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PREFACE

This report was prepared by the Space Division, Aerospace Group of The Boeing
Company, Seattle, Washington 98124, The Boeing Company program manager was
Mr. Vladimir Deriugin, head of Aerodynamics and Heating in the Spacecraft
Mechanics and Materials Technology Organizaiion.

The program was initiated under NASA Contract NAS 9-7964, Analysis of the
Apollo Heat Shield Performance, issued through the National Aeronautics and Space
Administration, Manned Spacecraft Center, Houston, Texas 77052, The NASA
technical monitors were Messis. Don M, Curry and Pau!l Murad of the Thermal Tech-
nology Branch of the Structures and Mechanics Division,

Results obtained during this study are published in two volumes: Volume I,
Andlytical Methods; and Volume 1}, Computer Program. Boeing document numbers
assigned to these volumes are D2-114433-1 and -2, respectively.

Appendix A of this volume, "The Effects of Multidimensional iow through
Porous Matrices in Mass Transfer Cooling”, was presented with minor modificctions
at the AIAA'7th Aerospcce Sciences Meeting in New York City, New York,
January 20-22, 1969, by Dr. E. P, del Casel, and is available as AIAA Paper
No. 69-i49.
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ANALYSIS OF THE APQ!L
HEAT SHIELD PERFORMANCE

By Richard S. Gaudette, Eduardo P, del Casal,
David W. Halstead, and Vladimir Deriugin

SUMMARY

An analytical study was made of surface and in~depth phenomena occurring in
the Apollo ablator heat shield during earth reentry. Areas considered were internal
chemical reactions, effects of property uncertainties on ablator performance including
shear removal, thermal conductivity, emissivity, carbon deposition, etc., and effects
of deviations from one-dimensional matrix flow, The kinetics of surface reactions aind
carbon deposition received special attention and mathematical models were established
accounting for deposition rates as functions of temperature. An existing computer
program was used to incorporate the required modifications for achieving improved
ablation performance prediction and to provide the necessary analytical data for com-
parison with existing flight data. Correlations obtained during a previous study
(Ref. 1) were verified, improved, and incorporated in a simplified program-indepen-
dent correlation routine which can be used in various existing programs. An improved
ublator performance prediction method was developed as a result of this study which
accounts for

1} Internal reactions Vary with time,
2) Variable densities composition,
3) Conductivities pressure, and/or
4) Specific hects ‘ temperature

and considers
5) Internal pressure

6) Diffusion of a limited number of species,
such as oxygen, hydrogen, and nitrogen.
A need for more experimental information in the range of higher heat and mass trans-
fer rates and shear conditions, as well as more detailed property data, became quite
apparent in the course of this study, Although the developed method and correlation
routines require further study and verification, they can be considered an important
step towards a generalized ablation performance prediction program.



INTRODUCTION

A requirement exisis to provide accurate methods for predicting the ablation
performance of complex materials such as those used on the Apoilo heat shield, in
order to design optimum heat shields for entry vehicles, In particular, on the Apollo
vehicle the surface recession of the heat shield in flight was considerably lnass than
previously predicted, thus indicating that the heat shield weight might be reduced
without sacrificing the safety of the vehicle. A correlation routine developed under
a pravious contract (Ref, 1) and based on a semi=-empirical approach showed improve-~
ment in predicting recession over the previously available methods when used as input
to a transient-type program, Since, however, the details of chemical processes cnd
analytical techniques were by-passed in the previous work, this phase of the ef -t
has included some of the in-depth chemical phenomena. This resulted in a metk..d
which is theoretically better substantioted than previous semi-empirical routines. The
result of this approach is a prediction program which can be expected to be more
accurate than the previously developed methods and, at the same time, forms a basis
for a generalized ablation performance prediction program applicable to a wider

range of ablation materials.,

Equations (8)=(13) are conservation equations used in the computer programs;
equations (14)~(28) describe boundary conditions at external interfaces. Internal
sources and sinks due to chemical reactions or -sublimation are described in equations

(29)-(33).

Simplified treatments of

1) porous solid Knudsen regime tronsport properties (as described in
Appendixes C and F),

2) "~ carbon deposition (as described on pages 22-24)‘, and
3) carbon=silica reactions (as described in Appendix E)

were devised for inclusion in computer programs less complex than the one developed
in this study, '

SYMBOLS

All quantities are in consistent f.p.s. uniis unless otherwise noted in text.
Symbols not defined or used with another meaning are defined in the immedicte con-
text of their use, - :

A frequency factor; area; generalized chemical species

Ap estimated effective internal surface area
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Cip

CPD

K
eq

activation' temperature; (m cp S) /K

molal concentration

specific heat at constant pressure

concentration of adsorptive sifes; molecular velocity; (pp)/(pp,)e
constant inner wal! pressure

consfant pressure drop across the motrix

diameter

binary diffusivity

multicomponent diffusivity

fhermc;l diffusion coefficient

volume fraction of solid in porous material; dimensionless boundary

‘layer stream function

weight fraction of pyrolysis gas deposited as solid carbon

radiant energy flux; function of, see equaﬁon (42)

acceleration of element of mass |

gravitational constant, 32,2 f)‘/sec2

molal Gibbs free energy; mole flux; gas cons.fanf, 1545 ff-lbf/lbm
specific enthalpy 7 »
total enthalpy; heat transfer coefficient

molal enthalpy

diffusive flux

thermal conductivity; spe sific reaction rate; matrix thermal conductivity

mass fraction

equilibrium constant
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Ve

2
P /b, .

equilibrium constant in adsorbed phase

residue thickness

apparent pore diameter

mean free path
mass flux

molecular weight

order of reaction; number density of pores -

on the order of

pressure

o d

Prandt! numbgr »
heat flux
total heat flux

radius; reaction rate

gas constant; radivs of

locations

surface recession rate

distance along surface; matrix thickness

Schm@r number

time

famperafure

slip velocity af wall

4

~ velocity; elocny at edge of boundary loyer

pes
1

curvature; reference radius for .Apollo heat shi.'d

-

o
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o _:-1'<-1

=03

v

<t

X, ¥,2

ac

T

o

§.

volume flow rate

interstiticl velocity; veiocity component; B/T as defined in eq.

partial molal volume
mass fraction
Langmuir-Hinshelwood constants, see equation (34)

distance

“coordinate normal to inner mairix surface

compressibility factor

absorptivity; stoichiometric coefficient

sccommodation coefficient

" velocity gradient

perm;edbilify

viscous permeability
inertial ‘permaability
cL?rre|atic;n porame’rer, (m/ ],_LQ) (]"v/]‘i) -
emissivity B o / o -
_y/S; dummy variable

deposition efficiency

porosity;_angular coordinate; fraction of- adsorption sites

al

SR - | ' -

viscosity

porosity

(E9



o density

- 4
o collision diameter; Stefan-Boltzmann constant, 372 x 10 ]ZFt—Ibf/sec-oR
T tortuosity ;
(T +
Pl ‘To Tw)/zTc’
¢ T
T o R 1+¢
w normalized stream function, ¢y“) [T—_]
m /m
Y y w
%9 g/
Y blocking efficiency -
I'JIB blocking efficiency in Appendix A
l,!/c cooling or tronspiration efficiency in Appendix A
4
N 4 nerodynamic shear function, YyH u 0.5]0 ’/Tw
sh oe
© _ mole fraction
T +¢
w correlation parameter, = N
1 R - \IP -1
o
Subscripts and Indexes:
a - average quantity
ac accommodation
air air
A : pér unit area; component A
b boundary layer gas; backward reaction
c convective; coolant; char formed after virgin plastic pyrolysis;

deposition chamber; conductive

C carbon
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CHy

comb

dep

eq, equil

exc

methane

combustion

decomposing char

c;eposifion (of carbon)

evaluated at the boundary layer edge
equilibrium

excess unpyrolyzable char

fluid; in forward direction; final steady-state condition at exit
of deposition chamber

gases
hydrogen
species index; inertial; reservoir or ambient conditions
species |
species k-

molecules; porous matrix

* mean temperature

methane

number of speries

total number of species; number density of molecules

at ablator-boundary-layer interface; initial value; unblocked value;
at entrance of deposition chamber; evaluated at inner surface of
matrix or ablator, at T, )

oxygen

pyrolysis gas; porous solid; pores; prdduct

pore depth



sat, SV
sh

sil

SiO

sub

pyrolysis gas

reactant; radiative component; reverse reaction; residuol value at
0 pressure

carbon ;urface; solid; at surface; at inner surface of matrix
saturated vapor pressure condition

due to shear stress

silica

silicon monoxide

sublination

surface of temperature T; total

vacant sites; viscous

virgin plastic

evaluated at the outer surface of matrix or ablator; at Tw
in x (lateral) direction

evalucﬁed normal to matrix surface

angular coordinate along matrix surface

at reference condition

viscous term; first root of cubic equation; component 1
one-dimensional

inertial term; second root of cubic equation; char;.componenf 2
third root of cubic equation

freestream or -undisturbed condition

on positive side of interface

on negafive side of interface

PO



Superscripts:

a constant, see equation (A25)

b at backwall

f fluid

M maximum allowable quantity

N exponent in power law approximation for variation of viscosity

with temperature
s in solid
. time derivative
— average quantity; partial quantity

vector quantity

FORMULATION OF ABLATION MODEL

N\cfhehafico| Model

The andlytical model is developed primarily for analysis of the in-depth behavior
and performance of the abiation thermal protection system. It is assumed that the
boundary layer conditions are given (keat flux, enthalpy, and heat and mass transfer
coefficients). These conditions are matched at the receding material surface (inter-
facej. No further coupling of the boundary layer with the ablation performance
analysis has been aitempted although it is recognized that coupling of environmental
effects may significantly offect the ablation perfor ance. It is also known that
chemical analysis may require detailed experimental verification, However, in this
study, emphasis was placed on the analytical model development for predicting the
performance of the char-forming ablation protecticii cystem with only an overall com-
parison with laboratory or flight test data,

-

This section treats the general governing equations of porous matrix flow and 2
heat transfer with specialized applications to the Apoilo abiation material performance. %
Discussed are analyses of applicable chemical reactions, density variations, pressure &

effects, and boundary layer matching, The analysis is directed toward obtaining a
feasible” numerical solution, implying, in some cases, that methods must be used which
circumvent the lack of physical property data. The equations for one dimension in
space are incorporated in the Charring Ablation with Diffusion (CHAD) program,




Governing equations. -The transport equations governing the flow of energy,
mass, and momentum in porous media are not as well defined as those for continuous
media. However, if is customary to pattern the flow equations in porous media after
those for continuous media (reference 2). This is done without rigorous justification
and on the heuristic assumption that macroscopic properties may be defined much in
the same manner as in continuous media (which unfcrtunately is not always true).

On this basis, the flew equations in porous media may be written as:

Overall equation of continuity for the fluid:

2,90, ()
at Pe .
Cor tinuity of species:
p -
a 1 . 3
at T VBT Py @

Note that

be f: Pes | 3)
i=1
and
— had —e
m, = wim + Ji
where
n n =
2 3G v
T w L ¢ 3 v A1,
Iy DRTi MiMjDij [ wy Z (3:;,_) wy * ijj<Mj > J'P
=1 kel YOK'T,p,u,
0. s ¥ 3,k
" 4t J‘ZT 8 ) |§ - Dy WnT “)
k=1
Conservation of energy for the fluid:
3 PN T S
W(Z)i ii)- v [—qcf rFE-F -Emi 11] + By (Tg=T) (5

where

10



Energy equation for the solid:

e — —
9 -T.) = -q. )+ F N
Equation for pressure distribution:
Bv =T
+VptuV 4o ViV _=0 7)
3t pt u Og p ' p
where
g
- m
V=
f
—- -
v =[¥

and the parameters v, m, and P have interstitial bases.

Assumptions and simplifications: In the present study, the flow is generally assumed
to be one-dimensional. Some multidimensional effects are treated in Appendix A,

The following basic assumptions are made:

(1) The internal heat transfer coefficient H is exceedingly large so that the matrix

and fluid temperatures are essentially equol The conductive heat flux then
becomes
. . oT
- - = + —
( Aef qcs) (km kf)c oy

(where the thermal conductivities have phenomenologicui values not based on an

a priori physical model). Consequently, the energy equations may be combined
into a single equation. ’

(2) Storage terms in the overall equations of continuity, species conservation and

pressure distribution may be neglec’red without significantly altering the overall
transfer process,

1



(3) 1t is assumed that P im >> 211 Py

Additional assumptions are made during this analysis and relevant limits of
validity are discussed.

Simplified equations. - Based on the above assumptions, the equations used
in this program are

Overall equation of continuity:

il .
3; = Qc (8)
Continuity of species:
om
i
T3y " Pey @

Energy equation:

3 ) . 9 . 9T
.ﬁ( Dmim)+ W(E“i ii) - By [(km + kf)c 3y +F - F+] (10)

where

f 8 f 8,
F_=F_ +F and By~ F, 4 F,

Pressure distribution:

2.9
S o
2

The energy equation may be rewritten as:

%E(Jm 1m)- g—y [(km + k) -g% - Z(rhiwi 1+, 11)] (12)

where the conductive and radiative contributions have been combined in an effective

thermal conductivity term:

3T ‘ 7
(ky *+ k) 5= (i + k) -fg— +F-F, )

12
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In the present analysis, only molecular diffusion is taken into account. The diffusive

flux Ji for species "i" is therefore related to the species concentration by Fick's law
awi
Ji =P Dim ?y—

where Dim in this case ic an effective binary diffusivity.

Boundary Conditions. - The behavior of the ablator depenas on conditions in the
free stream and at the backwall. Two sets of boundary conditions and a set of initial
conditions are necessary to solve the physical problem. The boundary conditions are
obtained by specifying values for properties and/or fluxes at the outer and backwall
surfaces of the ablator, and initial conditions are obtained by specifying distributions
at a given time. If the ablator solution is required fo correspond with that of its
surroundings, the sclutions must be matched at the interfaces, i.e., ablator-boundary
layer and ablator=backwall interfaces.

