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NOMENCIATURE

constants in enthalpy curve fits
constant in Appendix B

Blowing parameter

constant in Appendix B

specific heat

binary diffusion coefficient
constant in Appendix B
non-dimensional velocity
constant in Appendix B
non-dimensional enthalpy
constant_in Appendix B

enthalpy of species "i"
enthalpy of vaporized gases
effectivé heat of vaporization
stagnation enthalpy

thermal conductivity

equilibrium constant

'slab thicknéss

Lewis number
convective mass flow rate per unit area
molecular weight of species "i"

Ns Y

total mass flux of species i
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w]

Sc

T*

pressure
Prandtl nuhber

heat transfer per unit area per unit time
total heat transfer per unit area

radius in cylindrical coeordinates

specles gas constant

MM

ratio by mass of element k in gpecies i
body surface coordinate parallel to surface

transformation variable

‘Sclmidt number

temperature

non-dimensional temperature in viscosity formulation

- fluid velocity in main flow direction

non-dimensional velocity, eguation 3.47, page kb
fluid velccity in cross flow direction
interface velocity

chemical generation rate per unit volnme'
variable defined by equation B.3a, page 113
coordinate in slab, normal to surface
species mole fraction

boundary layer cocordinate, norﬁal to slab
species mass fraction

mass fraction of element k

Jet coordinate defined in Figure k&, page 42

non-dimensional mass fraction




non-dimensional variables, équation 3.12, page 23

Subscripts

_ properties of solid matrix

free stream values

value for fuel in jét

component "i"

value at torch exit

initial condition of slab

_ properties in void space of slab
reference property values
denotes radiation

surface value in slab

value at iﬁterface

surface value in gas environment

effective values in region T

effective values in region II

Superscripts

terms evaluated on the positive side of a given
position

terms evaluated on the negative side of a given
position

denctes coordinates in moving reference frame

Greek Symbols

thermal diffusivity




Symbol

coefficient in equation 3.30, page 34

parameter in Lennard-Jones potential
transformation variable

Boltzmenn's constant

general transport parameter'

non-dimensional variables, equations 3.29, page 34
viscosity

dengity

| porosity

force constant in Lennard-Jones potential

time

defined by equation 3.29, page 3k

viscosity parameter defined by equation C.5, page 120

non-dimensional collision cross-section




SUMMARY

The primary objJective of this investigation was to develop an
analysis for the thermal response of a porous, transpiration cooled;
thermal protection maferial which'included the thermal and chemical
coupling phenomeﬁa of the test environment and fo compare these results
with experimental measurements.

A theory was developed for the transient temperﬁture history
of a_porous ceramic, impregnated with a gelatine hydrate, subjected
to the exhaust of an oxy-acetylene torch. The analysis considered
the transient recession of the vaporizing impregnate interface and
the resultant flow of water vapor through the porous matrix to the
heated surface., Heat and vapor flow were aésumed to be one dimensional
in the direction normal to the heated surface with variable thermal
conductivity and.vaPOr specific heat on the heated side of the inter-
face. The boundary condition at the heated surface included the
effects of surface injection on the boundary layer profiles and
included surface radiation and diffusion of gaseous species to and
from the surface for thermal equilibriwm among six chemical species:
H.0, CO |

2 22 72 2

A separate analysis was performed to determine the free streanm

chemistry and thermal properties along the axig of a turbulent, reacting
Jet considering mixing with a quiescent atmdsphere. The results of

this analysis provided the specification of the free stream thermal

and chemical enviromment in the oxy-acetylene test facility. The
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turbulent ILewis number was assumed to be unity and local thermodynamic
equilibrium was assumed to exist in the Jet.

The centerline stagnation pressure and heat transfer rate were
measured for a rangé of fuel flow rates in the oxy-acetylene torch.
Heating of the porous, impregnated samples was performed at a distance
of 2.5 inches from the torch tip at a cold-wall heat flux of 150 BTU/
ftesec; The transient temperéture response in the heated samples was
monitoréd.bj thermécouples imbedded at depths from .125 to 1.0 inch

below the heated surface.

The results of the turbulent mixing dnalysis indicated a

significant variation in element mass fraction along the axis of the
Jet as a.resulf of mixing with the atmesphere. This indicated that
the environmental chemistry to which a given sample was exposed wasl
dependent upon the location in the Jet exhaust.

Surface recombination was affected by the depletion of availsble
oxygen as the torch tip was approached. The net effect of surface
chemistry in the energy balance at the heated surface predicted a
positive contribution to the net surface heat transfer as a result of
surface recombination.

Tests of the porous impregnated samples indicated that approxi-
mately 700 seconds were required for the gelatine interface to recede
through the matrix. A definite isothermal period was indicated with
the passage of the intérface past a given point.

A caleulation of the total energy transmitted to the porous
matrix, indicated approximately 50 percent went ihto stored energy

of the gases released with impregnate vaporization and approximately
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. 20 percent went to interface vaporization. The analysis'prediéted
that at locations closer to the torch tip, the contribution of surface
chemistry to the heat transfer and the conftribution of the impregnate
vapor to the thermal protection increased.

An analysis of ﬁhé'system response in an air enviromment at
the same éoldswali heat flux and free stream temperature.indicated
minimal difference in the protection time. However the relative
contribution of suffaée recombination, surface injection, and hot-wall

effects were significantly different.




CHAPTER I
INTRODUCTION

The analysis, testing, and evaluation of structural and thermal
prdtegtion matefials_is'a commbn task in engineering. This task has

been significantly complicated, however, by advanced space flight

requirements and other severe thermal environments such as the "3000 R"

* .
gas turbine (1) . With the wide range of test durations, temperature

levels, flow dynamics, and envirommental chemistry of these applications,

it is no longer sufficient to select materials on jJust the ability to
withstand a given'environmehtal temperature, Advanced protection
systems, utilizing ablation or transpiration cooling, have introduced
new phenomenclogical considerations and protection criteria in their.
many applications, A second difficulty arises through experimental
evaluation procedures common teo high temperature material testing.
Many tests are not made under conditions simulating the apblication
environment. If the data analysis techniques do not include the
gignificant environmental coupling phenomena, evaluation of experi-
‘mental results for application in other environments become uncertain
and perhaps even arbitrary. Even with the inclusion of significant
coupling phenomena, the problem of estimating their respective con-

tributions under other than knowm test conditions is often difficult.

r—
Numbers in parentheses refer to cited references, page 125.




The problem considered herein provides an analysis of one thermal pro-
tection material with a parallel effort to couple the analysis to the
actual experimental conditions sﬁch that criteria for evaluation in
other environments can be established. Ehﬁphasis was placed on the
mechanism of envirommental interactions and the relative contributions
of various phenomena relative to the total thermal proteétidn. The
analysis aﬁd experimental tests considered a transpiration cooled
porous ceramic'with a hydrous impregnate; however; the basic method
and phenomena.considered apply to a broad range of transpiration
cooled systems. |

- The systém proposed for study 1s a porous ceramic, slip cast
fused silica foam {SCFS), impregnated with commerical unflawvored
gelatine containing water of hydration. This system lncorporates
several of the best characteristics.of both the ablative and trans-
piration cocled systems. A comparatively low thermal conductivity
material minimizes conduction into the interior. This also results
in 8 raﬁid initial rige in surface temperature which reduces the free
stream to surface temperature difference and increases radiation from
the surface. Release of the vaporized impregnate {as discussed in
the subsequent model) decreases the surface heat transfer due to the
"blowing".effect. A further energy absocrption occuré at the impreg-
nate interface due to the hydrate vaporization. One advantage of
this system is that dehydration and vapofization of the impregnate
ié self-regulating with respect to incident heat flux and does not
require a coolant transfer system comon to many transpiration cooling

concepts.




Experimental testing was performed using a subsonic, oxygen-
acetylene torch facility. The analysis points'out.the significant
coupling phenahena associated with this emviromment and their importance
in the evaluation of experimental results. While the results presented
in this investigation apply directly to the transient response of an
impregnated, porous ceramic in a particular environment,'the basic
methods developed for consideration of the phenomena involved in the
analysis apply to either transient or steady-state conditions, with or
without internal phase changes for a wide range of environmentai

chemistries.




CHAPTER II
HISTORICAL BACKGROUND

Literature relsted to the problem of interest here generally
falls into the catagories of analyses of the thermal response of porous
media and the effects of surface mass injJection on boundery layer heat
transfer.
Early analyses by Weinbaum and Wheeler (2), Schneider and
Brogan (3), and Mendelsohn (4) considered the steady flow of a fluid
through porous media. Weinbaum and Wheeler determined the sgteady- .
state temperatﬁre distribution whereas the latter two reporis anzlyzed
the transient thermal response assuming the surface heat flux was
fixed or known through the surface heat transfer coefficieht and
basically,fconsidered only the additional convective term in the
energy equation for the temperature disiribution in the porous matrix.
Grosh (5) performed an analytical study of a porous, liguid-
.filled medis considering internal phase change at a moving interface.
A similiar solution was obtained by assuming the interface position,
xv* , wa8 directly proportional to JF;. The results were completely
uncoupled from the environment, however, by assuming a step change in
surface temperature and thus eliminating the effects of surface
reactions, mass addition, and boundary layer chemiétry.

Studies of ablative systems (6, 7, 8, 9) generally centered on

the predicticn of the rate of ablative mass loss for various models

* The 1list of symbols is given on page xii




of aerodynamic heating. Bethe and Adams (T)Iconsidered the steady-
state, stagnation point ablation of glassy materials. Reduction of
surface heat transfer due to.chemical reactions and surface radiétion
were not considered. It is pointed ocut in the discussion by Bethe and
Adams that desirable properties of tﬁe ablative material include high
heat capacity, high heat of vaporization and low thermal.conductivity. |
They also note that the reduction in surface heat flux due to boundary
layer inJection decreases with inecreasing mdlecular weight of injectahts.

Hidalgo {8) extended the analysis of Bethe and Adams to predict
ablation away from the stagnation point for bodies of revolution.
Results are presented for the respgctive contribution of vaporization,
mass injJection, radiation, and héa.t capacity to the total heat flux
reduction. Vaporization accounts for approximately 60 percent of
the energy transfer with the remainder somewhat evenly divided befween
the other phencmena. While the results are for steady-state ablation,
the respective contributions are fairly constant for calculations made
at two successive points along & trajectory. The proportionately high
contribution by vaporization t§ the total energy absorbed is due in
part to the high apparent latent heat of silica and the fact that the
interface vaporization occurs at the heated surface., This is not the
cage for a porous, impregnated cepramic.

Koh and del Casal {9) analyzed the steady.flcw of two flunids,
NH3 and air, through a porous matrix for fixed values of surface
temperature and coolant reservoir temperature. 1In each case the
effect of dissociation of the transpiring fluid was to significantly

reduce the flow rate required to maintain a given surface temperature.




Important experimental studies include those of Poulos, Walton,
and Flkins (10) and Gorton (11). The former performed initial tests
on the.feasibility of hydrated protection systems using a cement
filléd, stainless steel honeycomb structure and a porous ceramic
filled with silica gel. Hydrate degradation cdntributed approximately
100 seconds to the total thermal protection of the cement system; how-
ever severe ﬁeltihg occurred in some tesats. In similar results for
the hydroué éel;filled ceramic,-the impregnate was liberated without
damage to the porous matrix. The'timg required for a specified back-
gide temperatﬁre rise_appeared to be from two to five times grester
than that of unimpregnated samples. Advantages of the gel-filled
system oﬁer that 6f the cement filled system include the fact that
the gel-filled does not depend on the hydrate bond for its strength
and that water contents of up to 50 percent by weight are possible.
The study by Gorton {11) was concerned with the use of ammonia as a
reactive coolant in steady flow through an electrically heated, porous,
nichrome plate. Of particular importance was the estimation of the
amount of energy attributed t¢ internal NH3 dissociation. The energy
absorption due to ammonia dissociation was as much as 65 percent of
the total energy absorption for a porous plate with a known internsal,
electrical heat generation, Likewise, the steady-state tempeyature
gradient through the plate was significantly reduced with increased
ccolant flow for a given rate of heat generation,

Studies concerning the effects of mass injJection on surface
heat transfer are generally concerned with predicting the degree of

surface heat flux reduction for various types and ranges of inJection.




