oscillator approximation based on Gurvich spectroscopic constants.

Figure 4 compares B'-tables computed using the three methods. Signi cant di erences are observed
at high temperatures in the sublimation regime. These di erences will impact the predictions of material
response to high-enthalpy environments.'? Further work is necessary to analyze and decide on the most
appropriate database for use in material response codes. An objective of the present work is to identify the
parameters that impact the B’-tables by revisiting the original derivation and identify/verify the approxi-
mations used in the formulation.

10 I .

B — Janaf

- — Gurvich

L — Rigid rotor/Harmonic oscillator
1

\

0.01

1000 2000 3000
TIK]

Figure 4. Comparison of Gurvich t, JANAF t and Rigid rotor/Harmonic oscillator

I1l. Stagnation Line Formulation

A major approximation in the previous B’-tables formulation is reliance on the transfer potential ap-
proximation, Eqg. 4, to compute the di usion transport. In the next section, we relax this approximation
by solving the Navier-Stokes equations along the stagnation line and compute the species transport. The
one-dimensional stagnation line equations are derived in this section from the boundary layer equations in
cylindrical geometry. This simpli cation to the full Navier-Stokes equations enables us to have realistic
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chemistry transport models coupled to an equilibrium chemistry approximation at the boundary. We will
show that this formulation will provide us with a powerful tool to develop B’-tables.

A. System of Equations
The governing equations written in conservative form read,

Q, 6(Q) , 8F(Q) _
e ex ey o (19

where Q is the conservative variable vector, G and F are the ux vectors, S is the source term, X is the
coordinate system along the body, and y is along the stagnation line (see Fig.5).

Figure 5. Coordinate system used where x is along the surface of the body and y is along the stagnation line

Starting with the 2D axisymetric boundary layer equations,'® we expand the dependent variables, Qj,
in a Taylor series about the center line, Qi(x;y;t) = Qi(0;y; t) + Qi:1(0;y; )x + Qi:2(0;y; t)x2=2 + 1z, where
Qi;j = @7Q;=@x}. Substituting the expansion into the boundary layer equations and taking the limit x ¥ 0,
we get

(@] 1 (@] 1
2 uy
@ g i § @ g |V+Jy| E g 2 iu:1 E
= + — N 20
ot U1 Oy @ vu, @ul Wi Ve%le 3 uj @0
e vh + 2 U1h

Where v is the velocity along the stagnation line direction y, u.; = @Qu=@x is the partial derivative with
respect to the wall direction of the velocity in that direction,

in = Dim@yi=0y (21)
is the di usion ux, >
= @T=@y+  Jyih;; (22)
i
is thti:heat ux, and ; is the mass defglty of species i. The mixture mass density is given by the expression
= ;i The mlxturig,energy e = ;yiei. The mass fraction y; = ;= , mixture enthalpy h = e +p=,
and pressure p= RT ;Vyi=M;, with M; the molar mass of species i. The production term of species i is

given by I;.

The properties of the species are computed assuming a rigid rotor and harmonic oscillator approximations;
spectroscopic constants are taken from Gurvich.® The transport properties are computed following the
Chapman-Enskog method. To estimate the viscosity and thermal conductivity, we solve the transport
system using the conjugate gradient method. The collision integrals are computed using polynomials from
Park.'* This provide us only with @D and  (22; we have set 2 and @9 to zero. The di usion

uxes have been computed with the following approximation for Fick’s law:
1 X

im ; Xj:Dij

where Djj is the binary di usion coe cient.

B. Boundary Conditions for the Stagnation line formulation

To complete the system, boundary conditions need to be established for the stagnation line formulation.
The boundary conditions of interest for coupling to the control volume formulation are as follows:
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Boundary condition at the edge:

At the stagnation line, the height of the boundary layer cannot be de ned in terms of the streamwise
velocity, and the size of the domain can be arbitrary as long as the assumption of constant pressure holds.
Magin® de nes the edge of the boundary at the stagnation line to be the in ection point of the velocity
gradient that is either measured or obtained from a simulation.

At the boundary edge, we specify the species density, ije, the normal (to the stagnation line) derivative
of the normal velocity, u.1je, the temperature, Te, as well as, @u.;=@yje. The last term provides information
about the shape of the heat-shield in the stagnation line approximation.

The normal velocity at the edge, vje, is computed by integrating from the wall to the boundary edge
using the continuity equation. This insures mass conservation under the constant pressure constraint.

The gas composition at the boundary layer edge, ije, is assumed to be in chemical equilibrium. This
assumption is valid for large bodies or when the shock is far from the body.