Consider first the matching conditions for the ablator and free stream (boundary)
layer). In formulating the maiching conditions, it is assumed that the ablator
(matrix) surface is weil defined and reasonably approximated by a plane smooth surface.
On this basis, roughness effects are taken into account in an indirect manner, i.e.,
by defining eddy terms at the surface. Conditions for the overall equation of contin-
ity are obtained by considering the mass fluxes at the woll as shown in the sketch
below:

/ B i

/|

(S
/]
/] (=

Ablator ‘)"'

4

/ ;

Boundary layer

p s

m /
where § is the rate of surface recession in a moving coordinate system with the
origin fixed at the wall.

The net sum of the fluxes towards the interfface equals the sum of the fluxes
away from the interface. Thus, '

(T‘mi} vo b (Ei)+ (14 *

The term o s arises from the fact that the surface of the oblator recedes due to mass
transter only In the case of shrinkage, this term is zero.

13



In a similar manner, the conditions for the species equations may be formulated.
Consider the sketch below:

(w, o)_: (wl, o+
[ ' /
() _ =
Ablator ;"_—.’ ('hl).,.
(m,) Z Boundary |
m, oundary layer
° /|
/

A species flux balance at the wall yields:

Ghy)_+ Gp)g = (), (15)

Notice that summation of the above equation for all i species yields the overall
equation of continuity at the surface

Ya)_ + L), = L6, (19

P8 = E(Iﬁi)o (17)

In addition, continuity of species concentration is required, i.e.,

(wo)_ = Cuygdy = Wy (18)

14
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Writing the species fluxes in terms of their convective and diffusive components,

(), + () Y@ +(J‘) SNEA DRI AN (19)

or

[}:(ﬁ\i)+ - Ty ]@, = Q@)= G, @), (20)

If (m,) =0, then
i'o

PRCANED BRI LNCANL AN

The wall concentration (wi)0 may be obtainzd from

G- @), Gy

A NES XN

0 ,e ‘
‘mi)o # 0 (2“

) - ()
), = .
2 my)_

W), - W@,

T TGy,

(rix) +m

SCAR ’
io 1+
L(m)+os (22)
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Matching conditions for the energy equclﬁon are again similarly obtained.
Consider the sketch below:

o (zli\' !')+

NNNN

// k& o7
/ Gl fax :,
/ S
n 7
/ f
'?,_—_rvnﬁ—-— eaT 4
n o1 .
'm N Kf) w /‘ e By
= / , : .
. 7 S
Ablator “/}  Boundary layer = v
The energy flux balancevyields . )
Y g
(Zm1 11) + 0, +k- b7 G+ k) o f o+ €T, |
_ +(Zﬁi 11)+ Q) -
Nowl. ’ . e ' ’ = ’
| U, = G, = WP 7 _ )
and ‘
T_ =T, 4
so that "
[+ i aT 0 - _'a:?_' ’ 4 : - o Py
m m° +kf Y ++ (k m) axl_ﬁ-ea_’tw» +‘Ej“1(mi+-m:l'-)

s

For the pressure distribution, the matchmg condm(m at- ihe ablafor-boundory layer
mterfoce is simply .

“

®_ = Py, (25 -

16 .



In crder te derive the maiching <onditions at the ablator-backwall inter‘oce,
it will fivst be assumed that the physical model shown below reasonaoly matches the

actual system:

Back-up materlal
.,

' Y

Spacecraft cablin

/ Ai:\
' clrculation T

N

Boundary layer heat flux
(convection + radlatlon, etc.)

(Hull + Insuiation, eafc.)

The cabin temperature T is kept constant by air circulation and conditioning so that
T =T, = constant. The object is to keep T, < TM where ™ is the maximum atlow-
able temperature for the bonding material. “Matching conditions are then derived

in the some monner as before.

For the overal! "equation of continuity, the matching condition becomes
‘. B . B l
(Zmi_)+-(/_,mi)_ =0 (26)
since the backup material is impermeable. In the case of the species equation,

By = @,

(mio 1 7+ .

o7

so that -

T b, - T, - o

17



and
. B
z(“‘i )0 =
therefore,

Z(Ji)+ =

The motching conditions for the energy equation are obtained by considering the

sketch below:

4
"J1)+

G

Z

¥ (km+ kf)'é;'_ "
L 2T
B ox|_ /
/ )
(Eml ii)'l-

Backup material

An energy flux balance yields:

B
= k
+

3T

- oT .
(km + kf) 9x 8 9x

3T

" kg 3

There is no need for pressure matching since the equation for pressure distribution
is of the first order and only one initial and boundary condition is required.

18
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/

_+ (Erﬂi 11)+

o+ (ZJi 11)+

(27)
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Chemical Model

Several in-depth chemical reactions are treated: pyrolysis of the original
virgin plastic, deposition (and its reverse) of carbon from pyrolysis gases (assumed to
be methane), oxidation of carbon, pyrolysis of char via the reaction of carbon with
silica, and sublimations of silica and carbon. The forms of the rate equations used
in this study are:

Pyrolysis of virgin plastic (Arrhenius):

_ i
p pc]vp e'BVP/T.

Pyp = “Avp Pyp [

e (29)
Pyp = P
Déposiﬁon of carbon (Langmuir-Hinshelwood):
{4Py+f(?2/K )y -P ., ]z + 4P P‘yz-4P P222
. H 7" "H/ Teq,dep M M H M HY
e = =% x — X (30a)
1 - PHy * Pz - 2PMPHyz]
Oxidation of carbon (Arrhenius, forward only):
. -B b/T n |
pcomb - A(:omb e com (PO ) comb (3Ck)
2
Sublimations of carbon Ii = 1.2.3] (Knudsen-Langmuir}:
A «a
p C. -
! Bsub, Ci,r/T

psub, c. _(__?"RT NS (PSV,C, - PC_).-—. Asub, C,r €
i M—""'—) i i i
Ci ! o
(Keq,Ci - Ci) (30c)'

Pyrolysis of char [SiO, + C-= SiO + CO] (Arrhenius):

n -B
p_=-A (p - )°e°/T ;
c c PP < @31

exc

o, A ——— S

19




Simpie sublimation of silica (Knudsen-Langmuir):

A o

F.O =,.,.,..p S.Oz P - P = A ‘BSUb,Sioz/T
sub,SiO2 (2 RT )5 SV,SiO2 SiO2 sub,SiO2
M_. -
5i0, (Keq, $i0, Pszoz,) (32)
Cegradative sublimation of silica !Si02 = Si0 + ]5 2] (Arrhentus):
: B0,/ T R
fub,si0 ™ p Asio,r © (Keq, sio ~ 'sio To, ) (33)

For Apollo applications, the sublimctions of silica and carbon [equations {30c),
(32),and (33)] were neglected, since the chor pyrolysis reaction preferenticlly con-
sumes available silica, and the temperatures encounterec are too low for significant
carbon sublimation. However, provision is made in the CHAD program to accammo-
date subroutines which consider such reactions.

Since reaciions beiween constituents of pyrolysis gases may occur, and because
of the transient condition of ihese gcses, it has been extremely difficult to even
detect the -in situ species, much iess identify their reactions and reaction rates.
Therefore, at times, there is no other way but to account for such reactions indirectly
by manipulating the average value of the specific heat of the pyrolysis gases. Equi-
librium calculations for an excess of 40 species in the [C~H-O-Si] system at typical
temperatures, pressures, and species ratios encountered in ablation systems gave
equilibrium specific heats (i.e., the derivative of enthalpy at constant pressure with
respecf to temperature, maintaining en equilibrium composition) as high as 8.0 Btu/
ib - R a value much too high for successful ablation data correlation by energy
conmderchons Practically then, one is forced to reject the assumption of chemlcal
equilibrium in the pyrolysis gases.

As any of thase reaction progress, the change in density, porosity, gas flux,
and energy depcsition are calcuiated and accounted for in the overcil material per-
formance prediction.

Computer Program

The CHAD (CHarring Ablation with Diffusion) program has been developed dur-
ing this contract from the previously existing CHAP program of The Boeing Company,
The purpose of this development was to aobtain a sophisticated program which would
be used to account for the ablation perfermance of complex ablators such that data
could be obtained for simplified correlations applicable to the behavior of the Apollo
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1
heat shield moterial. The CHAD program is the ablation analysis portion of CHAP ',

modified to include muliiple reactions and diffusion.
Added capabilities of the CHAD computer program are:

1. Three reaction zones (virgin plastic pyrolysis, silica=carbon reactions, and
carbon depasition!.

x>

Temperature, composition, and pressure variant therme! conductivity and specific
heat for the char and virgin plastic.

[#%]

Variable char density and varicbie char compositicn.
4. Gas specific heat which cun be varied with gas temperature and composiiion.
5.  Internal pressura profile determined and gas diffusicn calculated.

The CHAD program solves the one-dimeasional heat equation by the ‘mplicit
Cranik-Nicolson finite - difference method. The material properties which are func-
- tions of more than cne voriable, particuiarly temperature, are determined ot a
temperature which is an average of the old temperature and the new estimated
temperature. (The size of the time-step is controlled by limiting the deviation allow-
ed between the esiimated tempeiature, required for material properties, and the cal-
culated temperafurel. Voriables other than temperature are largely decoupled.

Before entering a new time step for temperature calculation, the internal gas
pressure and gas component concentrations are caolculate=d based on the various values
for the start of the time step. The ges pressure is determined by a modified form of
Darcy's equation.  The gas component concertrations are senaratelv determined by
an implicit finite-difference solufion of the mass transfer equation.

The mass transfer equation includes convection, diffusion, and source (or sink)
terins.

Within the reiteration loop for the temperature determination are placed the
calculations of the surface recession, reaction rates, gas flow rates, densities and
thermal properties. '

1 The CHAP piogram is a combination Convecting Heating and Ablation analysis
Program. The ablation analysis portion is commonly called the CHARM program.,
References 3 and 4 describe these computer programs.
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Inputs required are material preperties, heating rates to the surface, or surface
temperature history, ond time and printout controls, OQutput consists of surface re~
cession, temperatures, density, gas flow, internal pressure, and gas concentration
profiies, The computer program is documented in Volume Il of this report.

A simplified approach was developed for consideration of pressure, composition
and temperature dependency of the virgin plastic thermal conductivity, for carbon
deposition, for internal char pyrolysis, and for surface recession. This approach can
be used in ablation programs which do not consider the internal momentum equation,
diffusion, or further internal reactions except virgin plastic pyrolysis. This approach
is discussed in more detail in the section on prediction method verification.

PROPERTY DETERMINATIONS

~Vhile the physical and mothematical model is intended to be generally cpplic-
able to charring ablators, it remains to assign values to the physiochemical properties
pertaining io the Apollo ablation material before successful performance predictions
can Le accompiished. Several rather involved property determinations will now be
traated in detail (kinetic constants for carbon deposition, pressure veriation in porous
solid thermal conductivity, and surface reaction kinetics). A compilation of the
avcilable experimental and heuristically determined property data also follows,

Carbon Deposition

The post-flight char evaluation data of reference 5 show that thert s sften an
increase of density near the surface, aftributable, it cppears, tc deposi cn of solid
carbon (soof formation) from the pyrolysis gases rather than to coalescence and ‘low
of molten silica. While deposition may be of two types, surfuce and volumetric
(reference 6), it will be assumed that the surface type of deposition of carbon occurs.
A reasonably complete body of data for one surfuce deposition reaction - that of
carbon from methane - may be found in reference 7. These data were treated to
deduce kinetic constants for the overall forward and reverse reactions represented by

CH, = C,. + 2H 1K

The analysis is developed in Appendix B. A Langmuir-Hinshelwood model fit
the data better than an Arrhenius approach, The Langmuir-Hinshelwood model for
carbon deposition from methane was divided into two regimes for the purpose of evalu-
ating the constants involved, since all cf the data could not be fitted well using one
set of three constants, Since the assumptions of low surface coverage, a Langmuir
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form of isotherm, and stoichiometric order of reaction may not hold for high species
concentrations, it may be expected that o different set of constants would be induced
from those found at low <pecies concentrafions.,

The best correlation obtained thus far is given by:

2 2
| !wH v+ [(P /Keq'dep Py ] 2+ 4PCH4 Pszz - 4PCH4 PH2 y z}
e =T Tl p p P P oyz]’ o4
- y + z -2 yz]
H CH4 CH4 H2
where the constants x, y, z, and K have the values:
eq, dep
x = 2,84 x 10—2
y = 1.16 x 10° .003333 < P, (atm) < .02834
z = 1,78 x ]03 2
; @)
x = 1,24 x 10"
y = 1.14x 107 02834 5 P (atm) < 2913
z = 4,22 2
K = 5,012 x 103 {atm), the equilibrium constant for reaction {i]
eq, dep at 2000°C
and ¥ is given by
3.289 x 10° exp (— 5;;:4 ) 36)

Each of the constants x, y, and z should, in general, exhibit a temperature
variation; unfortunately, only single data points were available for temperatures other
than 2273 9K, allowing only one constant to be cast as a function of temperature
(x being the most convenient), Equation (34) may be utilized to account for the
effects of both pressure and temperature variations on the carbon deposition rate with
the understanding that the temperature variation of the constants may be changed as
more deposition data become available.

The pore surface area for deposition may be estimated by the foliowing rela-
tionship (developed in Appendix B):

S N

0
AP = _._r.E'.EP_. (37)
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The volumetric rate of deposition is then given by

Paep = Tc Ay @9

A constant heat of carbon deposition was selected from reference 8 at the
value at 1900 °k which is 3311 Btu/1b (endothermic).

The assumption made in utilizing reaction [l] is that carbon deposition from
methane approximates the deposition chemistry within the Apollo char; it would be
most difficult to verify this assumption in an experiment. The deposition model is
presented as an ad hoc prediction device for this phenomenon in the Apollo char.