As such, the analyses are generally uncoupled from the transieht body
heating problem by considering either specified injection rates, fixed
wall temperature, or both.

lees (12) presented an analysis of convective heating conslder-
ing boundarj layer reactions with surface inJection. An extension of
this theory presented by Penner and Williams (13) resulted in the
formulation of similar solutions for element mass fraction and stag-
nation enthalpy for Le = 1 that were independent of the chemical
reaction model. Lees concluded that dissociation of the inJected
material would reducé heat transfer except for cases where catalytic
recombination oceurs” at the surface,

The steady, cold-wall injection of helium was studied by Fox
and Libby (lh); Fair agreement is obtained with a ﬁrevious conclusion
by Ceorgeiv, et al. (15) that the surface heat transfer with foreign
gas injecﬂion into air is proporticnal to the ratio of the molecular-
weight of air divided by that of the injectant.

Weston (16) considered air injection into the high speed, air
boundary layer for fixed, cold-wall temperatures and steady-state
conditions. Significantly higher heating rates are obtained consider-
ing equilibriﬁm, rezl-air as compared to a previous perfect gas, linear
viscosity versus temperature model. A'subsequent ahalysis by Weston
.(17) considers steady Né injection from an ablating, porous carbon
surface into a frozen boundary layer with chemical equilibrium at the
surface. The nitrogen injJection was found to significantly reduce
carbon mass loss and also result in an order of magnitude lower heat

flux at a blowlng parameter of four as compared to the pure ablating




case. One effect of wall chemistry was observed in an increase in
wall enthalpy from 284 to 731 BTU/lbm at & fixed wall temperature of
2000°K when the Né inJection raté was varied, This was attributed to
the shift of element and therefore species concentration at the sur-
face with mass addition.

A contrasting effect of surface mass addition on heat transfer
was obtained by Scala and Gilbert (18) for the sublimation of graphite

at hypersonic speeds. Oxidation of graphite to CO, and CO results in

2
a positive contribution to the surface heat transfer. However, the
blowing effect tends to decrease q with the net result that the
heating level remains fairly constant. This analysis is again not
coupled to the transient body response to the surface heating.

The results of the last two analyses Justifies the statement
by Penner and.Iibby (19) to the effect that the formulation of the
non-steady ablation problem is strongly dependent upon the physico-
chemical character of the ablating species.

Applications for a thermal protection system incorporating
transpiration cooling can be seen in several areas of research, Of
primar& importance in the design formulation of the space shuttle is
the concept of reusability. Faget (20) indicates that this criteria
alone could lead to.a cost per pound of pay load reduction of from
cne to two orders of magnitude., Thus an ablative type heat shield,
with the resulting degradation of the surface covering would not be
desirable. It 1s also indicated that surface  temperatures under 2000
F are possible over 90 percent of the body. However, the duration

of the total heat pulse could be up to 35 minutes depending ont angle




of attack during re-entry. A reusable porous matrix utilizing wvapor-
ization of a transpiration ceoolant could possibly provide the needed_
thermal protection at low surface temperatures and offer continued
\service.

A seconﬁ application is seen in the trend to the high temperature
gas turbine. Bayley and Turner (21) studied the aﬁplication of trans-
piration COoling to both the turbine blades and combustion chamber with
the results attractive in both cases; Theoretical studies indicate
cooling air requirements to be reduced by factors of two to four compared
with conventional film-cooling methods. The application to turbine
blades wonld appear to make possible gas temperstures on the order of
1800°K. Several advantages can be seen for the latter application using
water vapor as inJectant rather than air. The lncreased dénsity would
lead to greater power production proportional to the increased mass
flow. The more efficient transpiration cooling achieved due to the
lower molecular weight and the higher specific heat would result in a
larger energy storage at a given temperature level.

Another important aspect of the present work concerns the tur-
bulent mixing analysis of the oxy-acetyiene facility. Combustion gas
torches and arc-plasma units have béen widely used as experimental
screening facilities for ablative systems due to their relatively low
cost, availability, ease of operation, and reproducible results (22).

Of these, ﬁhe oxy-acetylene torch is perhaps the most widely used.
Evaluation of the performance of the thermal protection in such
facilities does not depend solely on properties of the tested material,

but also on thermal, chemical, and physical interactions of the material
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with the environment. Examples of experimeﬁtal evaluation of such
facilities include work reported by Cutting, Fay, Hogan, and Moffatt
(23). Tests were perfbrmed with known acefylene-oxygen mixtures in a
shock tube. While énvironmental chemi stry was considered in the energy
transfer reported in the above work, thermal testing in an oxy-
acetylene tbréh poses the added problem of mixing with the surrounding

atmosphere.
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CHAPTER III
THEORETICAL ANALYSIS

An evaluation of the thermal protection which can be achieved
by a porous ceramic requires that the transient thermal response of
the material be determined subjJect to the desired heat flux boundary
conditions. The analysis presented in this chapter is formulated to
predict transient temperature distributions in a poroué, impregnated
ceranmic inciudiﬁg coupling phenomena for a given environment. Effects
of hydrate breakdown of the impreghate in fhe porous matrix, environ-
mental chemistry, mass addition, and chemical reactions in the gas

boundary layer are included.

Model for Porous Ceramic

The system studied consisted of a slip cast silica fo&m slab
which contained a water-bearing gel as an impregnate. The foam used*
was a porous matrix with a porosity of 0.60 and a density of 50 lbm/ft3.
The vﬁid space consisted of irregularly shaped pores, randomly spaced
but sufficiently connected that vapor flow could be obtained through
the porous matrix. A uniformly impregnated slab was assﬁmed at a
uniform initial temperature. Transient heating of the surface began
with a sudden change in the free stiream environmment of the slab. The

surface heat flux to the slab was dependent on these envirommental

. _
Samples were supplied by GlasRock Inc., Atlanta, Georgia.
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conditions, and also on the instantaneous.conditions.at the heated sur-

face, e.g., T(x = 0) and ﬁv (x = 0). The temperature at which the
hydrate breakdown occurs, Tv’ is determined by a vapor-pressure relation
for the gel in a manner similar to the vaporization of saturated liquids.
Vaporization of the released water molecule takes place at increasing
depths within'the matix when the heat of vaporization is'supplied.

Tv was assﬁmed to remain cohstant as the interface receded. TFhenomena
relating to the hydrate breakdown and interface model are discussed

in detail in a subseduent section. Thus two distinct regions were

assumed to exist in the porous matrix as indicated schematically by
Figure 1, page 13.

Region I is next to the heated surface andlconsists of the
porous, solid matrix with the vapor flow resulting from the impregnate
dehydration. Vapor flow rates were low and the gas was assumed to be
at the same temperature as the surrounding solid. All heat transfer
and fluid flow was assumed to be one dimensional in the direction
normal to the surface. Region IT contains the unvapofized impregnate i

within the porous solid with the rear face assumed to be insulated

and sealed to vapor flow such that vapor leaves only through the !
heated surface and counter to the direction of heat transfer. i

| Separating the two regions is an interface defined by the ' ' i
instantaneous location, X, of a temperature plane corresponding to
the state at which impregnafe breakdown oceurs, A discontinuity in H
the slope of the temperature profile occurs at this interface due to ﬁ
the different thermal propertieé on either side and a net heat flux ﬁ

to the interface. The difference in hest flux on either side is
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related by an energy balance to the rate of impregnate vaporization.
This vaporization raté can then be used to determine the velocity at

which the interface moves through the slab,

' Energy Equations

Governing equations for the energy transfer in the two regions
were obtained from an energy balance for the model described above,

This is presented in Appendix A, page 104, The results are given

below.
Region T
BB gEE) daw  ow
Region IT
0,05 %f— = ?32 (3:2 -g}%) (3.2)

It is seen that the two equations differ only in the appropriate pro-
perty values for the respective regions and in the convective enthalpy
flux term appearing in equation 3.1. This term accounts for the energy

flux associated with the vapor flow in Region I. The possibility of
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variable propertiés has been retained, however the condition of one
dimensionality has been imposed.

Effeétive thermal properties defined by equation 3.3 were used
for each region. Wiener (24) proposed these results as one of two

bounding formulas for porous media,

k) =ok + (1 - o) Xy (3.3)

P1

The assumption of parallel thermal resistances of the solid and void
regions results in an upper bound for the thermal conductivity given
by equation'3.3. Minimum values are obtained by assuming thermal
resistances in series. Deissler and Boegli (25} reported the variation
between these limits as a function of the ratio of solid to void space
conductivity. Using a value of kd/kp of' seven, which cprresponds to
silica and water vapor, the difference in the upper and lower limits
of effective conductivity is approximately 28 percent of kd. Cheng

a becomes greater than kp,‘the effective ;
conductivity tends to approach values predicted by equation'3.3. On

{26) also reports that as k

this basis, equations 3.3 were used for effective properties of the

porous media used in this investigation.
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Boundary Conditions
Due o the mathemgtical nature of the two equations, two boundary
conditions on position and one on time must be specified for the energy

equation in each region. These are given below.

Region T
_kg) =qr) 3x=0,allx (3.4
%x=0
T = Tv 3 X =.xv, all -
T = TO 3 all x, ¢ =0
Region II

T=T ;x=x_,all g (3.5}
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Each of the sbove ﬁoundary conditions are easily implemented in the
solution procedure with the exception of the heat flux, Ay because
of its complex dependency upon the solution for the porous slab and
upon conditions at the gas-slab interface, For this reason, this
boundary condition is treated separately in a later section. The
solution technique for equations 3.1 and 3.2 is presented assuming
at any given time that the surface heat flux, Qg is known.

Moving Reference Frame

Due to the importance of the interface §n the internal tempera-
ture profiles and on the surface heat flux through the vaporization
rate, it is advantageous to formulate a moving coordinate system
measured relative to the instantaneous interface position. Consider
now the'x', r' coordinate system where x' is the instantaneous distance
to a point in the slab relative to the interface as shown in Figure 1,

The new coordinates are defined by:

. |
%' = x - IO v, dr (3.6)
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v = (3.7)

Performing the coordinate transformation, equations 3.1 and 3.2

(Appendix A) respectively become:

Region T
ony Ber = e B B} 6o
f % A~
Region IT

0,C =2 {ka..'gxg‘} + (3.9)
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Since each of the boundary conditions are either in the form of
constants or derivatives with respect to x, tﬁeir form remains the
same in the new coordinate system., Tt should be noted that the only
change in the governing equations is the addition of the convective
energy term which accounts for the slab movement ihto the differential
control volume relative to an observer at the interface.

Interface

Before the solution %o equaﬁions 3.8 and 3.9 can be obtained,
equations for the interface velocity and mass flow rate of vaporized
impregnate must be obtained. Figure 2 is a schematic- drawing of the

model at the interface.

I—’Vv

AT s NN
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REGION T X"‘ O REGION T

. Figure 2. Schematic Drawing of
interface




The éignificant phenomena occuring here will be the hydrate breakdown:
and the resulting release and vaporization of_the bound moisture.
The hydrate chosen for study is that formed between gelatine and water.
Gelatine is essentially protein for which six amino ascids form approxi-
" mately 90 percent of its composition (27). The phenomena of hydration
is due to the polar propertieé of water ﬁhich caiuse a bihding_of watef
dipoles to ions or ionic groups or to dipoles or polar groups, In the
case of gelatine, it is the latter boﬁd which effects hydration.
According to the fibrillar theory, however, only a small portion of
the water is actuwally involved in the hydration with the majJor porticn
held in the gel by capillary forces between the long, thread-like,
protein chains in fhe gelatine (28). Haurowitz (29) states that
gelatihe gels are ablé to immobilize about 30 grams of water per
gram qf dry gelatine whereas the amount of water bound by hydration
amounts to only .2'; .5 grams per gram of protein. The remainder of
this water is "free”. He further states that the hydrate bond energy
for water and gelatine is approximately 3000 cal/gm mole of bound
water. Based on these values, the energy required for hydrate break-
down is less than 0.05 percent of the energy required for water
vaperization. : !
‘Thus the model chosen for the phenomena occuring at the inter- |
face will assume that an épparent heat of vaporization, ﬁhv s 18
absorbed at the interface in vaporizing the water of hydration and.
free water moleculeé. It will be assumed that the only significanée
of the gelatine in the hydrate breakdowm is in the difference of the

vaporization temperature from that of pure water and in the contribution
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of the hydrate bond energy to &hv' Based on these éssumptions, an

energy balance at the interface yields,

. T T s
oV, th = -k %E)x; + K, -g-x-)x+ (3.10)
_ M

The gquantity cﬁvv represents the instantaneous mass rate of
vaporization per unit total, ares at the interface and ghv represénts
the total energy per 1bm required for dehydration and vaporization of
the impregnate. Assuming that ahv.is a constant, equation 3.10 yields
the instantaneous mass flux into Region I and the instantanecus inter-
face velocity. The assumption that Ahv is constant is valid for

constant pressure and temperature at the interface.