Boundary condition at the wall:

At the wall, the blowing velocity is computed from the relation vy, = (mMca + Mpg)= w and the species
mass fraction, yijw, is obtained from the TCV formulation for a xed T,,. We set u.1jw = 0, i.e. the pyrolysis
gas is injected normal to the wall.

C. Change of variables

A common problem in reacting ows is that the temperature is needed to compute the properties of the gas,
such as the transport coe cients Dim, , , and the production term I;, but temperature is not a conserved
variable and needs to be derived from the internal energy. In addition, the density, , is computed using the
equation of state to ensure that the pressure, p, is constant in the domain. The vector unknown of interest
is then: U =[v; j; u;1;T]T.

Because the natural unknowns in the integration procedure is the vector of conserved variables Q =
[0 ug; e]T, the following change of variables is required: Q = U, where = @Q=@U. This will lead
to a singular matrix, but this has no e ect since we are only interested in the steady-state solution. Our
equations are written as follows,

0U | 6F(Q)

ot By =S (24)

D. Numerical procedure: time and space discretization

The governing equations in conservation law form are solved numerically by means of a nite volume method.
The rst-order implicit (backward) Euler scheme is use to discretize in time. Second-order di erences on a
staggered mesh are used to discretize space.*® The fully discretized equation for cell i at time step n is:

Ai Ui 1+ Bi Ui + Ci Ui+1 = RP (25)
where U; = U{‘*l U™ and the matrices A;, Bj, Cj and vector R} are:

1 0F 1= "

A il 26

I y QUi 1 (26)

B = i( N @si n+i OFiv1>  OF 1 " @7

! ! @U; y oU; QU;
1 @Fjs1=2 "
i= — 2

Ci y QUi+ (28)
n — n 1 n n

Ri =S; 7y Fivio Fi 1= (29)

The variables within cell i are coupled to their neighbors i 1 and i + 1. Writing Eqg. 25 for each cell
gives us a block tri-diagonal system which is inverted using the generalized Thomas algorithm. This can be
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solved for each U so that the solution can be advanced in time: UM* = UM + U; . We note that we
are not interested in the time-accurate evolution of the solution, the time dependence being kept only for
convergence purposes.

All variables are cell-centered except for v which is computed at the interface (staggered grid) to ensure
pressure-velocity coupling at low speed. This would not be possible by means of a preconditioning technique,
since p is constant inside the boundary layer.

01 ‘ : ‘ : : — 1

T
o°

0.01
0.1

p, Ikg/m]
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0.011

0.0001 ff

| | |
0.006 0.008 0.01 0'0010

0.008 0.01

Figure 6. Species-density and mass fraction distribution at the stagnation line of a simulated VKI plasmatronl®
experiment on an ablative carbon-phenolic surface
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Figure 7. E ects of frozen chemistry compared to nite rate chemistry species-density and mass fraction
distribution at the stagnation line of a simulated plasmatronl® experiment on an ablative carbon-phenolic
surface

E. Simulation of an ablating sample in the VKI plasmatron

We have implemented the stagnation-line formulation in a code that we call MUTATION-SL and have
veri ed the implementation by comparing our results to results from the boundary layer code of Barbante.®
In what follows, we present results for our simulation of the VKI \plasmatron™ torch on an ablative material
where we have set pe = 101325 [Pa], Te = 4640 [K], U.1e = 1143[s 1], U.12je = 82069:[m 1s ]. The wall was
set at T,, = 3200 [K], with phenol mass injection of mpg = 0:1 [Kg m 2s 1]. The velocity at the wall and at
the boundary edge were computed to be vy, = 2:21 [ms 1] and ve = 25:7 [ms 1] respectively.

Figure 6 shows the species mass fractions as a function of the distance from the wall. At the boundary
layer edge we have mostly atomic oxygen and nitrogen entering the boundary layer. Some mass gets convected
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as seen in the total density of the N, pro les near the wall. It should be noted that it is hard to distinguish
between convection and consumption of the species. However, we observe that the atomic species O and N
become negligible at the wall. We have oxidation and nitridation as re ected in the pro les of CO and CN.
All of the atomic oxygen, O, and atomic nitrogen, N, are consumed at the wall. The main reaction near
the wall is the carbon oxidation reaction that produces CO: C + O ¥ CO. The second important species
produced at the wall is hydrogen, Ho.

It observed in non-equilibrium Navier-Stokes simulations that frozen chemistry for air is a good approx-
imation in the boundary layer.!” In Fig. 7 the composition pro les for frozen chemistry and nite rate
chemistry (with and without the reaction term !; in Eqg. 20) are compared. We nd that frozen chemistry
holds until the gas from the ow environment start to interact with the gas from the ablation products. We
also observe that the slope of the two main species at the wall does not change. This is an indication that
the concentrations of CO and H, are close to equilibrium, but the minor species, C3z for example, is not.
The implications of active chemistry near the wall may become important at high entry speeds where we
expect high temperatures and higher blowing rates.