Thermal Conductivity

While considerable data has been rbtained for the thermal conductivity of both
charred and virgin plastic ablators (e.g., references 5, 9, and 10) little attention
has been paid to the pressure dependency of this property, even though it is known
that typical pores of the chars are of dimensions such that non-continuum transport

processes may predominate when ambient pressures are low enough (e.g., reference 11),

Data presented in reference 5, for the Apolle material virgin plastic thermal con-
ductivity, demonstrates the pressure variation of thermal conductivity is great enough
‘to warrant its general inclusion in an ablation program prediction method. (Whether
or not this property variation will actually be significant in a given case depends
upon the pressure encountered during a trajectory.) An approximate method of pre-
dicting the pressure and gas composition variations of porous solid thermal conductivity
is outlined in reference 12, When applied to the limited data of reference 5, this
approach led to two plausible relationships between virgin plastic thermal conductivity
and pressure as shown on Figure 1. These curves were developed from the analysis
described in Appendix C. The gas phase contribution to the total porous solid ther-
mal conductivity may, as indicated in the appendix, be made to vary also with
temperature and composition, )

Surface Reaction Kinetics

One of the more abstruse problems remaining to be solved is that of finding a
successful model to predict surface recession due to chemical reaction (corrosion),
The approach taken in this work coupled an approximate rate of diffusion of ambient
reactive species to the surface with the rate of consumption ot the surface. A steady
state concentration was calculated, and the kinetic constants of an Arrhenius expres-
sion determined. Appendix D presents the derivation of the expression for coupled
diffusion and kineties, lists several reaction models tested, ana shows results obtained
when these models were applied to wind tunnel data supplied (references 1 and 13).
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The treatment of data in this manner presupposes no combusion of pyrolysis
gases by ambient species or corrosion of surface char material by the pyroly:is gases.
In addition, the Arrhenius reaction model may not be so realistic as one which
accounts for surface adsorption processes such as a Langmuir-Hinshelwood modei. For
example, it is felt that chemisorption of oxygzsn on corbon plavs a role in the over-
all kinetics of carbon oxidation (reference 14).

Several chemical models for surface recession were tested by application of the
Iheory of Appendix D. These reactions were

2C(S) + 02 = 2CO 11¥
C(S) + 02 = CO2 (i
SiO2 + 202 + SC(S) = S5i0 + 5CO V]
$i0, + 4.5 0, + sc(s) = Si0 + 5C0, [V]
Si0, + 1.5 O, + 5C(s) = Si(l) + 5CO Vi)
Sio2 + 5C(S) + 402 = Si(l) + SCO2 VI

where the subscripts s and | indicate solid and liquid states, respectively.

None of these reactions closely follow the simple Arrhenius reaction model of
the theory, although the most promising is Reaction [ll]. In using this reoction, it
is assumed that coalescence of the residual silica occurs, followed by inhibition of the
rate of oxidation of the carbon matrix, because of the necessity of oxygen diffusion
through a film of molten silica on the carbon. Figure 2 shows an Arrhenius plot of
the reverse specific reaction rate constant for this model. Rates can be predicted
to within a factor of 2, This factor may represent too large un incccuracy for some
trajeciories in predicting surface recession. For some reactica models, there is in-
sufficient oxygen available from the boundary layer to permit the calculated surface
recession. In such cases, the oxygen requirement can usually be fulfilied by the
pyrol ysis gases. However, the reaction modeis should then include two or more simul-
taneous chemical reactions which would result in @ much more complicated solution
than shown in Appendix D.

Other Properties

Table | presents all property data used in the computer program, their values
and remarks as to their source, and limits of validity.
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Symbol Property Description Units Remarks o
Trajectory, heating -ates, _ _ Referénces 13 and 16.
and pressures I S —_—
3 ) A
A, Frequency f'actor for carbon- 2092.1 ib /ft" - Reference 15 ‘
N silica reaction sec o B
z
A Frequency factor for char ‘ !bm/ft - Deduced from data of
comb combusion 1307 sec~-atm App~ndix D
F f f p 1 o
Apyr |;;3uenC/ actor for pyro- 11290 | sec - Refe@nce 16 -
BC Ar.hvahcfn. tempe_ratqre for 40765 | °r ‘Reference’ 19 SRS
- carbon=silica redction - , )
comb ‘Achvotlon te.mpgroture for- - 28080 | °R Deduced from dnfa of
char combustion S Appendix D
prr Achvoﬁnon temperature-for | , 23300 | °r Reference 16 7,
pyrolysis -
€0 g Specific heat of pyrolysns 0 9 Bfu/lb %% Heuristic
goses L s i
o ) .
o, VP Specific heat of vnrgm . Btu/lbm- R References 5 and 16
! plastic I o v
s - - Q
€, ¢ $p¢fc1f|c_ heat of charred - Bfu/lbm R Refererce 5
. residue ’
) ‘__— Ré_fer;r;_e-—Z_li assuming thct
D, - Diffusivity of iﬂ‘ as species] * ftz/sec the intemal gas milieu is
i,g g y g9 pec : simiiar. to mtragen as far
: as diffusion is concerned
y ) Calculated from heat rate
H Heat transfer coefficients - Ib /th- unc! pressure me.ref.' 16
o . . m and total enthalpy - co!cv:-
: sec
“lated from the p "'r Pm— .
- L grom of ref 25
‘lic . Thermual conducﬁvify ‘of cgor * Bhu-in/ft5 | Re .vence'5  «
e s jrecoR PR _'.’;;';'.-._'-;
2 ‘ .t A
k , Thermal conduchv:ty of gas ., B!u--fn/’ft- ’ Ry
-9 phase (irfernal) ] sec=n | R_efer_e?c_e—zl L
Thermal conductivity~of a tu-m/ff-
kVl’ v virgin plastic sec-OK References- 5 md !6

* ., Indicates variation with time, composition, temperature,
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TABLE | - Continued
Symbol Pronert; Description Valye Units Remarks
== - =
K Corbon=ilica reaction f 5
eq, ¢ equilibrium constan* vio b atm Reference 8
SiO2 + C = S0 - CC
A— Ll e ]
Equilibrium constant for 4
eq, comb | char combustion via ! | atm Reference 8
| |Reaction M1 ;
Equilibrium constent for ‘ 7
eq, dep carbon deposition via Gtm Reference 8
. Reaction ill }
I - ; L
% tauthbnum ccns‘gn‘ for f < n
“eq, sk isilica sublimation from ! atm ' Reference 8
equctions (32) and ’33) i
- i e e~ U
[ f : -
n Crder of reaction for y _ Reference 19
ccrbon-srhcovreochon
N omb Order of reaction for ) _ Deduced from data of
.° char combustion . Appendix D
0 f tion for o
—npyr Order of reaction fo b _ Reference 16
Dyrol)sns
. ‘ . Eshmated from the dota
r Pore radius 10 microns
S o o mrerence 1
T_‘ Initial oblator temperature 160 “F Assumed
C .
. ’ Calculated by p, B Ppro-
e Edge velocity - ft/sec gram for given trajectory
~and pressure gradlent
“w.. | Mass traction of oxygen at | o T
\AO e ass fractien of oxygen af 0.23 R Reference 17
2 edge of boundary lcyer i
- IO ok ]
Constants for carbon
- S Zquati 35 i
X, Y, deposition See Zquation (33) Appendix B
ac, Charred residue absorptivity | 1 ~ - Assumed
B \ oefficient | . .- S o
«wb Accommodation coefficien 5.01 _ Reference 18
for silica sublimatior:
:aVP Virgin plasﬁc absorptivity c.¢ - Assumed ) .
. Data from reference 22 and
T Viscous permeability of . -2 corrected for slip flow con-
X, C . Ll ft v e
M char in_normal, diréction ditions by method of refer-
- : ence 23
*

Indicates vbrricﬁon with time, composition, temperature, and/or pressure.
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TABLE | - Concluded

Symbol Property Deccription Value Units Remarks
Dota from reference 22
I Viscous permeability of -2 and corrected for slip flow
x,VP L L * ft . e
virgin plastic in normal conditions by method of
direction reference 23
Data from reference 22
r Viscous permeability of char | , H-Z and corrected for slip flow
i€ in lateral direction conditions by method of
reference 23
T V.usc?us pertne?bulufy of -2 Assumed (for use in cbla-
y, VP virgin plastic in lateral 0 ft . )
direction lon program
¢, comb H.eof of c.o:nbushon for char- | Rtu/Ib "Reference 8
via Reaction [l1] m
AHC E.ntholl:)y of cu.rbon deposi- . Btu/1b Reference 8
tion via Reaction I1] m
g, comb He?f of combus.hon for 6173 Btu/Ib Reference |
residual pyrolysis gases m
f is of virgi ' _
Aprr Heat of pyrolysis of virgin | 350 1 g4y /b At 535 °R, heuristic -
A plastic m
AH Heat of sublimation of silica :
sub * Btu/1b
via SiC. = SO + Lo /! m Reference 8
2 772
e Charred residue emissivity 0.465 - Reference 16
Evp Virgin plastic emissivity 0.9 - Assumed
D . } ) -
pc ensnty. of charre.d resmuer. 20 Ib /fl"3 Reference: 5 and 16
after virgin plastic pyrolysis m s
p Maximum theoreticol density 3
C of carbon 140, 4 Ibm/ft Reference 20
. . ' 3 Rough estimate from data
D f t 14 f
pdep ensity of deposi éd carbon Ibm/ ' supplied in reference 16
Pl Max.lr?um theoretical ‘densﬂy 1367 Ib /'.‘3 Reference 20
of silica = m
pVP Density of virgin plastic 34 |bm/ff‘3 Reference 5
T Tortuosity 3.8 - Assumed

*
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ABLATION DATA INTERPRETATION

At present, it appears that one of the problems of ablation theory is the corrob-
oration of both ground test and flight test data with the same physical model and set
of property values. While some lack of corroboration may be due to inadequate
specification of the heating environment, it is felt that scale effects and multidimen-
sional flux (both heat and mass) phenomena must always be considered before exira-
polation from ground fest data to a prediction of flight performance is made,
particularly when test models are of small radius of curvature, and/or the boundary
layer edge velocity gradient B is large, either in the ground test or in flight. In
addition, the assumption of equal matrix and fluid temperature should always be
verified, particularly when slip flow occurs.

Sround Facility Testing

Because of the high boundary layer edge velocity gradient and the small radius
of curvature of the ground test models of references 13 and 15, the possibility of
multidimensional flow should be tested, and the flow parameters (i.e., the mass flux
of pyrolysis gases m , the blocking efficiency ¥, and the rate of oxygen diffusion
through the boundcrg layer rho ) adjusted occording to the theory of Appendix A,

2

Thus, the stagnation region performance may be more nearly properly inierpreted,
lending more confidence to extrapolations for in-flight predictions, As shown in
Appendix D, most of the multidimensional flow effect for the wind tunnel test models
of reference 13 lies in the reduction of the pyrolysis gas mass flux due to the signifi-
cant radially expanding area encountered by the pyrolysis gases as they percclate
through the char from the reaction zone, Some tendency toward boundary layer
influx is also possible, Tab'e !l shows the values of pyrolysis gas.mass flux with
1) radial area expansion and influx-tendency, 2) with radial area expansion alone,
and 3) without these (one-dimensional), The pyrolysis gas combusion model for ref--
erence 1 should be reanalyzed with these revised mass flux estimates,

Apollo Flight Testing

The multidimensioral flow theory was applied to in-flight conditions at body point
705 (near the stagnation point) during the AS-501 trajectory. This application was
decnupled from the charring ablation computer program, and therefore used as o cri-
terion for suitability of the one-dimensional model of the computer program. Multi-
dimensional flow effects significantly increased surface temperature over the one-
dimensional prediction at ~ 400 seconds during the traiectory, as shown on figure 3.
Some multidimensional flow effects are expected also throughout the remainder of the
trajectory. '
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TABLE Il - THE EFFECT OF MULTIDIMENS IONAL FLOW ON THE
STAGNATIGN POINT MASS FLUX OF A PYROLYSIS GAS

Plasmadyne model

Mass flux, m
g

N,

e s st e T ————

q
, b it =ec
m

:f

i
3

Axisymmetric Flow

'

e
ol
i

One=dimensional "

numbers flow
FX,C B r)’lc I‘X,C =0 (0)
130,131,132 68 x 107 1.79 x 107 232 x 107
120,121,122, 154 1.67 1.88 2.43 }
125,126,127 2.63 3.18 3.83
145,146,147,149 2.98 3.14 3:95 |
140,141,142 | 3.85 4.16 5.23
135,136,137 1.97 4,39 5.45
158,159 4.74 5.35 7.10
151,152,153 5.87 6.(;9 &.00

N
f

32

(a) Determined from the slope (5, in/sec) of a plot of penetration of the

1060 °R isotherm versus time at 150 seconds for the Plosmadyne runs

" -of reference 13. The decomposable density was taken to be 17.5 lbm/fts.
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Temperature,

Faired thermocouple data (Apoilo flight AS-501)

=5x 1077

Body point 705
S/R = 0,969

—_——— o Multidimensionai flow model, 1‘0
® CHARM resutts at 0,37
B CHARM results at the surface of heat shield
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|
3200 |
!
op i
|
3C20 !
2300
2600
2400‘
2200
380

Tirne from 400 000 feet, seconds

Figure 3. - Multidimenslonal flow effects on the Apotio

heat shield materiai.
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PREDICTION METHOD VERIFICATION

Simplified Approach

Since the detailed-model opproach of this study leads to the necessity of sub-
routines in an involved computer program, it would be convenient if "effective"
property values or simple expressions based on the detailed considerations could be
devised for use in computer programs describing less complex ablation models.
Various simplifications follow:

(1) For virgin plastic thermal conductivity |< pr the expression of Appendix C may
be input directly, allowing for a femperafure variation of the gas-phase contri-
bution to therma! conductivity based on a binary gas of hydrogen in o heavier
gas of molecular weight 28, ‘with a hydrogen mole fraction of .05 (based on
typical results of the complete program) including the internal species diffusion
subroutine. The relationship is thus given by:

k L

_ g f
kyp USLEENW ke (39)

(2) The model for carbon deposition may be approximated by an on-off reaction
(i.e., a planar infinite-rate reaction) which deposits carbon at a density of
14.0 Ib /ff3 at the maximum inward reaction plane velocity

m

i, =f P
dep dep pdep

(40)

This maximum rate may be further limited by the inward velocity of some
isotherm T,

ip T dyT/df

(where y. is ‘he inward depth at which temperature T is attained), below which
deposition rates are negligible as shown by exercise of the deposition subroutine
in the CHAD program, suggesiing that T may he set ot 2900 °R.