Methed of Solution

A procedure for the simultaneous solution of equations 3.8, 3.9
and 3.10 was Tormilated subject to the prescribed boundary conditions.
There are two significant factors in the formulation of equations 3.8
and 3.9 somewhat different.frqm that of systems with surface phase
changes. The first is that the phase transformatibn occurs at &
transient location interior to the heated surface. The interface
recession thus exhibits a somewhat greater dependence upon the trans-
ient respbnse of the solid structure.

The second factor coneerns the term in equation 3.8 accounting

for the energy transfer associated with the gases released by interface
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vaporization. A ccrrespbnding phenomena does not exist in the governing
equations for surface ablative systems. Thus_it will be significént to
determine the relative éontribution of this term in comparison with
other factors such as the impregnate phase change and heat capacity

of the solid matrix. Criteriﬁ can then be established as to the
relative'importance of the latent heat of #apdrization and vapor
specific heat.

Solution for the Initial Period

In general the initial temperature of the slab will be less
than that fequired for impregnate breakdown. An initial solution
must be obtained for the period before surface vaporization begins
for the transient temperature distribution of a finite slab under
prescribed heat flux boundary conditions., If the environmental con-
ditions are essentially constant and the surface temperature change
up to the tiﬁe vapofization begins is small, the surface heat flux
can be assumed to be constant. For these conditions, the temperature

distribution during this time is given by Carslaw and Jaeger (30) as:

Dot 3 - 6xp o+ 12

ky U 42 61°

- (3'.11) '

T(x,r) =T+

22 2
% E% e = (M ap)/T% woging x/L)

- B
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Setting T(x, 1) = Tv’ the time, To? at which vaporization begins
was obtained by trial and error. Iteration continued on To until the
surface temperature calculated from equation 3.11 was within 0.5
percent of Tv' The temperature distribution caleculated at time To
was unsed ag the initial distribution at the time surface vaporization
begins. |

Solution for the Vaporizetion Period |

Equations 3.8 and 3.9 were non-dimensionalized by defining the

following wvariables;

= v - 4 - Y
T = ESETE; >, Xx=x"/L , 1= 2 (3.12)

Where the reference properties kr and a, are defined by the effective
values in Region I at the interface temperature. With these substi-
tutions, the energy equations become

Region I

e 4. (T) IV
={ avf:l(T) + a/v} -bg-i- {3.13)
rl r ¢

) {2

al(T) =
) f}—: {kl(T) ﬁ}
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Region IT

|
%1%

(3.14)

an?

s
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L1

Due to coupling and ndnulinearity existing between the suffaée boundary
condition and the governing equations, the solution was formulated‘for
numerical integration on a high speed, digital computer. An explicit,
forward difference formulation was used in the solution technique for
the energy equations. The equations were linearized by evaluating

all coefficients at temperatures known at a given time period.

Region I

6(;31' I &E) it ﬁ(E).’F) = { ITleQ/l (3015)
AT % Xy

W, T(x + ax) - T(x,7) ;L
} { AX } “rkl(x) AX

{ T{x + px,7) - T(xr) _

CHCRR)
AX

(equation cont.)
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kl(;) { T(Ea;) = ?(E - ﬁ;c—s;) })
AX '

Region II

V. L
K

T(x,q + p1) - T(x,7) T(x + aAx,7) - T(X,7)
L = 2 (3.26)
AT % { AX }

%2 [ T(x + ax,7) - 2M(x,7) + T(X - p*,7T)
+ = d
e | = )

Before equations 3.15 and 3.16 can be integrated numerically, property
déta., interface velocity, and boundary conditions must be specified. .
Assuming that at any given time, 7', a temperature distribution, T(x,r1),
is known, property values are _obtained from equations and values tab-
ulated in Appendix C. The interface velocity, Vv, is obtained from
equation 3.10 and the current temperature distribution. Forward and
backward difference expanslons about Xv a8 given by Wiley (31) weré
used respectively for the derivatives g) + and %T—-:) e

¥ x ¥ x
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The boundary condition between Region I and II is fixed by
the specification of interface temperature yielding T(xv,¢) = 0. The
insulated rear surface results in a zero temperature_gradient for the
last element of Region Ii.

Surface Boundary Condition

Up to this point, it has been assumed that the surface heat
transfer i1s known in the formulation of the solution technique. At‘
any instant of time ﬁowever, the wall flux will be dependent upon
the envirommental conditions,lsurface temperature, surface chemistry,
and mass addition into the boundary layer. The significance of the
environmental conditions is not only in the free stream temperafure
and enthalpy, but also in the pﬁrticular chemical species present in
the free stream and their guantity. This will influence the species
and their masgnitude at the-sufface as will bhe discussed subseguently.
Thus thé surface heat flux is strongly coupled to the envirommental
conditions as well as to the transient temﬁerature response for the
vaporizing, porous slab.

A schematic drawing of the porous surface model depicting the
phenomena to be considered is shown in Figure 3. It has been assumed
that the surface mass transfer intoe the boundary layer cccurs uniformly
over the surface and that diffusion into the porous matrix by gaseous
species in the boundary layer is negligible.. Enthalpies shown are for
the gaseous speéies crossing the surface and include the chemical
enthalpy of formation for each component.

An energy balance for the model shown in Figure 3 yields




27

l \Wl\\\}?

qdy —" +—qq
GAS N '\\\\\\
BOUNDARY Injh, - ~F— 1, h
LAYER

\
INARRRN
' N

|
I
i
I I

Figure 3. Schematic Drawing of

the Heated Surface

.

- = 1
Gt = d, e ) by )w (3.17)

- pv)w {hW - hs}

The first term on the right of 3.17 accounts for the conduction to
the slab from the gas boundary layer and is dependent upon the surface
mass transfer rafe, the free stream temperature and chemistry. The
next term accounts for the net energy flux due to diffusion at the

surface and the last term includes chemistry and phase changes at the
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surface. The tenn-qR accounts for the net radiation heat transfer per
unit area from the heated surface. Walton (32) reports that the net

radiation from slip cast fused silica can be estimated from

- L -
qp = .171%.10 8 eg Ty (3.18)

where &R is the.apparent emissivity of the radiating surface, Walton
reports ey to have & value between 0;6 and 0.7 below the softening
temperature and between 0.3 and 0.} above. Due to the rapid initial
rise of surface temperature for the cases considered in this study,
the emissivity will be assumed constant and equal to 0.3 for all
calculations involving thermal radiatioﬁ. Equation 3.17 can be

rewritten in terms of the stagnation enthalpy to obtain

(e Ry

NY.
Gt ap =52 v (e~ ) n ) - gv), (b -h) (3.9)

w w

The stagnation enthalpy is introduced to facilitate the use of results
of boundary conditions obtainéd from the Jét_mixing analysis discqssed
in & subsequent gection. At any given time, the surface temperature,
T,» and mass addition, pv)w were known from the solutions of the energy

equations for Regions I and II for the'previous time period. However
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the surface mass fractions and the gradients of enthalpy and Yi remain
to be determined in the above equation. This must come from an
analysis of the conservation equations for a chemically reacting

boundary layer with surface mass addition.

Gas Boundary layer

The conservation equations for the steady, axisymmetrie,
chemically reacting, boundary layer flow of a multicomponent gas over

a blunt body fran:Dorrance'(33) are:

Continuity
'%_gpur) + %(p"r) =0 (3.20)
Momentum
YR - N | DP-}+ v e (3.21)
Pos Py wlhtw Pe’e Ts .
Energy
I _ b L NeE S '
pugﬂsuvw-w Byl ed-g) (3.22)

{equation cont.)
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Species

¥, o, ¥y,

1 _d [ i .
Mt el P )t (3.23)

It is assumed the gas boundary layer can be approximated as an effective
binary mixture with one diffusion coefficient, Dle’ épplicable for
diffusion of all species. BSolutions to the equations given above

yield the wall gradients necessary to evaluate the sﬁrface heat trans-
fer. This solution should account for the effects of surface mass
addition, Pr not equal to one, chemical reactions, and blunt-body
geonetry, ( %;ﬂ 0 ) When considering chemical reactions, a source
term accounting for the generation of a given species complicates

the species equation. This difficulty can be overcome by writing the
conservation of species eguation in terms of the element mass- fraction

I, as suggested by ILees (12). Equation (3.23) then becomes

¥, My 8 g B
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where

T = Z Ty U4

and r, , represents the ratio by mass of element k in species nyt
, .

Solutions toc Boundary layer Equations

Equations 3.21, 2.22 and 3.24h are transformed into ordinary

differential equations by introducing independent variable transfor-

mations defined as follows:

Palel
n=—_—;fy-9—dy - (3.25)
(25)2 Yo Pe '
and
- s 2
s =I Potal uedS (3.26)
o

and the following non-dimensional dependent variables:




£'{n) = ufu_(s)

) = T/5(0)
g(n) = I/I_(s)

The transf:ormed equations, (see e.g. Dorrance) are
(c£"}' + ££" + EE'QEE-{ e -.f'e} =0
: e dg p

| o5f! |
S ) . ae {_9, L.
(Prg)+fg' Te gd§+ (e -1

hYie ' ouet 1 '
—— ____'_' _— - -1
z = zi} +Ie{(_Pr ,1)cff }
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(3.27)

(3.280)

(3.28b)
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and
( . \' 2Ef'zi ine
= Z! )} + fZ! = ' {3.28¢c)
\ 8¢ 1/ 1 Y, ds
where
O o=
Pebe

For the case of axisymmetric stagnation flow, Schlichting {34)

suggests a potential flow solution of the form, u = as,

Assuming the product pp is constant, it can then be shovm that

Intfoducing non-dimensional variables nT(n) and ﬂAB(ﬂ) defined

by
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g-
b Z: ’ (3-29)
and
_ By - Py
e T Tz’

equaﬁions 3.27, 3.28 and 3.29 become, for an axisymmetric stagnation

point:
- +'ff" s B(L-13) =0 (3.30).
where B=3
B =0 (3.31)
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and

fr ' t =
Myg * Sc £ mp =0 (3.32)

for Ie = 1, pg = constant, p/pe = 1 and constant Prandtl and Schmidb

numbers., The lattér assumption is not necessary when the last term

of equation 3.3C is not significant as has been suggested by Lees (12).
Elzy and Sisson (35) have obtained the numerical solution for a

set of eguations in the form of 3.30, 3.31, and 3.32 with equivalent |

- boundary conditions. Tabulated results are given for dimensionless

distributions and gradients of the dependent variables. From the

definition of the dimensionless wvelocity function, it can be shown that

- pv)

4

£(0) = (3.33)

al.
2|

2peu,e T

By using solutions tabulated for £(0) calculated from a known value of
pv)w, surface ihjection is considered in the results for the wall
gradients. Substitution of the nondimensional variables into equation

3.1% yields
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Ag * ag = %J 2 pepe %‘383 (TIe - Iw) (3.34)
n%(o)”- V)., (hw - hs)

Tt would appear that the last term in equation 3.3% is a "blowing"
effect on heat transfer. This term however accounts only for phase
changes and/or cheﬁical reaction of the injected fluid at the porous
surface. The true blowing effect on heat transfer is accounted for

in the quantity ﬂi(o) which could more exactly be written as ﬂ%(o, B,
£(0), Pr) indicating its dependence upon pressure gradient, mass
injection, and fluid properties. Thus not only does vaporization and
sometimes chemical reactions occur at a surface with mass inJection,.
but also occuring is the effect of surface injection upon the boundary
layer profiles. The above equation also indicates the possibility for
surf&ce'heat transfer to be increased with mass inJection. This has
been suggested by Scala and Gilbert (18) and is possible if the last
term of equaticn 3.34 is negative. Consider the case where a sigﬁif—
icant gquantity of molecular hydrogen is inj}ected at moderate tempera-
tures in a boundary layer with excess oxygen. Under conditions of
thermodynamic equilibrium the exothermic formation of any significant

quantity of water vapor would cause the latter term %o be negative and
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~contribute to an increase in heat transfer.