IV. Computing B’-tables using the stagnation line formulation

The complete system of equations for the equilibrium boundary condition at the wall is given by Eq. 15;
it is repeated here for completeness,

8 K K
% KXk + kaj kMYicw(Mea)=Mi
i X =1 (30)
§ ) _In Xc = In KC(gr)
= JInx; k pInxe = InK;
Without the transfer potential approximation, the mass balance at the wall reads,
_ MpgYkipg + MeaYkica  Jkw
wlMes) = 31
Yicw(Mea) (Mpg + Meca) (31)
The strategy that we will follow is to compute the species di usive ux at the wall jiow = LM—TJW;W

from the stagnation line approximation.

A. Marching procedure

The boundary layer formulation as well as the TCV formulation require information from each other: the
Stagnation Line requires vy, Vi,,, and jk.w; the TCV formulation requires ji-w, as well as ¢UsCwm .

To build a B’-table, we need to be able to x Bg and vary T,,. Our iteration strategy is shown schemat-
ically in Fig. 8,

Figure 8. Marching strategy followed to compute the B{ give Bg

The simplest case to compare the formulation in MUTATION-B with the current formulation is for the
case where Le = Pr = 1 is assumed to hold. In that case, the B’ table user assumes cUCp = eUcCH =
w=(he hy). We start with the stagnation line approximation to compute the cold wall case. This gives
us reusCh . For a given Bg, we compute Mpg = UeCm Bg. Having mpg, we iterate to compute i and
Mca. Having, values for mgy and mca, we can compute the velocity at the wall vy, = (Mca + Mpg)= w. The

11 of 14

American Institute of Aeronautics and Astronautics



wall conditions are taken as input to the Flow solver which in turn gives us a new ¢usCpm = w=(he hy)
that needs to be iterated. Once the process has converged, we have B = mc,= ¢UsCnm. At this point we
are ready to move to the next Bg.

B. Preliminary B’-tables comparison

Because the transport properties are not known for all of the pairs of species present in the mixture that
were used to produce Fig. 2, we have reduced the number of species to a set for which all the transport
coe cients are available. We reduce the mixture of 19 species that we have discussed previously, to the 11
species set: C, H, O, N, CO, CN, C,, C,H, C3, Hz, Na.

— B'g=0.05
— 015
— 025

=

B'c

0.1 —

0 1000 2000 3000 4000
TIK]

Figure 9. B{ (char consumption rate) as a function of temperature for a range of Bg (mass injection rate)
rates for p = latm. The solid lines are from MUTATION-SL, the dashed lines are from MUTATION-B

Figure 9 shows a comparison between the stagnation line formulation in MUTATION-SL, and the formu-
lation in MUTATION-B. We nd surprising agreement between the two formulations given that the species
pro les (shown in Fig. 6) show little similarity to each other. The B? generated by MUTATION-SL include
the e ects of blowing. A correction is currently added in the material response code.'®

Figure 10 compares B! pro les computed using frozen chemistry to the pro les generated using nite-rate
chemistry. These results are not surprising because we have seen that the e ects of chemistry on the pro les
of the major species are not strong, and that B, in the di usion limited regime, is a function of the atomic
oxygen and atomic nitrogen supplied to the boundary, and these are the same for the frozen and equilibrium
chemistry.

V. Summary and Conclusions

A stagnation line formulation has been developed to compute the gas surface interactions between an
ablating surface and a chemically reactive ow. We nd little e ect of the treatment of chemistry on
the species pro les for the conditions that we have considered. We also nd that the frozen chemistry
approximation yields reasonable results when compared to treating the chemistry with nite-rate reactions.

The classical Thin Control Volume formulation has been implemented in a way that easily couples to a
stagnation line approximation (T, p, Mpg as input, mc, as output). A procedure using the stagnation line
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Figure 10. BY (char consumption rate) as a function of temperature for a range of Bg (mass injection rate)
rates for p = latm. Comparison between Finite Rate Chemistry and Frozen Chemistry

approximation has been developed to evaluate the standard approximations used to build B’-tables. The
new formulation builds into the B tables the e ects of blowing on the boundary layer transport.

We nd that the tables are sensitive to the polynomials used to generate them. But at the conditions
tested, the transfer potential approximation seems to hold surprisingly well.

Finally, comparing B’-tables using CEA data, JANAF data, and a rigid-rotor and harmonic-oscillator
approximation, we nd important di erences at high-temperatures.
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