(3) Internal reaction between carbon and silica near the suiface may be determined
by the method outlined in Appendix E, which reduces the process to that of ar
effective surface sublimation, the rate of which is described by an exponenhal
integral B

TW
. _ A [e-v dv
ST v (41)

(Exercise of the CHAD program showed that this reaction should be considered
in the range of 3600 - 5400 OR), -
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(4) For Apollo applications, the correlation of surface recession r'nsh attributable to
shear removal developed in reference 1 is

[ <1o4/Tw>] w2
T = F i . = F {
Msh 4 Ho Ye 0.5 \\Psh)

Equation (42) successfully predicts total surface recession during the Apollo re-
entry conditions investigated. The correlation in reference 1 for surface oxida-
tion did not predict detectable recession at any time. For ease of analytical
input into a computer program, the shear recession correlation was divided into
3 straight lines, as shown in figure 4. The equations for these lins ove

For the limit

0.33470 Ioglo \Pslﬂ - 3.67200 \Psh < 3.3 (43)
h,o= - <V <
Iog]O hy 1.34309 |og]O \Psh 4,22915 5.3 -’ <9.0
6.36877 log,, ¥ | - 9.04655 oo

h 5is

The extrapolation of low ‘I’s has some theoretical justification since the clope
of the line approaches 1/3, which is the theoretical value of melt-layer theory
(reference 26). The ordinate m, was taken to be P, s'w, where p;: = 16.5 and

must be scaled accordingly when [ #=16.5.

Data Comparison

The CHAD computer program and the simplified routine developed in this work
used the property values shown in Table | to predict surface recession and internal
tempercture response of the Apollo ablation material for two typical body locations,
each in two reentry trajectories. Body points 705 and 707 were selected, using the
trajectories and heating rates for the AS=501 and AS=502 missions. Figures 5 and 6
compare the predicted values with the in-flight data obtained on the Apollo vehicle,

The simplified program gave good correlation with experimental results (figure 5),
however, care should be taken in using the same property values for predicting the
ablating material response in significantly different heating environments.

Considering the uncertainty of property values input to the CHAD program, the
correlations obtained are also reasonable (figure 6). A more nearly complete consid-
eration of the pertinent phenomena, os in the CHAD program, gives more reliability
to calculations of the surface and in-depth response of an ablating material. How-
ever, the values of several physical properties, previously undetermined, must be
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Figure 4,- Correlation of surface recession due to shear
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verified before mcking a finul adjustment of properiy values to obtain even better
correlations.  Numerical problems may also arise as a consequence of the megnitude
of property values. For example, in a lurge-pore well area, the rate of carbon
deposition becomes high enough to cause an unstable condition in the numerical
scheme of the CHAD program ond terminctes ine colculation (ofter approximately 120
seconds in a typical case). With a more moderate deposition rate, ihe program is
stable during the complete time regime. In the unstable casze, it is felt that the
planar-deposition model of the simpiified program will give saotisfoctory results. An-
other procedure would be to decrease the distance increments in the finite-difference
caleulations, but the possible advantcge of a more stable program may be negated
by higher computation time.

CONCLUSIONS AND RECOMMENDATIONS

Application of the CHAD program to the prediction of the in-flight Apollo
ablation performarice was successful. Less complex approaches may be justified on
the basis of CHAD results.

The CHAD program accounts for several phenomena other than the overall
energy and mass conservation equations usually considered in ablation programs:

1) internal diffusion of important species.

2)  Knudsen regime preperties.

3)  Internai momentum equation (including effects of porosity and permeability
changes).
4)  Internal sources and sinks other than virgin plastic pyrolysis.

The program was successful in predicting ablation surtace and in-depth phenomena,
including surface recessions, carbon deposition, char layer reactions, char density
profile, and internal temperature response. Internal diffusion of boundary layer and
pyrolysis gas species was negligibie because of the high level of pyrolysis gas mass
flux maintained during the Apollo flight trujectories. Consideration of internal oxi-
dation is therefore not necessary for this material, nor is a composition variant
thermal conductivity of the virgin plastic.

Further data for shear removal beycnd the range c! tained previously are neces-
sary for a verified surface recession correlation at the highest shear levels encountered
during Apollo reentry. An exhaustive parametric trade study is required to demonstrate
the accuracy needed for irput property values.
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At high temperatures (~4000 °F), the radiative component and the gas phase
contribution to overall char thermal conductivity must be considered, otherwise the
cas phase specific heat must be scaled downward.

It appears that lack of thermal equilibrium occurs between the char solid matrix
and the internal gas phase near the surface for both in~flight and ground test condi-
tions. Further sophistication of the energy balances in the computer program s
required. The correlations available for oxidative surface removal should be -e-
analyzed with consideration of finite ‘nternal Nusselt number and multidimensional
flow effects.

It was found that multidimensional flow is generally present in stagnation region
abiation and reduces the blocking efficiency of the pyrolysis gases, at times even
causing influx. Experimental and in-flight dota must be interpreted with considera-
tion of this phenomenon. Coupling the stcgnation point solution to the one-
dimensional charring ablation solution (a relatively simple task) and solving, at least,
the axisymmetric problem away from the stagnaiion point (a much more involved
problem) will account for some of the discrepancies between laboratory and Flight
test data and thus provide more accurate predictions of the ablator peformance.
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THE EFFECTS OF MULTID IMENS IONAL FLOW
THROUGH POROUS MATRICES IN
MASS TRANSFER COOLING

INTRODUCTION

The proper prediction cf the heat and mass transfer processes occuring within
a porous layer 1s important in the design of some mass transfer cocling systems, e.g.,
franspiration .and charring abiotor systems. In these systems, the surface exposed to

the hot thermal environment consists of a porous layer through which a fluid of pre-
ferably high heot absorbing capacity is injected into the exiernal stream. The
advantages of cooling by the fransfer of nass from the surface into the external
stream are twofold: the reduction of the convective energy transfer into the surface
(the "blocking effect") and the obsorption by the coolant of a portion of the net
energy transferred to the surface. These phenomena are well-krown and widely dis-
cussed in the literature, see references 4, 22, 23, and 27.

(Appendix A)

Prediction techniques have been formulated both for transpiration as well os
charring ablator systems, However, ail of the analytical models discussed in the
literature share a common limitation: the restriction to coses resolvable by "one-
dimensional" approximations, The term "one-dimensional" as used here implies func-
tional dependence on one spatial coordinate and time, such as radial flow and
uniform flow through a flat plate, 7

A crude but valid criterion for justifying one -dimensionol approximations is thot
the pressure gradient along the freestream and permeability of the porous matrix along
the surface should be much smaller than the gradient and permeability, respectively,
normal to the surface. Although this criterion is tacitly assumed in all-one~dimension-
al models, an attempt should be made to determine its range of validity,

In a recent paper, P. J. Schneider and R, E. Maurer, reference 28, considered
mul tidimensional coolant flow through a porous her.ispherical shell. An exact solu=
tion for the flow field was obtained under the assumptions of isothermel conditions
and uniform permeability. The more important problem of determining the effect of
multidimensional flow on the heat transfer was hy~passed in view of the assumption
of uniform temperature, It was pcinted out, however, that for conditions of high
external pressure gradienss, the coolant efflux into the boundary layer at the stagna-
tion region was drastically reduced and that under certain conditions, there could
be an influx of boundary layer gases into the matrix, . .

In this appendix, the effects of multidimensional matrix flow are examined with
the purpose of determining their influénce on the heat transfer. Primarily because
of the ‘complexity of the problem, the investigation will be restricted to the stagna-
tion region of blunt axisymmetric surfaces. The maximum influx occurs in the =~ .
stagnation region and restriction to this area allows a tractable -analysis. ’
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PROBLEM DESCRIPTION

The problems of primary concern here are: (1) the establishment of criteria for
determining the volidity of one-dimensional models and (2) the determination of the
effects of multidimensional flow on the heat transfer choracteristics.

The first is accomplished by considering the flow within the motrix alone. A
parametric study of the behavior of the stream function normai to the surface will
yield the necessar; information. Consideration must be given fo the effects of
variable viscosity, compressibility, non-isothermal conditions, motrix thickness and

‘surface curvatures.

In order to establish the effects of multidimensional flow on the heat transfer
characteristics, the internal flow solutions must be coupled with those «f the bound
ory layer. This is done by matching solutions ct the outer surface of the porous
layer. It "= not sufficient to consider simply the matrix flow behavior. The para-
meters thc. determine the effects on the heat transfer are the energy absorbing
efficiency ¢ . and the blocking efficiency {,. These are defined here, respectively,
as the ratio of the actual amount of energy stored by the coolant to that which is
stored when the matrix flow is one~dimensionai, and the actual blocking acl ieved to
that which is achieved if the flow is one-dimensiona!. . At relative lows convective
heat flux to the surface, both ¥ . and l‘,'B play equally important roles but at higher
heat fluxes (end correspondmgly higher mass fluxes and surface tempe atures) the
blocking efficiency VB assumes more imporfonce. -

A consequence of multidimensional flow in the matrix is the occurence of slip
flow along the surface. This phenomenon has been considered by G. S. Beavers
and D, D, Joseph, reference 29, Under very high freestream pressure gradients
and stagnarion pressures such as may be obtained under ballistic e’\try, slip flew may
become significant. The existence of slip flow may be inferred from physical argu-
ments, [f boundary layer conditions are met, the pressure and the streamwise pressure-
gradient are essentially constani across the boundary layer, and since the surface is
permeable, the streamwise pressure gradient at the surface causes a flow clong it.
This slip flow may be readily calculated by Darey's equation,

Two cases of practical interest will be considered: censtant inner wall pressure
and constant pressure drop across the matrix, The former is applicable to” active
transpiration cooling systems where the reservoir pressure-is constant, The lat*er is
“more |likely the case in passive systems, e.g., charring ablators and passive trans-
piration cooiing where the distribution of the pressure at the inner surface is dictated
by the external pressure,
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FORMULATION OF THE MATHEMATICAL MODEL

The physical model to be considered is shown in figure 7, It represents the
stagnaticn region of an axisymmetric body traveling at supersonic velocity and zero
angle of attack. The surface is made up of a porous material of thickness S that is
permeable both normal to and along the surface. -

If steady state conditions are assumed and the coolant is a gas, the governing
equations of flow within the porous layer are:

Continuity:

(A1)

s Y.L 2 =0
* (R ) 5rg 2g "0y
Pressure:
i 2
! a15’2 2] ’3_\_,?__ + (PVG) P;l (A2)
R -S)[] + RS—S”I e # lv’,O ll,ﬂ
- -
z
Vool ot |y, Y a (A3)
] S o # L iVI)’.' lil)’ J
Energy: 2 p
T B (i) D
p 91 R -5 > 2
Y , E YR ﬂ
1+€
) 1 a L. s . a1
[ s e é‘ﬁI}*R-E"] ("é‘ﬁ)
1 + Tz-——:—gﬂ .
2 -
S ) 1 2 . ( aT)
+ (——-— - — sinflk — - (A4
where R =5 sm‘O on or - )
€ = 0 for two-dimensional axisymmetric flow

€ =1 for fhree-dimensicrmalr dx‘isymmefric- flow “ .
For all practical purposes, the term involving derivatives with ruspect to 6 in the
right-hand side of equation (A4) is negligibte in the limit as §-= 0 and may be
o neglected, In considering the stagnation region, equations (A1) through- (A4) may
‘ be made tractable by a perturbation analysis, For small values of 8, the flow
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Figure 7. - Physical mndel for multidimensional fiow calculations.
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variables may be expressed in perturbed form as

P, = = b o)+ ga )+ L N6 (A3
pY = thg = g o) + By () + o169 (A6
P = p2 = o) + 0P ) + .. 10)6) - (A7
T=Tym + 8T, + ... 0169 (A8)

Symmetry requires that rho 0(77), P] (m), and T](n) be zero.

The two important cases of constant inner wall pressure (CIP) and corstant pres-
sure drop oc.oss ’rhe porous layer (CPD) can be treated here, In the case of CIP
the ratio (p2 - p /(p 2) is independent of #, and with CPD, the ratio p2/p
must be mdependenf of 9

Upon substituting equations (A5) through (A8) into equations (A1) through (A4),
equating coefficients of equal powers of §, neglecting terms involving second and
higher order terms in @, and normalizing the flow variables, the following sets of
equations applicable to the stagnation region are obtained:

Continuity:
‘ - 11§ 3
. d S S ; . 4
-————-——S . (—i; [‘l +.R—__..-_Sr,] ¢y i (‘R——T-_) (1 +¢) ¢0 = 0 ‘ (A9
[] 4 R -MS{I . ]
For constant inner wall pressure (CIP), equarion (A9 takes the form
d_d"_’L o NUSKI
n -
e [regen]
- 2 2 = =
p B R p I M P -P
S - s s v,0 R ’ (A10)
| z T-G(R-S)[IF-——S-—]' L by '
Fo "o R - S"V o'T ° .

and for constant pressure c..op across the ma!'rux (CPD), the continuity equuhon
becomes

;&‘=l' S (1 + es) _ , : )
n _V(R-S)l[l *'R-s"]f ’
Y I T - | . _
,(‘ SR N R + ,,,"( (AN -
lZ2p T GR=-5 1+ 2 ] N Ty .
ek Yy : L R-3"7]M ¢T :
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wTe se,- 2

Pressure:

daF 25726 To 'ho ¢’T . ¢y ‘l, .
i ; Mo ML e R (A12)
ps M gc \4 Ly}
Energy: L
=ncoy: ) 5 K
\B (s) 1+ ko 291 | o9
. ¢ ~ - — - 3
) ' y R -5 []+ S 71] ko 09 o1 ’ Dy
d T R - S ~
._7 = (A]O)
dy _k_
. ' k
o
With the following boundary conditions imposed
0) =1 "
¢y( )
$,0) =1
R (A14)
P(O) = Po 7
d¢ T. ’ :
L - .
“-""'“'dn \0) B(‘ To) - 5

To complete the set, the boundary layer equations must be included. These
are given in any standard text on aerodynamic heat transfer, e.g., Dorrance, (ref-
erence 24), and will not be included here. For purposes of illustration and to keep
the problem from becoming untractable, cold wall and frozen boundary iayer flow
assumptions were used, For these cases, the solutions to the boundary layer equa-
tions are obtained in quadrature: ' -

v (. ,!) San ‘v
) Ve Yo w0 Ve \
T-T . :
— - SlP) - : (A1)
e w ik’”’ ") o - 4 ’
Y™ . 6(n,59
where e " Mw e
o N S, 5
stak =¥ wo(-f% o )
0 0 . - S
K=1, Pr, or Sc - p ' RS .
C=pu/lp), . ' '
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and f is the cimransioniess stream function cbtained from the solution of the Blasius
equation

£ L =0 (A]é}
The ratio of slip velocity at the wall to boundary layer edge velocity may be readily

nbtained by equating the boundary layer edge pressure gradient fo the streamwise
component >f Darcy's equation at the outer surface of the porous layer:

2
Pe 1P Bwtw Pt (A17)
ox R 80 lV,0 li,o

Upon neglecting rhe inertial term, the ratio of wall velocity to that at boundary
layer edge becomes

v p BT
W e v,

— = _—__# AL (A18)
e w

The net heat flux into the surface is calculated by an overail energy balance as
shown in figure 8.