The évaluation of equation 3.34 is highly coupled to the trans-
ient thermal fesponse of the porous slab. As will be discussed subse-
~ quently, surface temperature and injection rate are required to deter-
mine the surface chemistry. Surface chemistry and temperature are
needed to Qetennine hw’ hs’ and Iw. The injection rate in addition to
appearing in the last term must be known to evaluate the wall gradient,
n%(o). In addition to these factors the environmental chemistry will
significantly influence the wall fluxes through the environmental
enthalpy and surface concentrations.

Lees\(lz) suggests that reSulfs for surfece heat tranafer for
a reacting gas can be cbtained independently'of the boundary layer
rate chemistry model for the case of unity lewis number. The necessity
of realistic surface chemistry becomes significant however in the
evaluation of the wall concentrations and subsequently the wall enthalpy.
This has already been demonstrated by the variation of wall enthalpy
at 2000°K in the work by Weston (17). It is felt this will be most
significant when injecting a foreign species into a given environment,
.8 H20 into air, as opposed to air into air as this would lead to a
larger shift in the element distribution with injection rate. Effects
of environmental chemistry are thus not restricted to the last term of
equation 3.3&._ Free stream composition is alsd gignificant in the
evaluation of any quantity which is dependent upon surface composition
as will be seen in the-fo}lcwing section.

Surface Chemistry Evaluation

The problem is now to determine the surface mass fractions of
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the individual Species for a kﬁown envirommental chemistry, surface
temperature, and mass injection rate into the boundary layer. The
first choice would be to obtain the solution to the conservation of
species equation'fof the prescribed boundaryJConditions. However, as
mentioned_previdusly, when chemical reactions occur in the boundary
layer, these solutions become very difficult to obtain due to the
generation term occuring in the species equation. As discussed pre-
viously, this difficulty is overcome by writing the consérvation of
apecies equation in terms of an element maés fraétion, fk.
The sum of the bulk and diffusion fl&w for an effective binafy

mixture, can be written as follows:

in

In a manner analogous to the procedure for the conservation of species

equation, this can be written for element k to obtain

_ %, o | ‘

where equation 3.36 is the total mass flux of element k. Substitution

of the non-dimensional variables defined in equations 3.25 yields
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after evaluating at the wall

- 1 due [ = -
Yor = 53'/ Zpepe E‘;‘[ Tke ™ iar } Tp(0) (3.37)
+ ?ICW' (P'V')w

Substituting equation 3.33 for pv)w and simplifying we obtain

Y -¢ m,_(0) -
kw k AB
z g Bef(0) (3.38)
kw = ke
where
e
¢ = E;j;‘ (3.39)

represents the mass ffaction of element k in the fluid being injJected.

Defining a blowing parameter B by the relation
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my 5(0)
equation 3.39 becomes
= _ %" Te B
e ST T-B | (3.41)

Equation 3.41 yields the desired surface element concentratibns.for'a
known injection rate £(0), geometry and free sfream.conditions ?ﬁe'
However, before the surface species concentrations can be obtained,
the surface chemistry model must be specified. For the assumption of
chemical equilibrium, species concentrations can be obtained from the
results of equation 3,41 and the following informaetion:

Temperature at g#s-solid interface,

Species being considered,

Element balance for all elements,

- Equilibrium constants.

A gystem of N equations are obtained for the mass fractions of

the N species being considered. These are given in Appendix B for the

system in consideration along with the method used for their solution.

At this point it ig noted that the freestream envirommental




L1

conditionS'have been assumed known in the analysis. This.information,
inclinding freestream temperature, enthalpy, and éhemistry, must be
Idetérmined for the particﬁlar environment to be studied. An analysis
was carried cut to obtain the above properties for the experimental
testing enviromment used for this study, combustion of an oxygen and

acetylene Jet in a staghant atmosphere of air.

Turbulent Jet Mixing Analysis

The analysis o determine the chemical and thermal character-
istics of a reacting Jet must account for the chemical interaction
and mixing of the Jet with the surrcunding atn.losphere.. :f‘igure L
schematically represents the exhéust of the jJet into the surrounding
atmosphere. It is assumed the Jet is a known, axisymmetric mixture
of CF_,TH2 a.nd'O2 which exhausts and mixes with atmospheric 0, and N,.
The governing equ@tiOns for & similar HE’ 02 system in supersonic

combustion have been presented by Libby (36) and are given below.

| 1

B s (o (3.42)
L _ 1 18 '

pu%'i' pVg—;E(epr br) (3.43)

o 54 N L
pu——i-i- v—i—=-i_—'s%(eer 4w, (3.54)
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G&seous radiation and frgé convection have not'been congidered
and the turbulent Lewlis and Praﬂdfl munbers are gssumed o be unity.
The above equations each.possess similar terms with the exception of
the chemical generation term of 3.44, This term can only be neglected
'fof'frozen flow which would generally not be applicable for low speed,
- multicomponent flows of a fuel and an oxidizer (36). This difficulty
is again overcome with the previously mentioned suggestion by lees (12)
by réwriting 3.4l for conservation of elemental mass. As elements
are conserved when considering chemical reactiona, the chemical

generation term, ﬁi’ is identically zero, yielding the result

¥Yy LT Yo | |
pu—b?.—--!- p’V‘-—-;:-:;fr-(epr -fb?) | (3-L|5)

where T& represents the local mass fraction of element "i". The
similarity of equations, 3.42, 3.43 and 3.45 suggests the possibility

of similar solutions such that

g-T - J - k ki ) (3.146)

After defining 'the non-dimensiocnal velocity, U, equations 3.47 follow
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from 3.46.
U (U, - U) + Ie(U - 1)
I= e D) (3.472)
K = ol z;i f?l){ew Y (3.470)
where
U= U./'U.J (3.4'?0)

It is noted that the above results differ from those of Libby
for a Jet exhausting into ah atmosphere with finite velocity. They
are easily obtained however from the essence of his analysis and by
following his suggestion for the case of a quiescenf atmosphere.

Experimental jJustification for the above analysis is available
in the literature. In a report on similar sclutions for turbulent
mixing, Donovan (37) reports that the flow becomes similar beyond an
axial position of about 14 jJet radii. An experimental study by
Chriss (38) reports that profile similarity of composition, velocity,

and total enthalpy is a valid assumption for subsonic mixing of




L5

hydrqgen and alr Jets. He further found that unity turbulent lewis
ﬁumber was a valid assumption for jet to outer region density ratios
down to 0.08.

From the results of equations 3.47, solutions for the variation
of free stream element mass fréction and stagnation enthalpy in the
test environment were obtained as a function of the decay of the non-
dimensiocnal, centerline velocity. Experimental measurement of the
stagnation pressure variation and the Jet velocity as deseribed in
the follewing chapter allowed these results to be transformed into
the physical plane for the oxy-acetylene experimental facility.
Willbanks (39) has also previousiy used a similar application of the
results of Libby to determine the distribution of species mass fraction
and total enthalpy for frozen, supersonic flow in the exhanst of an
oxy-~hydrogen rocket métor. Final specification of species distribution
and adiabatic flame tempersture required a double trial and error pro-
cedure ﬁsing the results of equation 3.47 and Appendix B.

For a given non-dimensional velocity, U, equations 3.47 yield

the local stagnation enthalpy, I, and element mass fraction, T. A

K
local flame temperature was then assumed. With these values, the
analysis of Appendix B was imposed to yield trial wvalues of species

mass fractions for thé assumed temperature. These were used to cal-
culate a test value of the stagnation enthalpy which was compared to
the value predicted by eguation 3.47a. The difference in the two

values wasg used to modify fhe agsuned temperature and the procedure

was repeated until the calculated and predicted values agreed within

one percent.




"This was-répeated for successive values of U until the desired
distribution was obtained.. It is noted that once the above results
were obtained for temperature and concentration distributions, thermal
and transport properties for the species and the mixture were deter-

mined with the relaticns of Appendix C,

Property Data

Thérmodynamic and transport property data used in this analysis
are summarized in Appendixlc. Chemical enthalpy, viécosity, specific
heat and eqﬁilibrium constants were.required for the equilibrium tur-
bulent mixing anaiysisz Thermal anaiysis of the transient heating of
the porous slab required the ébove dats in addition to specific heat
of water vapor and thermal conductivity for Regicnz I and IT. The
equations used and their sources are given for the species and pro-
perty ranges of this inwvestigation.

The solutions for non-dimensional wall gradients for equations
3.30, 3.31, and 3.32 are also given as & function of the injection

parameter, F{0).

Iterstion Procedure

At any glven time, the internal temperature distribution in the
porous slab was known from the previous numerical integration. Before
the difference equations for each region were solved for the following
time interval,.the boundary conditions for the next time period were
determined.

Equation 3.10 was applied to the known temperature profiles to

determine the waporization rate. The surface element mass fractions
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were then obtained from equations 3.41, 3.47b and data for ﬁAB(O).
Knowing the élement concentrations and surface temperature, the
surface species mass fractions and subsequent enthalpy were determined
from the analysis of Appendix B, Equation 3.34 was evaluated to deter-
mine surface heat transfer for the above conditions. Egquations 3.15
and 3.16 were then integrated mwerically to obtain the temperature

profile for the next time period and then the procedure was repeated.

L




CHAPTER IV
EXPERTMENTAL INVESTIGATION

The experimental portion of the investigation was divided into
two parts, Tests were made to analyze experimentally the thermal
enviromment produced by an oxy-acetylene cqmbustién facility. This
included measurement of stagnation heat transfer and pressure for a
range of operating conditions; The second phase consisted of a series
of heat transfer tests on porous, impregnatéd ceramic samples during
which the transient temperature variations in the samples were moni-

tored.

Oxy-acetylene Facility

A schematic drawing of the oxy-acetylene test facility is shown
in Figure 5. A list of the apparatus used in the facility is given in
Table 1.

The fuel and oxidizer line pressure were held constant by the
two-stage pressure regulators listed in Table 1. Fuel and oxidizer
flow rates were determined by the Metco flow meter. Calibration curves
for each gas were supplied by the mamufacturer. Control of the fuel
and oxidizer flow rates was maintained by adjustment of individual
needle values on the mixing chamber. Accuracy of the calibration.
curves was not specified by the manmufacturer; however the flowmeter
could be read to within one SCFH (standard cubic foot per hour) and

estimated to approximately 0.5 SCFH.
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Figure 5. Oxy-acetylene Combustion Facility
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Table 1. Iist of Oxy-acetylene Combustion Equipment

Oxygen regulator ATRCO Model 806-8456

Acetylene regulator ATRCO Model 806-8Lo2

: Heating Tip ATRCO Model 9903-7
Mixing Chamber ATRCO Model 9221
Flowmeter Metco Type GF
Recorder Honeywell Electronik 17
Oscilloscope ' Tektronii Type 3B3

Differential Amplifier Tektronix Type 2463

Calorimeter

Heat flux measurements were made using a Hy-Cal Engineering,
Model C-1300-A-150-072 water cooled calorimeter. The calorimeter had
a calibrated linear d-c output signal of 0-5.5 mv for a surface heat
flux of 0-150 BTU/ftesec. Diameter of the sensor area ﬁas 0.182 inches.
Accuracy was + 3 percent with a sensitivity of 10 millivolts per solar
constant (0.123 BTUfftzéec). The output signal was monitored by the
oscilloscope and differential amplifier unit listed in Table 1. A
typical output from the calorimeter is shown in Figure 6. The vertical
scale is one millivolt per division and the 1.9 millivolts shown indi-
cates a heat flux of 136 BTU/ftgsec from the calibration curve.

Temperature Recorder

The transient temperature variations in the samples tested were
menitored by & Honeywell Electronik 17, Model 153028, two pen recorder.
The recorder had & one second full scale balance speed and range change

kits for full scale balance speed and range change kits for full scale




Figure 6.

Typical OQutput from Heat Flux Calorimeter.
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temperature measurements of 0-2500°F and 0-500°F using chromel-alumel
thermocouﬁles. The recorder accuracy and senéitivify were respectively
+ 0.25 percent and 1°F for the 2500°F range and + l.5°F and 0.5°F for
the 5000F range. The sensitivity will be importaﬁt concerning subse-

quent comments on the measured interface position.