The net heat flux U, absorbed by the coolant is

R
|
CJw = m h - y 0 -A)z«\é[h[l +-§-%n]|:¢;(l + isTg") + (1 +8) RS-S ¢Yj| dn + h \ (A19)
and must squal the net heat flux ints the surface
4
4 ( dT I ‘)
= - - » - " 20
Q Q, . l>(1 § o€l "+ Eo».\Tw od O (A20)
L |

where the convective heat flux is determined from

V)T M R H )
Cpg g BO =) (H, = H
Wi € G(Fr. =)

3]
I

(A21)

H =w h + (1 =w )h,

w woow o,w i
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/
a) Coordinate system /\\

L Parous matrix

Figure 8, - Coordinate sysiem and control volume for overall
energy balance., |

52



where T

h=fc 4T + h
w P

0

The coolant surfc ce concertration w, may be calculated from the solution of the
boundary layer diffusion equation, which is

w = - - (A22)

e PSR

for binory systems,

The matched soiution is obtained numerically as follows: equations \£9) through
(A13) with _undary conditions (Al14) are solved using different values of inne. sur=
face temperature T . For each assumed value of T there corresponds a velue of
outer surface fempgrofure T and mass flux. Thesef' in turn, yield o value of the
conveciive flux into the suffuce and reradiated flux, From equations (A19) and
(AZO), the net flux abserbed by the conlant and the net flux into the surfuces are
calculated and their difference taken. Sturting with low vatves of T , it is in-
creased incrementully until the diffe. . ce bet een the absorbed tlu:: and net flux to
the surface is zero,

RESULTS AND DISCUSSION

A parametric study was conducted to determine under what conditions mutti-
dimensional flow becomes significant. For this purpose, the value of the normalized
stream function at the outer surface ¢ was used as a qualitative guide, If the tlow
is exactly one-dimensionai, the value"of the normalized stream function across he
matrix thickness is unity., To correlate ®, with flow conditions, the dimensioniess
parameter w, is defined as

. _ S ;

“v 7 RTSYFE \AZ3,
B o Fo

ane ’ '

s

R 1+¢€
= & (] [ | (A24)
NS o 3 T
The choice of w, ariser vut of corvenience since 't incorporates the effects of
geometry anid inner to outer wall pressure vatio, 1t becomes the dominant prrameter
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for ~mall values of the ratic of matrix thickness to surface radius of curvature for
the ccse of constant inner wull pressure and Newtonian pressure distribution:

S

R'.—-_.-C‘l ¢y(n)"—_——"’COS(U, 'ﬂ

The wmatrix flow equations, equations (A9) threugh (A13), with boundary condi-
tions, equation (Al4), were applied to a cylindrical and spherical surface for various
values of thickness to radius rafio N. A MNewtcnian freestreom pressure distribution
was imposed, Compressibility ond effects of viscosity variation with temperature were
taken into account by assuming the coolant to be an idesl gas, and the viscasity
to vary as a power law in tempefature. Both cases of constant inner wal! pressure
(CIP) and constant pressure drop across the matrix (CPD) were considered,

Figure ? illustrates the variation of «, with @, nder non-isothermal conditions
with the inertial term excluded from Darcy’s equation. The extent of temperature
variation across the matrix is indicated by the mean arithmetic temperature normalized
with respect to the inner surface temperature, ¢ . = (T + TT)/ZT . Temperature
variations appear to have only ¢ mild effect on ”f’a;e functional relation befween
¢w and w,, The va'ves of w, for CIP are higher than those for CPD, (with the
same vaives of ¢ ) indicating a greater resistance to multidimensional flow in the
former. Arbitrarily setting the values of ¢ = 0.9, when multidimensional flow effects
connot be ignorad, then for small values of A, the foliowing relationships must exist
tor one-dimensional models to remain valid,

For constant pressure drop across the matrix
w]SO.275 (CPD)
For constant " .ner wall pressure

w £0.60 (CIP)

The importance of the inertial rerm in Darcy's equation on the extent of multi~
dimensional flow within the matrix is shown in figure 10, The parameter § is used
as a measure of the relative importance of the 's.ous to the inertial flow resistance
within the matrix. The values of w, necessary for boundary layer gas influx into the
matrix (¢w = 0) decreases significantly as § increases.

As the ratic of thickness to radius increases, the tendency towards multidimen-
sional flow strongly increases for CPD whereas it has only a mild effect for CIP,
This is illustrated in figure 11, At values of A greater than 0.25 multidimensional
flow cannot be ignored for the constant pressure drop case, Small scale laboratory
models of charring ablators are likely to have a relatively large thickness to raatus
ratio,
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b) Spherical surface and A = .05

Figure 9.- Concluded.
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The effect of multidimen:zional flow on the cooling or transpiration efficiercy
Y~ is shown in figure 12, As expectea, the value of Y. strongly depends on the
temperature difference across the matrix. The greater the temperature difference, the
lesser the value of Y .. This can easily be shown by an overall energy balance, see
figure 8 and equation” (A19), The convective flux in the anguiar direction is a func-
tion of the average enthalpy across the matrix. The greater the enthalpy difference
across the matrix, the greater the deviation of the mean enthalpy from the value ot
the outer wall, consequently causing o lessening of the franspiration efficiency.

To illustrate the effects of ..witidimensicnal flow on the heat transfer, the
analysis is now applied to a sample problem, that of a hemispherical entry nose cap
of one foot radius with an external poious layer one-half inch thick flying ot 20,000
feet altitude, The inner surface coclanr flux is .02 pounds per second and the
matrix thermal conductivity and coolant heat capacity is such that the parameter B
is about 2,0, The viscosity of the coolant was ascumed to be that of air, Other
pertinent data are:

® Surface emissivity

o Matrix porosity

® Matrix pore depth at surface
@ Matrix inertial permeability

.8
.8
005 feet
0

(no inertial effects)

— O O O

.

The procedure described in the previous section is applied to the sample problem,
Various values of the viscous permeability are used to show the effects of multidimen-
sional flow, The results cr: shown in figures 13 through 15, As the matrix permeabil -
ity increases, multidimensiunal flow becomes more pronounced, causing a reduction of
coolant efflux into the boundary layer. This also causes o decrease in I:alockingI
efficiency as shown in figure 13, Even at fairly low matrix permeabilities (10-11£+2)
where (p_ /p )2 ~ 18, the blocking efficiency ¢B, is still considerably below unity,

0.8 for CPD*and 0,94 for CIP, As noted previously, the deviation from radial flow

is greater in the case of constant pressure drop. The temperature and pressure dreos
across the matrix are shown in figure 14, At fairly high permeabilities, one-dimensional
flow models may under-predict the surface temperature by seveial hundred degrees Rankine.
A mild effect on temperature distribution across the matrix is shown in figure 15,

So far, the permeability of the matrix was assumed constant. It is possible that
the permeability of the matrix is not unifoimly constant and could differ by orders of
magnitude from inner to outer surface, This could be significant since in the usua!
experimental determination of the matrix permeability of chars, local variations are
not taken into account; only the overall permeability is measured. The overall
permeability may be relatively low but the local permeability of the surface may be
quite high, This could very well happen in some types of charring ablators where
the porosity increases significantly near the surface, More important, however, is
the case when the ablation process takes place at very low pressures, In these cases,
slip flovs within the matrix becomes very significant. An overall viscous permeability
taking into account coolant slip flow within the matrix can be defined. This overall
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permeability then increases strongly with temperature and decrecsing pressure, and
takes on values much greater than that for the purely viscous case. The some sample
problem is considered bui now it is assumed that the permeability varied across the
matrix in the form ‘

Hean 2
I o= 10779 15 (A25)
v
- . . -1+
so that the permeability at the surface became Iv =10 9. The results of the
calculations for different values of lﬁv ;e shovf in figures 16 through 19.
4

Only the constant pressure drop case was considered since this is more applic-
able to passive systems. Even though the rc.’o of inner to outer val! pressure remains
relatively constant, indicating only a mild varicticn in overal! permeobility, a very
drastic change on the heat transfer chcracteristics is shown, The temperature drop
across the matrix differs considerable, A similar effect on the biocking efficiency is
shown in figure 18. The normal mass flux distribution across the matrix for different
values of FV S is snown in figure 17, The contours a.e almost identical across the
matrix except near the surface where a large deviation is shown for decreasing values
of ' . For I’ = 10797, influx into the matrix occurs. Only a mild effect on
the }/é?nperafurevﬂ?sfribufions is manifested by a change in Iﬂv ;o shown in figure 19,

'

In the sample calculations reported here, the slip velocity was negligibly small
and shows no effect on the heat transfer characteristics of the system. It may be
mentioned that the ratio uW/ue given by equation (A18) is a surface condition inde-
pendent of the internal behavior of the matrix. Its effects may become significant
under baliistic entry conditions where g and 3 become very large. A lessening of
convective flux will result, ©

CONCL USIONS

The effects of multidimensional gas flow through a porous matrix in the stagna-
tion region of blunt axisymmetric bodies have been investigated and-the following
conclusions may be stared:

(1) A mathematicaliy exect formulation for the stagnation region has been ob-
tained for two particular cases: constant inner wall pressure and constant pressure drop,

(2) For the same boundary layer conditions, porous matrix and coolant proper-
ties, the case of constant inner wall pressure is less likely to have significant multi-
dimensional flow,

(3) A plot of the dimensionless parameter against outer surface stream function

shows a mild dependence on temperature for both constant pressure drop and inner
wali cases,
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Figure 17.- Normal mass flux distribution across matrix
with variable permeability.
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(4) Multidimensional fiow is strongly dependent on the ratio of matrix thick-
ness to the radius of curvature of the outer suiface for the constant pressure drop
case. It is much more likely to occur for higher values of A .

(5} The convective heat flux to the surface increoses in view of the lessening
of the blocking efficiency.

(6) The cooling efficiency of the transpiring gases decreases with increasing
temperature drop across the matrix.

(7) The permeability at the outer surface dominates the overall heat transfer
process, A high permeability at the outer surface can drastically change the heat
transfer from the boundary layer even if the average permeability across the matrix
is low, :

(8) Slip flow crising from the streamwise pressure gradient along the surface is

of secondary importance except for conditions of high stagnation pressure ac may be
encountered in ballistic entry,
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APPLICATION OF LANGMUIR-HINSHELWOOD KINETICS
TO CORRELATION OF ABLATOR SURFACE REACTIONS

CARBON DEPOSITION FROM METHANE

Starting with the data from reference 7, it is proposed to deduce the kinetics
of a tynical surface ceposition of carbon by means of extant generaiized models for
reaction kinetics, as describ:d in reference 30.

Of the various steps involved in dererminina the rate of a surface reaction --
1) diffusion of reactants to the surface, 2) adsorption of reactants on the surface, 3)
the surface reaction, 4) desorption of products, and 5 diffusion of products from the
surface == only the second, third, and fourth are considered to be important for the
case here of a stirred reactor in which there exists a high intensity of turbulence.

The net rate of udsorption of the reactant methane may be expressed as the dif-
ierence between its rates of adsorption and desorption

cny” A(,cuf Peky Ev ™ “tb,cu,, Ccu,,

=4, (P C, -

FiCHy \ CHL A Y K%,L
Oeu, €
9,c, - _ﬂi_"') (81)

L&
Ny A

m

- 4

4
£ eH, (e:u,.,t

where the adsorption reoction may be iepresented as

CH, +C, , =CH C(‘ Vil

4 (s) 4
=2[¢ X1
CH, C, = 2 H, |
in which the original carbon atom site is covered by a new carbon aotom to which a

molecule of Hy remains adsorbed for a time while the remaining molecule of H,
(from CHy) is adsorbed on an adjacent site.

Thus the rate of forward reaction is proportional to the suiface concentration of
CH4 multiplied by the fraction of adjocent vacant sites:

Cy

= _— = = i R2
rf,Cll* 'LI,A. ccw Cr ""F,A. Cc".+ &v ““;,L 9&14 gv ("r (82)
where
C
6, = —— (B3)
CT CCH4
and
()
9, . = ‘cu 34
‘! T CH,*

at low surface coverages.
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The reverse surface reaction will be tcken to be proportional to the pairs of

adjacent centers (adsorption sites) formed by adsorbed H2 molecules

Cy 2
- —_r - 4 H ¢
Thus, the net surface rate is .
Faseny™ Ay Oouy 6 Cr ~ 4, By
iy .
- —t) =
= /&;14 CT (é)a‘* 9y Kel © mc

and the net rate of product desorpiion may be expressed s

~Muy ’&LH; Pyt Cv "l"“z Cu,

OnpCr

_,l‘;/ H}. (le gy CT K"zub

where the desorption reaction is taken to be
H2 C(S} = H, * C(S)
Note that
c.=C,+C,, +C
T v CM‘P “L

oi

L=6, +6,. +8
v * Ot o,

Overall Process

6, ¢ 6

The unknowns to be eliminated are m

the system of equations (B1), (Bé), (B7), and (B9 and the net mass balances
stoichiometry

..

mHL e mcH+
and

.

Mew, ~ W, ¢
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Now,

8, =1~ (84 ) (812)

and, therefore, equation {B1) becomes

mc,“’:/é,m‘, c [C”4,A. (i'-gcu‘*—al\lz)-zcm]

-

1 7
=’éf,cu’, c1‘ [PCH‘,;,A, - 9“4 (Kcy‘*,‘ ¥ Pc.u‘,,,(,) "Pcu,*,,a_ 9“&j 'B13)

equation (Bé) becomes

= ¢ ‘_ z - ___L
—”"f,,g, C, [‘Qc“‘[» 9‘:“‘/’ gcu4 ‘9Hz Ko :l (B14)

and equation (B7) becomes

"”;’HL: ’é;'yl Cr [PHZ,A«( ) —9 ) '(“z.“‘“]

L
=/k"”zcr [HL‘A' Oes “1'4 ”z. (P”z+ KH;;A)] (B13)

Equahoms (B13) and (B15) may be solved for 0 in terms of OH , using
equation (B10) Hy 2

i
- —t P
zé/‘-‘ CH [ CN‘! A 9¢“4 ( KC““ A * pcu;*,"') CH+,4, 9”&]

1
oy € (B ety P = 8 (Bt 55)] @16
L —
and [zo J’f“’# (z:“;'kf Pcu.,,,()*pnz,,a,] Qw‘/
=28 ’éal‘i,; pcu.,,A. 28 *&; cu,, 4 gﬂ,_ *J';,yz PMZ,L (B17)
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Therefore,

L
204y oy Pongn * Ao n By Oy [[28.d g cny Pougn * g, (R s T ]

"'f,cu., ("QL“';A_ ¥ Pcu‘,.A-)*pA(l,A

ooy

= 4-86,

where A and B are defined,

(B18)

respectively, as
4 - 25k iy Rugat Ao s
- i
‘m"'{fﬂ‘; (K-L'“‘f" PM‘P") P*‘I,A-

(B19)

8 - 26 A a1, Fony i :u,,(ul,,; u,_,,)

( Kp, iy ' Pc“+"~)+P"z"'

Substituting equation (B10) into equation (B11) yields

{B20)

: 4. oo
Medy ~ Moy, ™ Me (B21)

Therefore,

. d .
Using equations (B21) and (B18), equations (B13) and (B14) may be solved for 8

2

Ay eu, € [Pc,w- (4- 59“1)( ., Pc,,,,4) " Faga 8, ]

KC'“.,:A

2

e, [(4-88,)" +(A-86,)-(4-£8,)6, 7}

LI

(B23)
so that

'tlcuq‘l'e:n,,,c_"{lm,, Pcu,,,) 9'4;5(1«: Pow)-& P ]

“l CH‘,,A,

bu
TA«F,A- [.Az+ZA68“z - 51&“: +A - Beﬂz- Aeﬂ 592 - “ ]

(B24)
Ka
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Therefore,

+ {"ti,cu.f [euw,‘_ - A (Zi:‘ * Pae.,,p)] * 34"6 (A ’4)} 0 (825)

and solving for

_ z_ > .
9 = bt b ac, (B26)

where the terms a, b, arnd ¢ are defined here, respectively, as

a = ['3‘A Ay B (5'1)*'&] o
b E{“ét,cu.;[ ey A “5 ) Zi;,-m]

+ 4 k., [/{ (L-28)- B]} (8275)

and

[

Thus, with 0 given by equation (BZ6) and BCH given by equalion (B18), equarﬁon

(B14) may be solved Since m. is known, and the kinetic and adsorption equilibiium
constants are not, these must be determined from the data using the solution of equa-

tion (B14),

Surface Reaction Only Rate Controlling

The adsorption of reactants and desorption of products are assumed fe be ot eq-
vilibrium. Thus, at equilibrium, equation (B1) becomes

75

{}, ey | rPc,,*,t (L-4) - ,(::4,"] +;"£/i;,,,/ (J'L)] (B27¢)

ks e

4 e g

A 1o o S AT e

T £ R RN RGeS Ty 5 Koty PG S b
> R * 1 i
. B o ¢
\ . . N . [ s . i
Pa s ‘- . L ¢ R




Meny 0 = fed, \ ya v T Keuy.d ( _

96“43 Pa-l*,,b &y K-cu‘,,A, = Pcl-l,,,l. Kcuwt. (L-gcu,f - Guz)
= Ruy.a Kcu.,,t (’-_9“;)

. (829)
L+ PCH4.L lLCH,’,Ar
Equation (B7) becomes
8. ¢
—i=0 = . (830)
mAL 4 /L{,Hb (PH& 9)' T KHZI"’)
which may be solved for 0H2 and GCH4
9111_: 'Dul,A 8, KHL,A.. = Pu,_ (1- - 9“1" &w.f) KN,_.A« (B31)
and )
Oa; = P"z"‘ (“L— 9“z~ 8“:.%2"4' K"Z"L = {- 9;;1_ ( LRy K“vb) (E32)
+ p“z" KHz,L R, Kay, 4
Equating equations {B29) and (832)
ot d Koy, 4 Rugs Kega _ ¢ R, S
pd pd g, St el =(+q) — (B33)
Lo RupaKoga Y apa Ko Hy iy 4
Thus,
L _ Pﬂl‘[,‘- KC"‘,}DJ- 7
2 L+ Ruya Kal,u
Hy = ’
_ z i- PHL KH‘.‘,A _ Pﬂlf,l KCH{,L
A, Kiy,a 1*%’,,4’(::4*;
i
= Tl T (B34

) e oy
(B ) (B )
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PH y) K 4
v t 3
z -
(L %1,4'(- #z.A.) (L * @.H,;,A K u{.,«,A,) - Pcu.;,/i.&aq,tpuzk‘é Hpd

4
_ ¢ HL (HZ-I‘/ (B35\

L- PHL K Hz,d+ E’JJJ,L KUJJ,L_ Z PCH‘[,-L KCHMPHL K!‘(z; L

Thus (dropping the subscript « on *he adsorption equilibrium constants),

gcu,? = 1 - t EI"’LKH"
(i - F:iz,‘-‘(uz) (1 * %44,4'(&44.) - pcu,,,u'(awpﬂz_ ’(HZ_

’2“4"" KC*’# ~Z %*M'Kc“tle‘z:‘"(”l (B36)

i- P,J&A_I(‘JL + Pc_}l‘/,A_K cHy —ZeH#.KCH./PHL KHZ

Now, equation (B14) may be: solved for r‘n(. with the values of equations (B33 and
(B34 for @,, and @, , , respectively
H2 CH ’

4
: -8 K\ 1° 1- 6 Ky

. - - _ 2 THpd Ty

Me /éf"' CT[ [:1 0”’— ( Fﬁ”ﬁul 1”' e”z ‘%z,A'(-uz )

-8 1- 8 :ML. - 9_":_
H H 2 4

Zz
1-F X -7, Ky
= ’é ” -1+ Zg (._._E‘.'L_“l’) — 2 ( “L"" £ )

ll
+1 -0 E ""‘L“‘\ 9., + OF [ R, K, )- Sy (B37)
"b( Boaku, | P Th \ R aly, | Ka )



For convenience, the ratio (1 - PH Koo.p 1., ) is called IPK] in the follow~

S Hy  HL, s H

ing equation, P 2 2' 2
2 : _ 4 . —1 b
ol FPR lo”t {[PK] -[x}® - & } ., {[PI(] L}J
2 [ (PﬁtL(H,_' EJ:A. (H:_ L= 2y, Ky P”:‘- K”: 1 )+ /L—Z}}“_‘(—y‘_\]
= 9. — =
"f,A.C‘T Hy L2 Bt ity K Fugd <y |
[ [~2Puakiy =Ry aKuy =1 L ) (L-Z&z,ﬁ )]
='£I.L CT 9”; 8”& R«:A’(f‘; Kel F:/zvd",“‘z
4 ¢ [ PAI:J.K-J;_ 1 (_Zp”z*K‘k—P”z-L‘(Hz—l _t )
T O | U Py Ky g a Koy 2Pty ey Py 4oy ) Rl Ke
v 4, | Bt 2 = K——) (——-———:ZR'Z"(""‘-) (B38)
{47 L- PHZ,LKHL * Pc:l¢,4 ‘iag - yaq Kul,; Hy. d"~Hy Hpd ™ H,
Now, for the reaction
CH, = C_ ~ 2H, (
i3
[ Flea |
q D{;":/L E4 LU{
Using eguations {B31} end (B22)
84
P o= z ¥
H,,A., tquin s K (B4G)
2% v Sy, A
and
o iy |
CHy 4,6 wl ~ b K (B4T)
1 v CH%L
5o that
2 0.t
by b Kae K ciya i (B42)
= = 2
K'? ‘9; Kll:,,t 90 4 . Hpi A 8y 9&:4 _
li‘“l eq_cu[
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Now, ot thermodynamic equilibrium, for reaction iX] by equation (B6),

8.
e = 0 = - 7 B43)
me 0 ’l‘fl/bc'r (gaw&v K.“ (
Thus,
- 2 K 2
,(,L = L_ék__] = K [__”L';‘-'_..:] (B44)
9&4' 4 9\/ z$.uﬁ ¢4 LCH‘l,A.
and
Kyt ,
K,.= K 7 {B45)
ti A Ky 4
27
Equation (B38) may now be rewritten as
= 41 Ce Bipaty . ~2is K;;z_ "‘r'lg-:'(Hg'L - _’Cg‘&:_"uf@ ]
[1 " By dhyt By aKeng P aXonfaga iy - p'll.-c. Ky K‘q'( Hypt el,_,b
(L -zp"z‘-,c“z)(l =Py akosty * Rotya XK iy -2y K ong Piga X H;)
M ""l.‘c Cr T

(1- P guony* Bong aKeny Yoty aKesy Ty a4 )

t Lt KoigaFird P
- ’L’,L cf _M”L- pdl.,d&“!-'/l/— K 2= Pgl‘_LKﬁl + PC)JJ.-LKDJ,[ - ZFZHJ'-‘KG‘JP“I‘,K“L

9
2 z 1 A
-2 P,.,.w.:lﬂﬂr,nf:{- 2B, Ky Forg i Koty + g a Koty B ga Kty )] / L- R sk,

z
¥ FugaKouy 2Py aKey By 4 Kuy )

KengaPica , t e
4, . C (‘ 4By Ky - —-ﬁﬁ—"— ¢ Rugaony - #PagakongFuy.a Xy * 4oug, SotgPug.a Kity
¥ Z (B46)
(’- = By aely * Paty a Koy 2Ry Keny 311,1_'(#,)

I
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Adsorption of Methane Rate Centrolling

Fo- the adsorption of CH, rate controlling, the surface reaction and product
drsorption steps are assumed to be in equilibrium. By equations (B9, (B44), and
¢ ., and essuming surface reaction equilibrium,

2

2

= = (B47)
Kau"’ QCHJ &v [9011/(1-&.“/2_ 90{4)]
and repeating the equation for H2 desorption equilibrium
= - - (831
8, = Rk, (1 8y, ~ Bu,) 831
Solving equations (B31) and (B47) for 6,, and 8 , respectively
H, CH,
z L+ KHZ,A P
Kyt
z z z
KQQ/KHL.AJ - (j‘ - 80‘4«) = L- 79&'* + CHy (849)
Koig.a (1,_2_)2' 8. li-9. - - bay) (L+-"—) 9. (.1;_—_9&’.
Sy Chy A P Kga/ ™0\ Cypa )
K“Z"'
K‘QKN:& 1 ) (__L_.) [9 —92] - (-28. +0" B50)
Koty ) Kigs | \Kyal L0 "] T (
KeaKn, 4 3 Keg Ky . ( { ) =/ c
2 g Hpd -2 - =L+ +i=0  (BSD
8cuy [L Koyt ( ¥ x,,rb)] M ‘9cu¢[ L Ketgs Cual |,
=34 1
So that
2+ Lt (u 2‘—-) 2Vb,- 4a,
B, * : (B52)
v 2a,
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where

ay
= the brackets so labeled in equation (B51
by
Since
by=-a(-1=-(ag+t) (853)
then
2
b - 4ay = ag+2asL-da, = A{-2a,+1 = (a-1) 8541
and

P —b,i(a,-i} _ 4t iraczi
CH

¢ Za,t - ZaL -

( 23‘_

2ay

22_ = éL = Koo K - = '3 - K (B53)
L 1 14 Fgbua (“ L ) L+_¢4ﬂﬂ,+_ﬂ
(UJAL/ Y z“l,h

where the second root is plausibie for reaction

i
P, K (L-F—i‘—) Keghupe (U,J,_f_’)
g = a4 KHZ,A. _ Key,a —Ky,a (B56)
H2 = - - K, q K
. 1 /_fa_)[ g% (| _1_)]
PR (L) /LT o\ e
Simplifying
i
H, = B57
e Ko 4 ‘
Now, by stoichiometry
0.15 gy, = me (B58)
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Substituting equations (B55), (B57), (BS58), and (B9 into equation (B1),

. . Gy Cr
M, = 0.761;,0,4 [%@,4, Cr (1-0,41-19044) -

K-CH,/.A,
KegKH, 4 Koy, 4
o Py -
= 0715k P c [i' —r +
Fehy "oy, O K +K, Ky +K Koy Kt ot Keg *Ken
¢ iy CHy 4™ Noeg™Hp g &gr e Y L
_ L ]
[ Lot * Kag s * g ‘543%‘/“6*?“1]
Klq— 1
= 0T A, Cr P ¥4
feHg =1 CHy b K‘QKHZ,A«-‘»K%*’KCH‘}I‘L (B59)

Hydrogen Desorpfion Rate Controlling

For hydrogen desorption rate controlling, equations (B29) and (B47) may be
solved for #,, and HCH . Substituting 0CH from the first part of equation (B29)

" 4 4
Kegfupa _ G {1+ ZugaKonga )

into equation (B47) 2
»( _ - P[)‘,}L&C“‘A-(l—gul)
gL Pol.pt‘(aul(i _"9'41.) [L Py L Ry K eyt