Stagnation Pressure Probe

Figure 7 gives a échematic of the apparatus used for centerline
stagnation pressuré measurements. By activating the linear positioner,
the pressure probe could be moved in and out of the flame élong the
Jet axis and thus obtain the centerline stagnation pressure distriﬁution.
The pressure was measured by a two inch, Ellison inclined draft gage.
This gage was calibrated to read pressure differences up to two inches

of water to the nearest one hundredth of an inch.

Experimental Procedure

Heat Flux Measurements

The stagnation point heat flux of the oxy-acetylene torch'was.
measured for acetylene flow rates from 15 to 40 SCFH at distances of
two to three inches Torm the torch tip. The calorimeter was attached
to a support arm mounted on a horizontal bearing such that the calori-
meter could be rotated into a fixed posgition on the centerline of the
torch exhaust. To obtain a heat flux measurement, the calorimeter was
first attached to thé_sﬁpport mechanism at the desired distance from
the torch tip. After removing the calorimeter from in front of the
tﬁrch, the gases were ignited and the flow rates adjusted to the

desired values as indicated by the flow meter., In all cases the

Tak
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air:fuel ratlio was maintained at 1.2:1, + 10 percent, as recommended by
ASTM (40). Once the desired flow conditions were obtained, the calori-
meter was rotated into a fixed position on the centerline and the

sweep on the.oécilloscope simﬁltaneously triggered. After approxi-
matély three seconds, the calorimeter ﬁas rotated away from the

flame and the resulting output shown on the oscilloscope was photo-
graphed..

It is seén from Figure 6 that the calorimeter output remained
essentially.constant during the test indicating a constant coldawﬁll
heat flux and alsc that the output returned to the zero base line
after the flame was removed., Thig procedure was repeated to obtain
the desired data for subsequent gés.flow rates and calorimeter peositions.

Stagnation Pressure Measurements

The apparatus shown in Figure 7 wﬁs used to measure the center-
line stagnation pressure distribution in the oxy-acetylene faclliity
for a range of air-fuel flow rates. This information was uséd to
determine the centerliine veloecity distribution reqﬁired in the analysis
of Chapter ITI. ‘

Initially the probe was mounted on the actuator and aligned
such that the actuator moved the probe along the axis of the torch
facility. This alignment was made by measurement’ from fixed reference
points and by adjJustment to the poinf of maximum stagnation pressure
at successive distances from the torch exit. The tbrch was then
ignited and the gaslflow rates adjusted to desired values. Center-

line pressure measurements were then recorded as the probe was moved

in and out of the flame.
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i
This procedure was repeated for a range of gas flow rates.
Measurements were made from six inches to within one and one-hslf
inches of the ftorch tip.

Impregnated Ceramic

The final portion of the experimental investigation was con-
cerned with the thermal evaluation of the porous, impregnated, ceramic
samples. Ceramic samples were cut four inches square from plates of
50 lbm/ft3 silica foam which were approximately 0.9 inches thick.
Figure 8 shows a typical cemented sample'with thermocouﬁle leads and
dowel support.

At least two thermocoup;es were placed in each sample tested.
They were constructed from Leeds & Northrup, 28 gage chromel-alumel
thermocouple wire covered with asbestos insulation. Thermocouples
were placed at the desired depths ranging from 3/16 to 0.9 inches
from the heated surface with the Jﬁnction located in the center of
fhe slab as showm in Figure 9. The leads were then brought ocut the
sample sides parallel to the heated surface to minimize thermal
gradients along the thermocouple wire, Pilot holes for the thermocouples
were approximately 0.054 inches in diameter and were drilled with |
a number 54 drill.

| The four sides of the sample and the back surface were covered
with silica cement to provide thermal insulation and a vapor seal for
the impregnate. This insured that the wvaporized impregnate passed
through the heated surface. Dowel pins 0.375 inches in diameter were
cemented in the center of the rear face to provide a support for the

sample.

-



Figure 8.

Photograph of a Typical

~Sample
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A liquid, gelgtine imp?egnate was then put.in the porous sample.
The impregnate used.was Knox, unflavored gelatine. In order to impreg-
nate the porous sample the test pieces were placed in a vacuum chamber-
wﬁich was then evacuated. Liquid gelatine wﬁs then bled into the
chamber, air pressure reimposed and the sample refrigerated in order
to gel the imﬁregnate.

To prepare for a test, a holder fittéd to the dowel.support on
the sample was fastened on the rotating arm described preVibusly.

This arm was in the éhape of a "Y" such_ﬁhat both the heat flux trans-
ducer and a ceramic.sample could be successively rotated into the
torch exhaust. Placement of the holder on the arm was such that the
sample Was centered in the borch exhaust at the desired distance from
the tip when the dowel was inserted into the holder and fhe arm rotated
tq a'predetenmiﬁed position.

Figure 9 is a schematic drawing of a samplelin position in the
torch exhaust. A éecond arm attached to the rotating bearing provided
g support for the calorimeter. This allowed thé initial cold-wall
heat flux to be measured at the desired test conditions Immediately
before the sample test began. This was done on approximately half of
the tests as a check on the previocusly determined heat flux.

The procedure for a typical test run was first to mount and
align the specimen and the caloriméter on the rotating bearing. The
desired flow cbnditions weré then set and the calorimeter rotated
into the flame to measure the heat flux as described previously. The
gample to be tested was then rotated into the same position in the

flame and the Honeywell recorder started. Samples were heagted for
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seven to ten minutes depending on the depth of the thermocouples in a
given specimen.

Thé data recorded for a typical run were oxygen and acetylene
flow rates, oxygen and acetyléne'regulator pfessures, sample position,
thermocouple positions, and & continuous record of the thermal trans- |
ients of each thermocouple. If three temperatures were to be measured,
the recording pen which was monitoring the thermocouple nearest to the
heated surface was switched to the iast thermocouple once the tempera-
ture of the first thermocouple exceeded the range of the recorder.
After completion of the test, the.sample was allowed to cool and
several were cut to determine the one-dimensionality of the recession

of the impregnate.
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CHAPTER V
RESULTS

Figure io depicts a schematic of a ceramic sample during the
heating period. Regicns A and B represent successiﬁe regions of the
model for which individual analyses and messurements were required.
Region A includes the region of mixing and_axial deédy of the subsbnic,
turbulent jet._ Analysis of this region considered the mixing, decay,
and chemistry of the experimental facility to yield the environmental
enthalpy, velocity, and species to which region B is exposed. These
results were available at successive axial fositions, U, downstream
from the Jet exit,

‘Region A also includes the stagnationlpoint_boundary layer on
the test material. It is in this agpect of the problem that the
combined effects of environmental and injectant chemistry, mass addition
into the boundary layer, and the transient response of the material
impose significant coupling effects. Results for this region may be
divided into two successive develomments. The first yields infor-
mation for the "cold-wall" heating enviromment at a specified axial
position, The'second yields the variations of these latter cbnditions
due to the transient thermal response of the heated surface and mass
injection as specified from the solution of region B.

Region B represents the region of soclution for the transient

thermal response of the heated material subJect to the conditions
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imposed with the coupling to the environment of A. The results from
region A provide the heat flux boundary condition for the governing
equations of B, Solution of these equations provide the basis for
evaluation of_the specified system and the relative contribution of
the varions phenomena to the total thermal protection. Results of
the respective énalyses will be presented in the order discussed

above, leading successively to the final system evaluation.

Jet Mixigg_Results

The portion of this study deveted to the evalnatidn of region
A required first the theoretical results of the turbulent mixing
analysié to yield the property variations as a function of the center-
line velocity decay.

Table 2 summarizes the jet exit and environmental conditions
used in the analyses. The Jet Reynol&s mumber of 19,700 for 25 SCFH
is approximately twice the value given by Hottel and Hawthorne (Ll1)
for laminar to turbulent transition. The Jet -velocities are mass
average values calculated frqm'the measured gas flow rates to the
torch. Element and species Jet concentrations are those resﬁlting
from the volumetric ratio of oxidizer to fuel of 1.2 recommended by
AST™ (41). This restriction was applied to the tests for each of
the threé flow rates listed. ZElement mass fractions in the Jet were
therefore constant for all of the thrée flow rates considered.

The variation along the Jet axis of element mass fractions and
free sfream species mass fractions are shown respectively in Figures

11, 12, and 13. Increasing values of U correspond to approaching




Table 2. Jet and Environmental Conditions

Re = 19,000 : P =14.7 psia ' : T'J = 1,000 R N

| C,H, Flow Rates |

15 SCFH o 20 SCFH . 25 SCFH

- Jet Velocity for above Flow Rates -

472 ft/sec ' _ 628 ft/sec 786 ft/sec
Jet Mole Fractions : - 3
_ 02H2 = 0.455 _ 02 = 0.545 | N02/NCZH2 = 1.?
Jet Element Mass Fractions - .
Carbon = .373 : Hydrogen = 0.031 Oxygen = 0,596

Jet Enthalpy: . h = 1664.3 BTU/1bm
Surrownding environment: atmospheric air at 100°F

Mass Fractions
Oxygen = 0.232 Nitrogen = 0.768

Enthalpy = 5.6 BTU/1bm

<9
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the torch or Jet exit. Resﬁlts.of Figure 11 also cofrespond'to surface
element mass fractions for zero injJection. Changes in equilibrium
composition indicated in Figure 12_are 8 result not dnly cf the increase
in flame temperature as the Jet is approached, but also in the signifi-
cant redistribution of element concentration shown in Figure 11 due to
mixing. The U = 0,181 values correspond to the point at which the
impregnated ceramic tests were performed. While.the species concen-
trations of Figures 12 and 13 are important in caiculating the trans-
port and thermodynamic_propertieé of' the multi-component Jet, it.is

the zero inJection element mass fractions at the surfacde which are
directly altered with boundary layer injection a= seen by the depen-
dence of equation 3.38 on £(0). Caleulated surface element mass
fractions for f{0) = -0.753 are alsc shown in Figure 11 to indicate

the magnifude of the shift of element concentration due to surface
injection. This also indicates the degree of coupling for resu;ts

for surface chemistry on envircnmental conditions énd injection rate.
Thus-§ariations in surface species chemistry result from the transient
temperature rise ggg_to the shift in element concentration with injJec-
tion. As rates of injJection d.ecrea.sé, the surface element concen-
trations will approach the zero injection values at specified test
conditions. The rate at which the surface element.concentrations
approach the zero injéction values with descreasing £(0) is linearly
dependent upon free stream element concentration, T&e as can be seen

by differentiaticn of equation 3.38. Through this dependency the
specific environmental chemistry exhibits a significant effect on the

rate of variation of surface heat transfer with inJection rate, f(O).

B
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It. 1s noted that a stoichiometric rﬁtio of oxygen to fuel theoretically
oceurs only at U = 0.264., At this point however the mass ratio of
nitrogen to oxygen is'approximately half that for air. Thus theorebi-
cally, exact.stoichiometric conditions for air and 02H2 do not occur
at any location along the jet axis.
Tt is seen from Figure 13 that the-surface'mass fraction of

molecular oxygen is negligible for U » 0.27. At distances from the
jet exit greater than this, U < 0.27, excess oxygen is available and

| would promotg surface fomation of 002 and HEO which would tend to
increase surface heat transfer as predicted by Lees (12). At locations
closer to the Jet exit, U » 0.27, excess oxygen is not available and

a decreasihg concentration of 002 and HQO should result. Thus the

and the

indicated decreasing concentrations of water vapor and coe

increasing concéntration gf co.

Figure 1h éhows the.prédicted variation of freestream enthaiﬁy
and adiabatic flame femperature. These values are determined for the
local species and elemént'éoncentréﬁions given in the previous figures.

| Comments.are:in order concerning thé magnitude of flame temper-
atures predicted. This analysis predicts a flame temperature of 2685°K
(4834 R) for stoichiometric conditions. This is approximately 70K
above the maximum flame temperatures measured by lewis and von Elbe
(42) also for stoichiometric air/fuel ratios. As has been previously
°noted, a stoichiometric ratio of acetylene to oxygen theoretically
occurs at U = 0.264. At this point the nitrogen to fuel ratio is
4.81 moles Né/mole fuel, espproximately half that of stoichiometric

CH, - air with a predicted Tlame temperature of 5600 R. Gaydon (L43)
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reported that the maximum flame temperaturgs for CEH2/O2 combustion
occur well to the rich side of stoichiometric. Gaydon further reports
that the main chemiéal précesges are normally completed in a very
short time during passage through the reaction zone of the flame, but
in some cases the chemical reactions are not complete. ; He further
states that the.;uminous zone of the flame front coincides quite well
with the reaction zone. Flaﬁes generally radiaste strongly from this
flame front 6r.luminous_zone With radiation beyond the flame front
mainly from gases in chemical equilibrium. Bartholeme (Ul) predicts
3335°K(6000 R) for combustion with theoretical oxysen with a value of
3222%K (5800 R) with fh_g adaition of 1.07 moles N,/mole fuel. While
the information given abo#e may seem to Justify the magnitude of the
entire range of temperature predictions, it is felt that these results
are not valid within the proximity of the inner cone due to the incom-
plete oxidation of CH, in this region.

The final result of the analysis for region A ls shown in
Figure 15. The heat flux parameter pregented in this manmer is valid
for various flow conditions needing only the stagnation point wvelocity
gredient for the given surface to yield the cold-wall beat flui; For
-example, for the condiﬁions of fuel/oxidizer ratio and chemical
enthalpy given in Table 2, these results would be applicable for a
wide range of Jet flow rates and test surface configurations; The
lower rate. of increase in cold wall heat flux occurring approximately
at U= 0,25 is directly attributable to the element chemistry wvariations
along the axis. Figure 13 shows this to coincide with the depletion

of the available oxygen and subsequent increase in carbon monoxide
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formation as discussed pyev?ously. At this point the.energj :eleaSed
due to exothermié surféce récombination decreased which resulted in
a 10We: rate of heat tfansfer incréase., Experimental data exhibiting
. this effect will be discussed éﬁﬁéeqﬁéntly.

Tﬁ be aﬁplicaﬁlé t6 a given faéility, information must bé
available as a function of the coordinaté dimensions of the experi- -
mental facility. Figures 16 and 17 give the measured stagnation
pressure angd resultant centerline velocity decay for the three flow
rates listed in Table 2. The velocities were calculated from Bernoulli's
equation and the stagnation pressure measurements of Figure 6. A
trial and error procedure was used to obtain the local gas density in
the boundary layer. At any given position, a ﬁalue of non-dimensional
velocity, U, was assumed. The free stream density predicted from the
mixing analysis of Chapter IIT was used to calculate the local gas
velocity and_its non-dimensiopal equivalent. Itefation continmued
until the assumed and calculated value of U were within 0.002. With
these results, the specification of freestream chemistry, enthalpy, and
heat flux at individual axial distances were known. It is ncted that
these meésurements were made with the prcbe shown in Figure T, but
were applied to a Jet at normal incildence on a flat plate. Snedeker
and Donaldson {45) have compared axial stagnation pressure measurements
for free and impinging Jets under several flow conditions and surface
geometries. Significant differences occur in stagnation pressure
messurement for free and impinging Jets fbr underexpanded, supersonic
conditions at the Jet exit. However, no differences are cobserved in

the data for stagnation pressure of a free subsonic jJet and the same
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Jet at normal incidence on a flat plate. It is noted however that
radial variations (and therefore the stagnation point velocity gradient)
are dependent upon the shape of the given surface.

Figure 17 would indicate that_the Jocation 6f the pogition for
stoichiometric fuel/oxygen ratio to be approximstely 1.5 inches, where
U = 0.264. Rs discussed earlier, the exp.erimental maximum flame temper-
atures are reported to occur for fuel rich conditions and approximetely
at the end of the reaction zone. The length of the inner cone was |
observed to be approximately one iﬁch in length which would correspond
to U = 0.35 (Figure 17). The calculabed flame temperature for this
condition is 5970°R (3260°K). This compares very favorably with
measurements of 3260°K reported by Gaydon (k3) lmm.above the reaction
zone; and does occﬁr at a significantly richer fuel/oxidizer ratio
than that of stiochiometric. From Figure 17, the one inch length of
the innér cone corre5pondé to U= .35. Assuming, as discussed pre-
viously, that this corresponds approximately to the edge of the
reaction zone, the results of the mixing analysis for flame temperature,
species mass fractions, and heat flux were restricted to distances
greater than one inch from the jJet exit, i.e., U < 0.35. Past this
location, the successive reactions to complete the fuel oxidation aﬁe
still oécufring and local equilibrium would not be a valid assumpfion.
However Lewis and von Elbe (42) report that once transition from
laminar to turbulent Jet flow occuré , the length of the inner cone
remaing esgentially constant. Thus test locations of magnitudes
greater than 0.35 couid be obtained outside the reaction zone by

increasing the flow -rate and shifting.the location of a given value
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of U of Figure 17 further to the right,

Figure 18 shows the resﬁlts of.%he-cold~wall heat flux measure-
ments in the oxy-acetylene facllity, -Each of the curves exhibit a
decreasing slbﬁe as the Jet is approacﬁed A similar result was
predicted theoretically in Pigure 15 due to surface chemlstry effects
resultlng from depletion of the avallable oxygen.

The results for the heat flux pdrameter showm in Figure 15

were used with the heat flux measuremeﬂts to calculate the stagﬁation
point velocity gradient. 'Thié was useé in the definition of £(0),
equation 3.33, which in turn was used tb evaluate the dimensionless
wall gradients, ni and ﬂAB, and to_Calcﬁlate the surface element mass

fractions from equation 3.38.

At the test location of 2. 5 1nches U = .181, the stagnation
point velocity gradient was calculated to be 25,680 sec -1, Comfort,
(46) reports a stagnation point velocit$ gradient of 9600 sec™T at
the saﬁe number of Jet diameteré from tﬁe exit of a subsonic, arc heated '
nitrogen jet. Snedeker and Donaldson (hb) predlct a value of 11,100
se -1 at an equivalent position for a Jet Reynolds number of 147,000,

The data and predictions of the previous sgection were used to
specify the initial cold-wall thermal and chemical environment to
which test specimens were exposed at a'%pecified location. The tests
performed on the porous, impregnated slabs were at a distance of 2.5
inches from the Jet exit with an a.ce‘t.yle%ne flow rate of 25 3CFH.
Table 3 summarizes the measured and calculated conditions required

to specify the thermal and chemical environment at this test con-

dition. Substitution of the above data;in the analysis of Chapter ITI




77

oxy ACET.

48 40 SCFH
36 30 SCFH
30 25 SCFH

250

24 20
18 15

€ B8 Xa p

200

150

Q (BTU/ ft’sec)

100

50 L— ! :
2 25 30

DISTANCE FROM TORCH (inches)

Figure 18. Stagnation Heat Transfer along Jet Axis




Table 3. Test Location Conditions

Fuel Flow Rate = 25 SCFH Axiél'Position = 2.5" U= 0.181

Stagnation Enthqlpy = 308.6 BTU/Tbm | | | Cold Wall Enthalpy = -1213.8 BTU/1bm

Cold Wall Heat Flux: g, = 150 BTU/ftzsec | &Y. 25680.1/§gc - Pr = 0.77

Te = 4977°R | | ~ pg = -0081 Tom/ft> | o ;;e=_5;31*'!0'5]bm;’ft.sec.

Free Stream Element Mass Fractions

Carbon = 10675 Oxygen = .298 - Nitrogen = .629 Hydrogen = ,0056
Average slab thickness = 0.90 inches

Initial temperature = 50°F

8L
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provided the boundary conditions for the transient heating of the

porous, impregnated system.

Thermal) Response of Hydrated Systems

The most readily identifiable experimental phenomena measured
during the transient heating tests was the variation of_the interface
position in the porous slab dufing fhe heating tests. Results showm
in Figufe 19 correspond to test conditioné gspecified in Table 3. I£
ig seen that approximetely T00 seconds was reguired for the interface
to recede completely through the porous matrix. The rate of recession
was most rapid initially with the interface elosest tc the heated
surface. The interfgce velocity graduaslly decreases, reachiﬁg a
fairly constant wvalue for the last 300.seconds of the test. The
theoretical prediction of the interface recession is seen to lag
experimental results during the latter phase of the ftests. An error
in location of the thermocouples is.one possible gsource of this
difference. It is estimated the thermocouple placements were accurate
to within 0.05 inches. An error band of this width around the theoret-
ical results would include all but four data peints. A seceond possible
source of error was incomplete impregnation of the porous matrix with
the gel. Silica cement was placed on all surfaces of the samples
except tﬁe heated surfaée before the gelatine was impregnated in the_
porous matrix. This would be equivalent‘to lowering the effective
void volume of the sample and would decrease measured response time,
Eguation 3.10 would then predict an inéreased interface velocity., It

will be geen later in this section that this wounld alsc decrease the
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relative contribution of two phenomena which account for spproximately
70 percent of the energy transferred into the sample from the environ-
ment. It is noted that the times used for the experimental data were
those values indicated by the paséing of the'heéted-side of' the inter-
face past fhe thermocouple location, This can be seen in Figure 20
‘which presents typical test results from a therﬁocouple located 0.625
inches from the heated surface., A ‘definite isothermal period was
indicated corfespohding to the pass#ge of the interface of finite
thickness'past this position in the slab. Similar résults were obtained
for all test locations with the duration of the isothermal period
teing the shortest when the interface was nearest the heated surface
and gradually increasing as it receded, These isothermal periods
ranged in duration frém 16 to 220 seconds as indicated in Table L,
The latter wvalue would seen to indicate an interface of considerable
thickness during the latter portidns of the tests. A thickness was
calculated from these times based on the interface velocity predicted
from equation 3.10. This‘predicteq an interface tﬁickness ranging
.from 0.03 t0 0.16 inches as seen in Teble 5. The largest contributing
factor to this apparent interface thickness was the small backside
temperature gradieht during the last 200 seconds of testing. Theoret-
ical results predict a maximum drop of less than one degree between
the interface and the insulated surface during the above period. As
this was within the 1°F sensitivity of the recdrder, it was impossible
to record any variaﬁion during this periocd. The rapid rise in temper-
ature observed with the passage of the interface would indicate that

the heated side was easily defined experimentaliy. This was important
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Table 4. Experimental Interface Data

Position -Time 1 Time 2

(inches) {sec) (sec)
.219 55 68
L3 150 187
.31 65 98
625 190 345
.85 310 570
.18 56 67
.50 261
.23 70 100
625 D26 373
.90 hho 660
.69 D55 L85
75 350 505
625 170 3h0
.70 305 465
.30 90 117
.73 350 500

Table 5. Predicted Interface Thickness

Ay

&3

Location Time Avg., Velocity Zone Thickness
(inches) (sec) (in./sec) (inches)
0.185 16 2,0k 1073 0.03

0.35 2 1.35 1073 0.06
0.437 81 1.13 1073 0.091
0.625 147 0.98 1073 0. 144
0.90 220 0.75 1073 0.16




theoretically as the temperature gradients on this side were the
largest and dominated in the calculation of interface velocity and
vaporization rate. It was the importance of interface felocity and
vaporization rate in the coupling aspects of the problem which led %o
the use of the reference frame relative to the interface position for
the theoreﬁical analysis. Temperature profiles in the slab are shown
~in Figure 21. Backside temperature gradients are seen to be generally
small in comparisoh with thosge from the heated surfaqe as ohserved
above. It is also seen that the surface temperature rise is small
after the first 200 seconds. Past this point in the heating period
‘the analysis did not prediét any significant decrease in surface
heat flux due to "hot-wall" effects. Surface chemistry and injection
rates accounted for changes in surface heat transfer past this time.
It was observed in Chapter IIT that the thermal protection
afforded by a transpiration cooled system is & result of surface heat
transfer reductions due to hot wall and mass addition phenomena, sur-
face chemisgtry effects, and internal energy transfers to the inter-
face and evolved gases as well as to the solid matrix. To put these
various phenomena iﬁ perspective, consider fhe test conditions listed
in Table 3 for.a total heating time of 750 seconds. The meximum cold
wall heét transfer during this period was calculated to be 102,500
Btu/fte. The theoretical analysis of Chapter III predicted a neb
heat transfer to the porous matrix olf approximately 9,800 Btuffte for
a comparable test period. The reduction below the cold-wall value
wa.s dﬁe to the combined effects of mass addition, sufface chemistry

and the increase in surface temperature. The major reduction in
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éurface heat transfer was due to the increase in surface tempersture
from the initial cold-wall value. The predicted free stream %o
surface temperatufe difference d&ropped from over MOOOQF to under
1000°F for the period of testing. The blowing effect was small, being
no more than four percent relative to the zero-injection value at any
time after 100 seconds. Surface chemistry contributions occur from

the terms given below from equation 3.17. These terms

aY
pDyoThE

w'?§¥ - pvJW (hw - hs) (5.1)

weré computed in the analysis with the net result that tﬁey contributed
to an increase in heat transfer. ‘The latter term was pogitive, decreas-
ing the heat transfer as a result of a small degree of dissociation of
the inJected water vapor across the surf&ce; It is noted that.this
dissociation was mainly due to a shift in element concentration across
the surface_wiéh the presence of carbon and nitrogen at the gas boundary.
From Table 3 the zero-injection surface element mass fractions were

¥ = .0675, T = .2979, T, = .629, and T = .00566. The predicted
surface element mass fractions calculated from thecretical inJection
rates are shown in Figure 22. This is basically surface dissociation

as a result of foreign gas injection inte the boundary layer. Dissoci-
ation was neglected in the porous matrix, This was considered in a

student report by Hopkins (47) directed by this author. An analysis was

made of the contribution of dissociation of water vapor to the energy
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transfer through a porous ceramic with transpiration cooling. The
analysis showed fﬁat disscciation of watef vapor was less than.e per-
cent below 4000°R. This resulted in an increased reduction of energy
transfer df'less than 5 pércent relative-to no dissociation or of less
than 1 percent of 4, 8t a flow rate of 0.006 lbm/ftesec. It is noted
that the predicted vapor flow rate for this study was less than this

value for times greater than 40O seconds.