9“2 (H %4'/1—'(0‘4:")

L-8y
s - —-—*—_—L_‘
%u,& Kengoa ( L 9”1) (L'r'@,u,,g, K~cu4,4_)

3
(14 RugaKeige )
ey Kooy, o

, )
(1"20”1 + 0”2,)

2
b4,

(B60)
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6 t (4R, 4 Konga) _ ’_\_?_’EM} v g [“‘fs.'(*‘z‘ _ | Kg K | o0 (B61
4 I('q K.,.(;," Pal,‘,bK-cH.‘,.A« “

o - 2t {4 +4(a,)
H =

2 Zdz

4
_,_tftﬁg (t+Bukoys)”
’(zg_KHz, PCH,#,A.,

n

z
(L t Ruy Koy, 4 )
KriKHZ,L cHY L

L+ Pupa Kengd

K‘I-lz,d_, v Kzg %4/1,
/7 2
\_1- + %J,; K—(H,;,A, )
:Ltgrx_,f; Prga

L L

or - < (B62)
L+%,grcm‘, ; U%w iyl

T p Uz
Only the first root is accepfob|e, since § < 1, and, ’rhus, from equation (B29)

“lt

o - T Koip - 1
“H e F?H‘/,L S e "‘-/fz "‘{';
K# l" K.‘ Pa/:} 4
M
P K VT ,Pf - 4./
gt Kanga éd,,dr
%ﬁ#-b Kﬂ K\ P 12 Lr Pﬂ" Ken

LS L
v ;,c*zgr g,
Peugu Kch i

/2

Kuz,d(Q Fc’u.;.ﬂ(i-* PUJ,/KCHM)

(B63)
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Now, by stoichiometry,

Em,y = m (Bé4)
H, e

Substituting equations (B&2), (B&3), (B&4), and (87 into equation (B7)

-
= nb’é{,h’z_ [62_ (L_gﬂl_gtll;,‘)(‘r - 7 Z
A, e 4R A Ty Bty Py
- _ - - 1/
3 FH, 5T ) Hy {4 L+PQS£KM Ky 2 ‘5{- al:- (l*Pa.{,/ K—cH4A,)
Kyt K%PJZ
L L
ng_ (1+Pm+4. (r_u,yt/
1 Wz A

Kyt Kl@ Penge

Bioa g a Keng a
-J,éleLC,- [PHI'L - K%'LP iz, K vy
K cgraq,zy Rgalenga

|/7. 1z

vz
(P2 W ) “Hzx"“q Py ]
Ky "K‘@ CHyd + cH./,LK cHyd

- W pil2 _y\epifz
T IR A G~ o~ FpatuiFon R, Ko, eg Bdga ™ Kegfeiga
V \

KNLAK%I T * oy Koyt

- blf’,‘zaf

Skpy O [ P P ~F, 4 ]
P T ei d ""L 22 (B&5)
Ky A_K,i Pa{ 4. L + R CHYA CH+,

Data Analysis

For desorption controlling, equation (B65) may be written as

Sy Cr b itz
—_ ! Ve _ o
K [ Keq/ g2 9/4,&] X [k ,'Z:)? A~ B 4] 866
m. = . = \Z
¢ KK 2 " Y Ruge* %44,4,

gt * g

’CCH¢, 4
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where

Shey Cr Ky a Kiog
= — and. Y = Z (B67)
KCH,{,A, Cly 4
For data analysis, the terms m_, P o and P are known. Thus, at a

C’" CH,, H

given temperature, two data points will de'rermme X cng Y. Now, solving for Y

iz . 12 12 .
)77 Y Hy 4y t+ PCH,;,A.‘. mc = X 41 %44 41_ X PHZ’A’; ‘B68)
so that
12 e ’ VZ
XKy Py, = XRya fe X "
24 "cH 1 CH*A— i - _ _
Y = hs J‘éi W ; mCL XAL Pa~|4h4,1
P{J-hb 4 MCL
."9_!32, 12
) X(”‘CL ) AL)- '[C)H‘/‘A.i (B&9)
where

A4
A= (B/0)

v
Pcﬂ./i Me,
Solving for X

. \f2 -
e, Y %4}' 0, Me, FRouyay

X ge\él@u:;,?lz - Aya,
ol (- ) ate, ] ol e,
= (}%_7’ a.cfb - PCH4, Ay
3 mcz (‘Qg‘ - A ) , me, (Pa.( P“‘f‘LL)
¢¢ - 'zi“ ’(‘elé_ - g‘-{f:

85



) K A ] 1fz 12
x . mCz_ m 1 _ mcz(gﬂf,,&z’ c”l/—:bi)
Kah_ _fil{_(,zi Kzgrl P“I/z_z' 4z
| iﬂ— PC-HL/IA«ZI N c“"/”"Z«

PN I B4 . /N \
Rcuunnng equalion (B7U)

. vz i/2
X = ey (Rug 2y By 1, (871)
L2
(e _ Rpay /Keq, _ Pigay

Thus, Y becomes

o N
e, (Féu.,;.,bz' 1) /K:U; N pi
-~ KLz o Y - ~P Uz - 6”4,4'1_ (372)
KL/Z' _ PH!,‘-L - mc (___‘i,_ » —UN%I_‘;L._ ) \ CL Cd+1LL £L
« Feng,dy 2\ Me Fong a, ey

Tais model, when applied > selected data of ieference 7 did not give exclus’vely
positive values for the constants involved; hence, it must be rejected as implausible.

For adsorption controlling, equation (B59) may be written

_ (0.75&;,0;‘} Cr) o ’(LQ' i
Me 4‘.0{4,4/ Hyp s K (M_i) +1
9 Kah;.b
__Kg:_L—- = P = Z P
U By e L T W Ry 2Ry @73

4

where u, w, and z are groupings of the constants involved in this equation.
Thus,

m, o< %’4"’ (B74)

which, by inspection, is not the relationship shown by the data of reference 7 for
carbon deposition.
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For the surface reaciion rate controlling, equation (B46) may be rewritten in

terms of three unknowns x, y, and z {which refer, in this case, to kf sCT’ KH ,
’ 2
and KCH , respectively), and the letters which refer to canstants in that equat,on

and in subsequent groupings. Now, for the first data point ay the solution

2
X [615 + L2+ Atgz +egy z]

(L*Qi.j +5Lz_ + f\itj?_)L

a, - (875)

may be solved for x

dy ( L+ (ilj-o-gtl-t F\iljZ)z

X = bi_:j+(:1_2 '*'Ailjz. +Li_lj7'£

(876)

and substituting this value of x into the solution for the second data point g, yields

2 .z
A (L+ c!j*?)v’-”‘ﬁj*) boy+c,z+dyz+¢,u"2 o

a ) .
t bi_l:l + (‘.LZ + dlgi + Cngl (i"czg "'32. + F\z‘j 1) 3

R RN SR st
.
@

nZ
%‘L [(bujh z (agdi:d ""L‘jz)] [(1+F,_ﬂ)+£/g§+ F'Zﬂ)J o

= [(lwr&g)-rl(ggﬁig)]” l:[blﬂ)+Z(c7-*d-zg+ngz):, (578) * 'J,_

So that
37': Ef’t'j’* 2legrdgy + qg‘)] [/m‘zg)% szzg)(gf haylz ”54829)& gf]

[/u 1\’7'}2"*_2/1“(1,’7')2%* 1y Jz + (51+ﬁig)‘g"]+[{5& H) +2 (CL+dzH + ‘zﬁﬁ] {B79)

and

e '
[‘% (6.4 (1+ fzy)']_A* 2|5t (6y) 2 (“rl':l)(g"ﬁlﬂ)* Fd CRENTR Ay (B2 -']=B

e [3 (g nag) + 2 (eurdy ety 2 leg)gpt) ]
+Z’[2‘t (c,_+d§.5+q5") (51+itzg)b—]—_o= [(1.—»&4_])1(6,_3)]:E
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tZ [(1-’ ;Uj)z (C)_" dr}j *+ ‘z'.'jL) +z (5-’ &3) (bz_'j) (31"513)]—F

w22 (1ehy)(gyrhuy)(ca dy £ (g + ay) (bay)]

G
+ 15[(8.,"513)1 (cz+d15 * &y z)] {BED)
=H
Thus, grouping with brackets lobeled in equation (B30)
2’ [D-H]+ 2%[c-G) + z[B-F]+[A-E] =0 (B81)
and, dividing by [D - H],
2%+ p2% + ZZ +r =0 (B&2)

for solution

a=5(25-p%) ad b= (28 -%gpvet) o

so that

(B85)

Now, i — + 2"7 < 0, then

b
-7

cos P = (886)
3
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and

¢ = Cas—1¢ (387)
so that
FZF%—; ﬁﬁ(%) - §;
z2=1{24% w(5+2) -5 (B88)
| 2V % es(§+240) - 5 |

Substituting these values of z into *lie following equation will encble the solutions to
be determined

s [1eny s 2 (geomig)] [bag o2 (easdoy )]
. 12
[blg+1A(ci+d,1(j+eiyz>][1+¥5g+ 2 (65 + f‘gﬂ)J
The solution to the follewing equation is desired
. 2 , 2
au[1vliy e ngyrhag)] [69 (e day sy

as- -1 = 0  (BO

[bzq-*z-;(cxﬁfgﬂiej D) [1*‘&3*%(&*‘%9)]1 J

ay= (B8N

for i = 1,2,3 (three roots are possible for each value of y'. This model appears to
yield plausible sets of values for the correlation constants involved, i.e., there exist

sets of positive volues for x, y, and 2z, at least somewhere in the range 0.9 <y < 99
os determined by calculations.

For the complete model , equations (B14), (B18), (B26), {B27), ond (B45), the ex-
perimzntal unknowns are CT' KH , KCH4’ kf, o kf,CH4’ and kf, H2' which must ali
be positive in value when inferreg from experimental daota.

So that

8¢ Koy
. z _ _ DCHz 4""]
mﬁ =4 "f,LC‘T ["&m“"'&a_‘“ &CHI/QHZ K

K 4 (B9T)
1
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wnere

t \
0&51&.‘- C}‘4F::H+,A,+ '&f,HzPHz,b- &“L [owlf.al.; PC“‘},A— f'lf,!(z (az,l. ’ KIIZ,L )]

By =

i
p25k; cn, (’Lcﬂ\;,g, + POJJ,L) + P”z-"

96“4 = A-86, (B92)

and the groupings A and B are defined, respectively as

a.mj_;-,c”‘{ Ponga* ,kmz @ZIL
A = (B93

1
o.z.s,krle‘ (Kal.;,b + Pau;,p) + E’z/‘-'

and
i
0254 s 0 B o ¥ Aen (Re + T )
B = CHy gt z\ 2 ok (B94)
S
0'2‘{)'&4‘.0!4, ( ’CCH4,L+ %44,4_) "'Pb‘ll,A.
and
8, = ~b 1‘62"'4’&(.
W, = A
[positive root(s) onlyl
where
4 ya (B-1) + -7 B95a)
a= (3R, BB KKy s (8950}

b E(‘(acﬂ.p [PM‘PL (B-1) + 7> ]+ %-/k“[/i (1~~25)+B]} (B9

Kcﬂ,;,b
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This ~odel is considered to be too complex at the moment, since 1) it appears that
the a fsorption controlling model, equation (B89), yields plausible values of x, y, ard
z; and 2) a b-constant correlation would produce too many possible sets of roots for
meaningful interpretation.

TREATMENT OF DEPOSITION DATA CASES

It is the purpose of this section ro demornstrate the treatment of data from refer-
ence 7 for use in deducing the constants of equation (B44), developed under the
assumption that reaction VIili orevailed at the surface. (There was no experimental
evidence that gas phase deposition occurred.)

Since the reaction chamber used for the data obtained in reference 7 was stirred
iby a propelier), it was assumed that the turbulent intensity induced by the agitation
was sufficient at all flow rates to insure the presence of the kinetically controlled
recciion rate regime. The Reynolds number for the flow throughout was of the order
of 0.1 to 1.0; thus a high turbulent eddy diffusivity must be maintained to prevent
diffusion-limited reactions at the surface. The amount of deposition then is a func~
tion of residerice time or flow rate in the chamber, temperature, and partial pressures
of the components,

For perfect mixing in the reactor, operating at steady state, the methane con-
centration of the effluent may be taken as representative of the average methane
concentration in the reactor. The rate of methane disappearance (based on reaction
chamber cross—section area) is

m, A
¢’s | ”’2_&'5 (B96)
where the term rhC refers to a unit area of carbon surface; the influx of methare is
Xy o s X Y

6 =% o = HyeRe _ Telye sy _mols (897)

CHyso cago Do 22.4 eD) 1344 7 em*-see
and the efflux is

Xty Y Mg As
G"‘M = Xoiyf Gy = Tnddiz482) l?.]c (B98

From the stoichiometry of recction [VII], for each mole of methane consumed,
two moles of hydrogen are formed; therfore,

o M A Ak _G;_'i' As (B99
G‘ - G’ ?ZAg * 2' IZAc G° * 12 e ' )

o1



Thus,

- Ml
Ko =¥, o= cowf 1344 72 (B100)
g™ POt T TGy T U Ao As
] 1344 12.
an
Y0 U 28cAg
— Cru,, ¢ Y 12
- - 2 B101
X = Xupf T oy U s 2ol oo

P = X, P (8102

In the cases where efficiency is given in reference 7, rather than fnc, the mass
fiux may be calculated from the relationship defiring efficiency as

e MC .45 Xa"f,. U )

1 = 24, 3 A, (B103)

and
e " (,2)122.47“) [T:f:)l;ZS.Z) ) ‘FL*U Kaiy,o (2006512) oo
Table 111 lists data used in the calculations. Under the assumptions made, the

partial pressures of methane and hydrogen and, when necessary, the mass fiux of car-
bon deposited were calculated. With the values of m., Py,, and Pch, for two

sets of three dato cases each (the first set comprised o(\; cases 1, 2, and 3, ond the
second set of cases 1, 4, and 5), the three constants of equation (B46) were solved
for by trial and error. 1t was necessary to divide the data into two regimes since
one set of three constants could n.t fit all data points well, possibly because the
assumptions involved in the Langmuir-Hinshalwood derivation were not consistent over
the range of hydrogen partial pressures encountered. The constants calculated for
2273 °K are given in equation (35). Figure 20 shows the capabllity of the expression
used to reproduce the experimental data.