The first term of 5.1 is also positive and tends to increase ¢
surface heat flux. The free stream surface concentration difference

generally indicates diffusion of CO, 0., and H2 to the surface and

23
diffusion of 002 and HEO from the surface. This would indicate an

energy contribution due to surface recombination to CO, and HEO' The

2
largest contribution in the swmmation is by the COP diffusion. This

effect would be absent in a standard atmosphere environment and would
-tend_to reduce the surface heat flux. The absence in the free stream
of any appreciable free hydrogén would also minimize‘any recombination
of Heo. Figure 23 shows the theoretical variation of each of these
terms normalized with respect to the initial cold-wall heaﬁ flux.
While the net difference between these two contributions ranges from
one to four percent of Qs when compared to the actual transient
values of surface heat transfer, the cdntribuﬁion is significant.

The difference between the two terms decreases with time which results
in a decrease in the surface heat transfer, It is also noted that

for the test conditions of the c¢old wall calorimeter, the latter term
of equation 5.1 was identically zero for neo mass addition while the

former contributes 22 Btu/ftelsec or 14 percent to the cold wall heat
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flux,

The remainder of the surface heat transfer was transmitted
internally to the porous matrix. For s system with surface phase
changes, most of the 9,800 Btu/ft2 transferred to the slab would go
into effective heat of vaporization at the gas-g¢lid interface., How-
ever for the porous-impregnated system, this energy goes intc stored
energy of the solid matrix, interface vaporization and the heat
capacity of the evolved gases between the interface and surface temper-
atures. The contribution of these latter two phenomena can be formu-

lated as follows:

-
By (1) = Io fi_ ahy ar (5.2)

) . T TS(T)' ' _

B (1) = IO (1) ITV Cp O r (5.3)

Ev’ the gnergy regquired in heating the interface gases,'accounts
for approximately 50 percent of the surface heat transfer transmitted
into the system as seen in Figure 24, Interface vaporization accounts
for 20 percent with.the remainder going to internal heat capacity of
the solid ma;trix. Thus specific heat of the gases released by an

impregnate is possibly a more important property than effective heat

of vaporization in optimizing thermal protection for a transpiration
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cooled system. For cases where the surface temperature rose rapidly
initially and then remained fairly constant, an estimation of the

relative contribution of these two terms could be made from equatibn

5.4,

B /8y % Cp (0 - )/ ()

This ratioc was calculated to be 2.02 using a surface temperature of
3700°F and an average vapor specific heat of 0.56 BTU/1bm F. This
compares favorably with a value of 2.5 calculated from the results of
equations 5.2 and 5.3. |
To determine the effects of eﬁvironmental chemistry in this

test facility, two variations of the analysis of Chapter III were
programmed and computed for the boundary conditions listed in Table 3.
One analysis assumed the surface element mass fractions were constant,
but included mass addition effects on wall gradients, surface radiation
and equilibrium chemistry changes with surface temperature. By differ-
entiating equation 3.41 with respect to £(0), it is seen that £his
appréximation is approached as £(0) approaches zero or as ¢K approaches
?ke' The latter condition is the effect of foreign gas inJection.
.The second analysis assumed the surface species mass fractions were
congtant at the cold-wall, zero injection value. Thus effects of the

shift of element distribution and changes in aurface temperature were
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neglected in the equilibrium chemistrj calculation at the surface.

The results.of these calculations are presented in Table 6
along with a summary of results from the analysis of Chapter III.
The most significant effect was the reduction of the net contribution
of the sﬁrface chemistry terms from egquation 5.1. This resulted in
a reductien in the total heat flux and surface temperature. The \
réduced surface temperature alsc lowered the relative importance of
heat capacity of the impregnate vapor asg compared to effective hegt
of vaporization of the interféce. In comparing the first and last
columns{ the total heat flux Was reduced 5.3 percent with the result_
that the time requireﬁ for the interface to reach a depth of C.95L
was'increased by 3.l-percent. |

To further evaluate the importance of envirommental chemistry
in the oxy-acetylene facility, the analyszis of Ché.pter IIT was applied
for environmental conditions predicted at U = 0.10 and U = 0,30,
Boundary conditions and thermodynamic property data reguired for
these calculations were obtained from results presented in Figures
11 through 15. As the calculated cold-wall heat flux was different
at each of these locations, the results shown in Table 7 are presented
relative to the local Qb or IT qodT.

As the torch tip was agproached, cold<wall and surface heat
flux increased and the time for the interface to recede to 0.95 L
decreased. The time decrease wag expected due to the increased heat-
ing rate, however the net contribution of.the gurface chemistry terms
was also seen to increase with U. This is due to increased surface

recombination with the free stream presence of Hé and €0, It would




Table 6. Comparison Of Results to Point Where X, /L= 95 at U= .181

CONSTANT CONSTANT EQUILIBRIUM
| | V.. = Y Yiw = Yiwg CHEMISTRY
002 hiw 9Y; / 3yl /q, 25 139 158
pvh.(h,—h)/q, .038 .038 .0378
f ::,(r)dr (8TU/ $17) 9,700 9,810 10,250
0 .
| f () (h,—h,)d7 (BTU/H+) 4,600 4,600 5,015
1]
frmv(f) Ah, d7 (BTU/§7) 2,494 2,494 2,494
0
Time (7)ot X,/L = .95 (sec.) 835 829 - 810
T (°F) 3,640 3,670 3,710
q,/q, .0420 .0425 0432

e Dm et et <o metoTmaasToi e

&
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Table 7. Comparison of Results at Three Locations in the Oxy—acetylene Facility

= .10 U=.81 u=.30
pD, 2 h, dY/dy), /q, 057 158 .2061
pU.(h,-h,)/q, 069 0378 .0245
T
falr)driqr .0854 .0844 .0762
o
T Ts
Jou. Tf Cp, dTdr/q,7 .0374 0413 .0382
Q v
T
fou.andrlqr 0271 .0205 .0157
o .
Time () at X,/L= .95 1070 810 700.3
T, at X, /L=.95 (°F) 2730 3710 4310
q,/q, ot X,/L= .95 .045 0432 .0396
q, (BTU/#H?- sec) 85.1 150.0 226.9

g6
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then be expected that application of this system in an air environment
at ah equi#alent cold-wall heating rate would result in a decrease in
the net heat transfer to the surface. It is also seen that even
though the cold-wall heating rate increases, the percentage of this
value transmitted to the surface is iower with increasing U. The
ratio EV/EI is caleulated to be 1.38, 2.02, and 2.43 respectively for
U.= 0.10, 0.181, and .30. This again indicates the increasing impor-
tance of vapor specific heat as the heating rate rises.

Up to this point, the analysis of Chapter III has been applied
only to environmental conditions calculated for an oxy-acetylene
combustion facility. It was deéired to evaluate the thermal response
- of the impregnated ceramic for conditions in an air environment. Two
conditions were chosen for comparison, U = 0,181 and U = 6.30. For
comparison purposes it was assumed in each case_that the cold-wall
heat flux and free stream static temperature were the same as those
_calculated for the respective conditions in the oxy-acetylene environ-
ment (typically, in the past, these parenmeters were selected for com-
parison purposes). The freestream enthalpy, density and composition
were assumed to be that of equilibrium alr at atmospheric pressure
with the stagnation point wvelocity gradient calculated from the cold-
wall heat flux. A swmnary of conditions for the air environments is
shown in Table 8.

A comparison of results for air and 02H2 - air are shown in
Tables 9 and 10 for U = 0,181 and U = 0.30 respectiﬁely. The results
for U = 0,181 indicate less heat transfer to the porous matrix and

a subsequent longer protection time for the air enviromment. This




Table 8. Environmental and Boundary Conditions

for Air Environment

U= .18

U=0.30
Te (°R) 4977 5744

q; (BTU/ft2 sec) 150.0 226.9

he (BTU/1bm) 1267.7 1880.9

tw (BTU/1bm) 0.0 0.0

pe (1bm/ft sec) 4.95 - 107 | 5.35 . 107°
pe (1bm/ft3) .0079 0066

du/ds (sec™) ) 30,400 169390.0
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TABLE 9. COMPARISON OF RESULTS FQR AIR AND C2H2-AIR AT U = 0.181 x,/L=.95

CHy=Air Air
8y | -
0Ty 55 ) /% .1582 .0515
V), {hw-hs)/q, 038 L0515
T
of q.(1) dr (BTU/£t2) 10,230 10,201
1 T ' '
f m, f ¢, dTde 5202 5275.1
4] Tv
T
f m, ah de 2494 .4 2494.3
0 .
T, (°F) 3707 3711.6
TIME (1) (sec) 786.0 801.2
q./q, 0425 .0445




TABLE 10. COMPARISON OF RESULTS FOR AIR AND CZH

,=AIR AT U = 0.30, X =05
C HymRir ' Air
D Thi 55 /4, .2061 .0383
oV ), (h,-h.)/q, .0245 .0383
T : _
'qu(r) dr (BTU/Ft2) 12032.8 12466.5
. [v]
T Ts |
| f m, f Cp dtde 6060.8 6288.9
0 T v
v
T .
f m sh, de 24944 24944
0
T, (°F) 4310 4490
TIME () (sec) 700.3 675.8
WA 0396 .0434

66

S Y
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trend was expected due.to the estimafed reduction in the contribution
of surface recombination to the heat transfer., The smaller magnitude
of this term is indicated in Table 9, however, its effect was less
than expected considering the small reducfioﬁ in surface heat transfer.
This is attributed to two effects.

| It can be éeen from Table 8 that the stagnation point velocity
gradient is approximately twelve percent larger at the same cold-wail
heating value in the CH, - air enviromment. From equation 3.33, this
would reduce the surface injection parameter at a specified pvlw and
thus yield less reduction in surface heat transfer due to mass inJec-
tion. A comparable effect on surface element mass fraction with
injection rate would also occur. A second effect was the difference
in free stream and surface enthal@igs for the air and CoH, - air
enviromments. The ratio of this enthalpy differeﬁce at a surface
temperature of 36000F to the cold-wall, zerc injection value is
significantly higher for the air environmeént, 0.5} versus 0.42, Thus,
at a given free stream to surfaqe temperature difference, the "hote
' wgll" reduction of surface heat transfer was less for the air environ-
ment.

A comparigon of resulis for U = 0.30 shows that the calcuwlated
heat transfer was greater for the air environment with alcorrespond-
ing reduced profection time. The net surface chemistry terms from
equation 5.1 wasg again less for the air enviromment. This wduld tend
to reduce the surface heat transfer. However, both the stagnation
point velocity gradient and "hot-wall" correction for the air environ-

ment equivalent to U = 0,30 had the tendency to increase surface heat
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flux for a given surface temperature and injection rate. It is also
noticed that in each case the two surface chemistry terms of equation
5.1 are equal for the air enviromnment. From equation 3.17, it is

seen that the net contribution of surface chamistry-to the heat trans.-
fer is zero for this case. This was a result of the surface'tempera-
ture being lower.than that necessary to cause significant dissociation
of H2Q and due to thé absence.of free stream CO and H fo promote sur-

2
face recombination. As for the previous cases, the contribution of

the heaf capaclty of the impregnate vapor increases with surface
tamperatqre.