For an ad hoc teniperature dependency, the data on figure 6 of reference 7,
[which shows the variation of deposition efficiency with temperature, where effic-
iency is defined as the ratio of deposited mass flux to the total carbon (as methane)
mass flux in the deposition chamber], was caost in Arrhenius form which yielded an
activation energy for deposition of 103.4 kdtu/mole.
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TABLE

DATA SELECTED FROM REFERENCE 7

FOR ANALYTICAL TREATMENT

Parameter Case Number
and
Units ] 2 3 4 5
.2
me (gm/em —sec) -- -- -- .000030 .000048
P (cm Hg) 76 28 28 9 7
T (%) 2273 2273 2273 2273 | 2273
U (std liters/min) 4 2,224 8.896 2 4
h n* .208 . 140 .04 -~ --
Aeh. s .25 .25 .25 .25 .25
4
TR 0 .75 75 0 0
2
As area for carbon deposition = 13.7 cm
. a2
Ac cross-section area of deposition chamber = 248,2 cm
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X z

Y
O .0284 116, 1780, .003333 <

P (atm) < ,02834
0 .00124 114 4,22 .02834 < H2 < ,2913
2 2 2
| {4PH2 y +[(PH2 K a dop " PCH4] z+ 4PCH‘ PH2 yz - 4PCH4 PH2 y z}
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Figure 20.- Langmuir-Hinshelwood ccrrelation of kinetics of
carbon deposition from methane.
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Estimate of Internai Surface Area

The surface area of char available for deposition is estimated using the assump-
tion of a cylindrical pore model with a diameter of ~ 3 microns

i , a tortuosity of 3.8,
and a theoretical (non~porous) solid density of 135

Assuming that the porosity 8 is also equivalent to the fraction of surface arec
which is void space, the number of pores per unit area is given by

8 pores o
i = ——d—-z b) ) Mft"i"' (B10o
A (%)

and the wall area of each pore may be expressed as

l.('rrd:r’ ) i ]

(B106}
Pore

A =

Thus, the pore-wall area per unit volume of porous solid is

7418 418  f
- = —_—— = 2 4= _— (B107)
Ap = Any v (&) 4w

For comparison wiih internal property data of materials with hight interncl area
the area is best expressed in meter/gram, and the pore radius in microns

, i.e.,
A 278 (4,2.4) cm’ 1
P r.. ¢ emd -6 :
miesons \ Counr. g p* & A
218 w24 _m_‘
. Palkl. ‘am (B108)
U

where PCHAR is in |bm/ff3.

The sink due to deposition is given by

éd‘P = mdLP AP (B109)

where rhdep is expressed by, for example, equation (34)
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FReCEDING pacr ELANK NOT Fiumep
EFFECT OF NONCONTINUUM GAS DYNAMICS

ON POROUS SOLID THERMAL CONDUCTIVITY

An approximate relationship for gas phase thermal conductivity in a porous solid
(k ) is given as
gp

k =k +—— (CH

in reference 12 where Lf is the effecrive pore size in a porous solid. Since Lg isa
gas=phase mean-free-path (for porosity of unity), it varies with temperature, pressure,
and composition, For the binary case (e.g., reference 31):

]

. (C2)
" 'ﬁ-rN o 2, N, o 2
B 2 a
where the average collision diameter is
(o, + 0,
= C3
g, 3 (C3)
the mean=square velocity is
cZ - 3% . 3p (CA
p N m

(where N is the molecular concentration and m is the molecular weight), and the av-

erage velocity is
C = 0.922 J? (C5)

The mean-free~path in a single component gas is

L {Col

]
9 ﬁwof N

The general multicomponent case may be treated by methods outlired in refeience 32.

The mean-free-path for air (gas) based on viscosity (reference 12) is

0

T T (R -
Lg,uir(based on viscosity) = 133 Flom g (€7
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Now, using the tollowing data of reference 5

Data Point Pressure, Temgerafure, kVP(Avco prodgc’rion sample),
mm Hg F Btu/hr-ft-"F
©) 3 250 640
@) 760 250 .065

values of k  were culculated for use in the simple relationship given in reference 12

9P
for the overcll thermal conductivity of a porous solid

kgg krg kc
ko T ToF TR T TS T (C8)

A value for f (the volume fraction of solid in a porous material) is assumed. The
thermal conductivity of the solid phase and the effective thermal conductivity due to
radiat’on in the gas phase, k and kr , tespectively, are assumed fo be independent
of pressure, and the effective thermal” conductivity due to convection, k , is negli-
gible, so that the thermal conductivity of a porous solid in vacuum would be constant

k kc
= '
ks,r”(ks+l—f+l-F) (9
The value for f was calculated from the relationship
p
f= P (C10)
P
where the density of the virgin plastic is
p., = 34.0

\'P

and the absolute solid density in the virgin plastic is assumed to be

P, = 90.0

Thus,

1 -f

I}

0.622
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at 240 c)F, the continuum value for k. is ~.0195 Btu/ft-hr-"F (reference 21,

combining equations (C1), (C7), (C8),g'§r=rci (C yields a solution fo- the overall
thermal conductivity of a porous solid

k L
k = g f = +k 1C1M
Pooeproag

where the unknowns to be solved for are L. and ks .

f '
Data point

@

0.0195 L

f
, L k= 0.040 (C12)
250 ~ 460 s, r
0.622[t, + 0.13 X0
Data point
0.0195 I
+ k- 0.065 (C13)
750 7 4607 S,
o,ézzz[LF + 0,133 “‘7?{0"“’]

Solving equations (C12) and (C13) simultaneously, two sviutions are obtained

1l

L

¢ 80.9u ; ks . 0.0336 (Cl4a)

and

—
Il

¢ = 0.31355; k =0.0400 (C14b)

Figure 1 (page 25) shows the plot of k__ versus P as calculated by equation {C11)
using the results of equation (C14), Clearly more data is needed to ascertain the
best value for the effective pore size Ly, In place of equation (C8), a more com=
plex relationship such as that of reference 33 could be utilized.
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PRECEDING PAGE BLANK NOT FILMED.
ABLATICN DATA ANALYSIS

The prediction method used for su-face recession due to oxidation must be care-
fully applied to ground test data in order to deduce the proper kinetic constants for
extrapolating to flight concitions, Th= following section couples the surface reaction
kinetics with diffusion in order to determine the concentratica of oxidant .t the sur-
face of the ablating material. Since this surface concentration is affected by the
mass flux intc the boundary layer, corrections must be made for the effect of mulsi-
dimensionol rflow on the one=~dimensional volue of the moss flux. This is discussed in
the last section of this appendix.

Surface Reaction Kinetics

Expressing a surface reuction rate yielding gases in the mass action expression

n n I
- r - P £
e = kg 11 ( e ) % H( o ) (b?) % ,
r p *gf
Factoring out kb and noting that 3 '
« - " (D2) 3 J
eq E; g

equation (D1) may be written as

n n
m o=k [K H(P ') - (P P) ] (D3)
s b eq ~_ \'r s b p s ,
(gas) (ges)

“(Appendix D )

Note that for a simple sublimation such as

A(S)‘ A(g) P‘y” s ‘.";

equation (D3) reduces to the Knudsen-Langmuir form of

(D4)
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Now, P, is a local product species partial pressure, and is affected by the
rate of diffusion in a nonequilibrium process such as ablation., Assuming a frozen
ooundary layer and unit Lewis number, the rate of mass transfer through a boundary
loyer of u product species arising from a surface reaction is given by

= { - :
\IJHO {K K e) + (KP m)w

4 I
as in reference 34,

From reaction stoichiometry (for ¢ single reaction end similarly for a reactant)

nhp =y m (D§)

Relating Fp o KP (and similarly for a reactant)
PM K
P = ——L (c7)

M
P P

Equations (D3), (D5), (Déj, and {D7) may be solved for k, once the ablation para-
meters are known and the particular reaction model is chosen

m
k, = 2 — (D8)
b PR K \™ PM_ X \'p
K 1 (___5_' -1l —'MS_P
ea VMO p s
(gqs) _ (gas\
whe.e (and s!milarly for a reactant)
a m +YH K
V=B - 2F (D9)
ps H +m :
) w

Attempts were made to find reaction models exhibiting a relationship between
log,, k, and 1/T that were plausible within the Arrhenius reaction rate theory and
showed minimum scatter when plotted in an Arrhenius form, Pyrolysis gas combustion
was not considered. Figure 2 on page 27 shows surface reaction canstants obtained
by applying the preceding anolysus to the data of reference 13, The various reac~
tion models tested are shown in this figure,
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Mul tidimensional Flow

When the theory of multidimensional flow as outlined in Appendix A was
applied to the wind tunnel data of reference 13, a considerable reduction in pyro=
lysis gas mass flux was predicted. The blocking functior ¥ should then more nearly
approach unity in value, leading to a higher value for the predicted surface temper=
ature. Under a previous study done for NASA (Coniract NAS9-6288, reference 1),
the surface temperatures were considerably underpredicted (by as much as ~ 300 °R);
consideration of muitidimensional flow should result in better corroboration of test
data and predictions. The results of calculations for the pyrolysis gas mass flux are
presented in Table Il (page 32). The permeability data of reference 22 corrected
for slip flow according to the method outlined in reference 23 was used in these
calculations.

Internal reactions such as carbon deposition, silica and carbon sublimation,
carbon oxidation, carbon=silica reactions, and coalescence of molten silica were not
considered for their possible effect on the permeability. Since slight variations in
permeability are known (by means of trial calculations) to affect multidimensional
flow significantly, the values in Table 1l are intended to demonstrate the importance
of the effect of multidimensional flow at the stagnation point. As a result of these
revised mass fluxes, the correlation of reference 1 for surface recession due to com-
bustion must be revised.




Multidimensional Flow

When the theory of multidimensioncl flow as outlined in Appendix A was
applied to the wind tuinnel data of reference 13, o considerable reduction in pyro-
lysis gas mase flux waos predicted. The blocking function ¢ should then more nearly
approach unity in value, !eading to a higher value foo the predicted surface temper-
ature. Under a previous study done for NASA (Contract NAS9-6288, reference 1),
the suface temperatures were considerably underpredicted (by as much as ~ 500 “Ri;
consideration of multidimensional flow should result in better corroboration of test
data and predictions. The results of ccleulations for the pyrolysis gas mass fiux are
presented iri Table 1l {page 32). The permeabiiity datc of ieference 22 corrected
for slip flow according to the method outiined in reference 23 was uzed in these
calculations,

Internal reactions such as carbon deposition, silica and carbor sublimation,
carbon oxidation, carbon=silica reactions, and coalescence of molten silica were not
considered for their pcssible offect on the permeability. Since slight variations in
permeability are known (by means of trial calculations) to affect multidimensional
flow significantly, the values in Table Il are intended to demonstrate the importance
of the effect of multidimensional flow af the stagnation point. As a result of these
revised mass fluxes, the correlation of reference 1 for surface recession due to com-
bustion must be revisea.
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APPROXIMATE EFFECT OF RESIDUE LAYER REACTIONS
ON SURFACE RECESSION

For gasification reoctions taking place in the residue layer, the mass flux at
the wall is given by

4
o (ETY
md _fpzdx
0

If sintering and deposition effects maintain o constant density, the surface recedes at
the rate of

«n o
$ =9 . / 2 dx (E2)
2 Pa
0
Now, for flow through a porous matrix, the temperature profile is approximate-
ly given by [_ﬁ’ c ]
- 2 (E3)
T-T =(T -T) e {E
) w o

from reference 35,

For the case of the ratio |(mc )/k,| equal to a constant C (i.e., M, << m}
and a reference temperature of 0, the temperature will vary exponentially with
distance. Now, the rate of reoction in the residue layer may be given by an
Arrhenius expression

. _ -B/T (E4)
p2 - -pz Ae

for the case where surface reactions are assumed to occur with negligible change in
specific surface during the course of the reaction, Substituting equation (E4) into
(E2) gives the rate of surface recession as

{
s = f—A e-B/I d> (E3)
0
Differentiating equation (E3) for T = 0 yields
° (E6)
dT = T e-Cx (-C dx) = ~-C T dx (E6)

w
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and hence

dT e
dx i (E7)
Therefcre,
0
\ f e (E8)
S = F T dr
T
B w
The substitution of v = - leads to the expression

© B/Tw
« -A e dv A f e " dv
= c f v e v (E9)
B/T w
w

Thus, the surface recession is given by an exponential integral under the assumptions
chosen,

For use in an ablation computer program, the exponential integral may be eval-
vated over a temperature range of interest and fitfed to a second Arrhenius expression
to be used in the subroutine calculating the rate of sublimaticn,
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INTERNAL SLIP FLOW EFFECTS ON THE PRESSURE DROP
ACROSS POROUS SLABS

It is well known that at low pressures, slip flow within the matrix may dominate
the momentum transfer process (reference 35). An apparent permeability may be
defined that includes internal slip flow etfects and may be used in the Darcy equation
without changing its form. This apporent permecbility is defined as

2
_ ~ § SGT] (F1)
r=r, [%75; v

«here the first term on the right-hand side of the equation is the purely viscous
value of permeability and the second term represents the contribution due to internal
slip flow. The ratio of apparent permeability to purely viscous permeability there-
fore becomes

A
Lo-vs £ pyeCT (F2)
™ ;

The internal surface area per unit volume A may be calculated from the viscous
permeability using the Kozeny relation (refdrence 35)

¢ 3
A = - “’

P é v,0
Using the value of I’ for the Apollo heat shield material determined in reference 22,

the value of the ratié becomes
1.4

(5]

I . 1+ 20 =2V2 (F4)
r‘V

P

where the pressure is in pounds per square foot and the temperature is in degrees
Rankine. It is seen that at fow piessures, the apparent permeability may be one
order of magnitude (or more) greater than the purely viscous valve of permeability.
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