Thus, a comparison of results for C-ng2 - air and air environ-
ments bhased on the same value of Uy and TE indicates minimal difference
in the total protection time. However, significant differences in the
relative contribution of individual thermal protection mechanisms were:
observed. In general, an evaluation of effects such ag environmental
chemistry could best be made by an analysis of the enviromment in
question at known boundary conditions. che#er, in comparing the
effects of two different free stream chemistries, a-comparison based
on conditions other than SR and TE could possibly gi{e more insight

into relative chemistry effects.
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CHAPTER VI

CONCLUSIONS

An analyfical and expefimental investigation of the thermal
response.of a pofous, impregnated ceramic has been made and experi-~
mental tests performed in the exhaust of an oxy-acetylene combustion
facility. .The theorefical analysis considered the coupling effects
of environment chemistry and surface injection in the prediction of
surface cheﬁistmw'and heat transfer. Results of the theoretical
anaiysis wére compared for CE'H2 - air and air environments at equal
values of free étream temperature and cold-wall heat flux. The relative
contributions of surface chemistry, impregnate vapor heat capacity,
interface vaporization and surface temperature rise to the total
thermal protection was considered for ali cases. The conclusions
from these investigations are:

1. Element chemistry variations along the axis of a free Jet
oceur as a result of Jet mixing with the surrounding atmosphere. This
appreciably alters the.environmental chemistry at successive 1§cations
along the axis of an oxy-acetylene.torCh.

2. Even though the surrounding atmosphefe is air, stoichio-
metric ratios of fuel to oxygen and nitrogen may not oceur along the
axis of the Jet.

3. For enviromments where surface recombinstion is possible

for CO2 and H,0, the free stream oxygen concentration is important in

2
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the amount of surface recombination.
L, A-comparison of experimental and theoretical results for
interface recession exhibited good agreement during the initial heat-

ing period. The theoretical prediction tended to lag experimental

results during the last phasé of interface recession. This was possibly

a result of inécmplete gél impregnaﬁion near the cemented surfaces.

'5._ Thé predicted net cqntribution of surface chemistry to the
energy transfer at the surface was to increase the net surface heat
flux due to surface recombinatien.

6. At a cold-wall heating rate of 150 BTU/ftgsec, impregnate
vapor heat.capécity contributes approximately 50 percent of the.total
thermal protection with approximately 20 percent of the prdtecfion a
result of interface vaporizatidn. For this case, vapor specific heat
wbuld be more important than effective heat of vaporization as-a\
crit?ria for impregnate gelection. This effect increased with an
increase in surface temperature of the heated slab.

7. In comparing results for 02H2 - gir and air enviromments,
the lower contribution of surface recombination in the air environment
was generally offset by a smaller effect of surface injJection and less
surface heat flux reduction due to. "mot-wall" effects in the air

environment,
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APPENDIX A
FORMUTATION OF ENERGY EQUATTONS

A control volume taken from Region I in Figure 1 is shown in

Figure 25,

NN

—— iy R(T)

U — RS§§; = Uy ax

AN
AN

e A X -

——— my h(T)

Figure 25. Energy Balance Control Volume for Region I

The following effects were considered in the control volume:
1, Heat conduction in and out

2. Convective enthalpy flux in and out
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3. Transient energy storﬁge

The heat flux and vapor flow were assumed t6 be one-dimensional
in the direction normal to the heaﬁed_surface. Distribution of the
void space was assumed to be hamogeﬁeous through-out the system with
a porosity of 0.60. Radiation andmdissociation of impregnate vapor
were neglected in the formulation of the energy equation. The impreg-
nate vapor released at the interface was assumed to be water vapor
behaving like an ideal gas. The average pore dliameter of the silica
foam used in this investigation was approximately two percent of the
slab thickness. Thermal equilibrium was assumed to exigt Between
the solid matrix and impregnate vepor. This was partially Justified
by the magnitude of fldﬁ ra%es~predicted by the analysis of Chapter
III. The calculated vapor flow rate was less than 0,006 lbm/ftesec
for 90 percent of the duration of the tests.

Application of the first law of thermodynamics for a control

volume with the assumptions discuséed above yields equation A.l.

- Ky -g%)x_+ kl. -g% =t b)) (A.1)

X + ax
-m_h

T
v ‘t)}c+ AX * plc]_ BT AX

Dividing by ax and taking the limit as Ax approaches zero yields
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equation A.2

171 % T

1

Equation 4.3, representing the energy equation for Region IT, was

obtained in a similar manner,

00y & = S?_? (&) (a.3)

Coordinates of the moving reference frame system are shown in Figure

1 and are defined by equations A.Y4.

x =x" + IT v, (r) dr (a.4)

Application of the chain rule yields the following transformations:

N | |
¢ i (k- + 2 (4, by) - a2)

1



107

o .
b = b (A.5)

The result of the coordinate trensformation is the appearance of the

v, S%f , which accounts for the movement of the
@
slab into the control volume in the moving reference frame system.

convective térm,

Note that it has not been necessary to assume that the interface
velodity is constant or that it varies in any given manner. |

| Performing the indicated transformation, the energy equations
become:

Region I

T - T .
0% o =g (g ger ) + g (B By) - (A.8)
T
ol Yy e
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Region IT

= T T
92 2 th = (k2 3 ) * 9202 VV _b?{—' (A.7)
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AFPENDIX B
CAICUIATION OF SPECIES MASS FRACTIONS

The resulfs of this appendix present the calculation procedure
reduired to determine species mass fractions. This aﬁalysis was used
to determine both free stream and surface chemistry for the element
mass fractions predicted respectively from equations 3.47b and 3.41.
~ The local thermodjnamic temperature was assumed known or assumed for
the purpose of this section.

A mixture of oxygen and acetylene was burned in an air environ-
ment, and thus the elements presént were oxygen, hydrogen carbon, and
nitrogen. The presence of these four elements allowed four equations
to be written for conservation of elements. The remaining number of
equations required depends upon the number of species whiéh were con-

gidered. The species considered were carbon dicxide, carbon monoxide,

water vapor and mclecular oxygen, nitrogen, and hydrogen. A4n evaluation

of the significant equilibrium constants in the range of 5000°R and
below eliminated conéideration of other possible species such as
atomic hydrogen, oxygen, and oxides of nitrogen. Thus based on thesge
six species, equations B.l were golved similtaneously to determine

the individual species mass fractions, Y -For the purpose of this

i.
analysis, subscripts 1-6 denote respectively HEO’ 002, 02, co, H2 and

N2.




Yi + Y2 + Y3 + Yh + Y5 + Y6 = 1.0

Conservation of Hydrogen

2.016 '
18016 ‘1t Y5 = g

]
=i

Conservation of Carbon

Conservation of Nitrogen

e
h
1l
<
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(B.12)

(B.1b)

(B.le)

(B.1d)
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Equilibrium Reaction

1
co + 502 :==002

Y K, P 3 M, JH

2 P, T

= , . (B.1le)
Yh,fY3 M, fﬂg
Eguilibrium Reaction
1
H2 + 502# HQO
_ , gr_
Y PZM JH _

1 _ St M (B.1¢)

Y5 /T3 Mg

At this point, it has-been_assumed that the gas mixture and
the individual species are ideal éa.ses {constant specific heats have
not been assumed) and that the individual species are in local chemical
-equilibriu.ﬁl.

The mass fractions of molecular nitrogen can be obtained
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directly from eduation B.1d. This leaves five equations to be solved
simultanecusly for the remaining mass fractions. These five equations

are:

Y, 4 Y, 4 Y3. + 1), + Y5 = A : (B.2a)
¥, + Yy = Bi _ (B.2b)

Y, + 1571 Y) = F | (B.2¢)

i =g (B.24)

—1 -5 . (B.2e)

_ b
where A, B, E, ¥, and G in B.Z2 are defined by equations B.l.

After eliminating Yl, Y2,_and Y5 and considerable algebraic




maniptlation, equations B.2 were reduced to those given below.

P~ L5TLY,,
W=%{ Yll- h}

1]
o=

Y3

(W1
Yh-{mB1+F-A.+Y3}fO.571

)

Values for A, Bl, and F were known from local element mass

fractions. E and G were obtained from species molecular weights,

113

(B.32)

(B.3b)

(B.3e)

equilibrium constants for the local temperature, and an agsumed mix-

ture molecular weight. The unknowms in eguations B.3 are Y3, Yh’ and

W. Also, due to the fact that the range of possible mass fractions

are limited between zero and one, equation B.3b yields the physical

limitation on‘Yh that

0sY) = F/1.571

(B.4)
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or

3.667 ?e

OsY)y s—3577

Equations B.3 lend themselves to a systematic trial ﬁnd error
- procedure. ‘In-generai an initial assumed value of Yh was either high
or.law. The result of each possibility, applied successively to
equations B.3, is shown in Table 11. The assumption of a value of
Yh'too_small leads to a calculated value too large and vice vefsa.
An initial assﬁmed value of Yy, Just above fhe loﬁer bound was sub-
stituted into the iteration procedure described in Table 11. If the
calculatéd_valué was.lﬁrger than the assumed value, the -agssumed value
was too smali and the procedure then repeated for a larger assumed
value. At the point where the calculated value became smaller than
the assuméd value, upper and lower limits were established. The
procedure was thén repeated starting at the lower bound and proceding
In increments of 10 perceat of the difference in the limits. This
was.repeated until the error was less than 1 percent df the lower
limit. |

It should be noted that even though for a particular iteration,
the temperature and element mass fractions are known, the mixture
melecular weight, M, was not known apriorl. However, a reasonable

initial estiamte was made from the result of a previous iteration
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Table 11. Solution Frocedure for Equations B.3

Ty

Y,_} +00 large

Operation Case I Cage II
"~ &a. Assume Yh : Assumed Yh too small Assumed Yh- too
: . large
b.. From B.3a, calculate W W too large W too smell,
__possibly negative
¢. From B.3b, calculate N, YS’ too large J_’% too small
. J_ﬁfg possibly negative
¢. FPram B.3c, calculate

Yh too small
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and a test made on the resulting solution. Differences of the order
of ten perbent in the value of molecular weight could be tolerated

as the funéfional dependeqce in equﬁtions B.le and B.1f is proportional
to ,/ M. The error limit used was three percent.

The solution pfocedure outlined above was unchanged for the

case in the turbulent mixing analysis of Chapter III where the tempera-

ture Waé nét known. For this case,'elanent mass fractions and total
enthalpy were known fram equations 3.47a and 3.47b. The procedure
ountlined abdve became a part of a.double trial and error solufion.pro;
cedure in which double iteration on_thé tempefature and sPecies'mass
fraction was necessary. |

'f Once.the golution for the species mass.fraction wa; obtained
at a.given assumed temperature, the eﬁthalpy at the assumed tempera-l
ture was calculated from equation B.5, again assuming mixtures of

ideal gases, and compared with the value predicted from equation

3,478,

6
h(T) = z Y, h (1) |  (B.5)

i=)

The process was repeated until the error was less than one percent,
The values used for the resﬁective species enthalpies were
obtained from curve fits of tabulated values (48). These fits were

found to be accurate within one percent over the range of temperature
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consgidered and are presented in Appendix C.
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AFPENDIX C
THERMODYNAMIC AND TRANSPORT PROPERTY DATA

This.appendix sumnarizes the equations, data, and sources of
thennodynaﬁic ﬁﬁd'tranSPOrt proﬁerties used in this investigation.
The following.subsCripts are used for ail.constants-and properties
of individual-species:_ 1= 002, 2 =_H20 (v), 3 = 0y, 4 =00, 5= Hy,

Chemical Enthalpy

Date for each of the.speciesllisted above were curve fitted

from McBride,.et al., (48) for the range 3006K <T < 32000K_in the form
| 2 |
by (T) = 1.987 (a,T +a, T°/2 + a, r3/3 (c.1)
' i
+ay T /b + ag T5/5 + ag)

where'hi is in cal/gm mole and T in °k. Coefficients for each of the
species are summerized in Table 12. Eguations for specific heat were

‘obtained from thé first derivative of the above results.




Table 12. Coefficients for Species Enthalpy Fit.

Iz

Sbécies . ay az‘.lo4 a3'10B a4;10__ a5‘1014 2
H,0 3.7988 2.3991'_ 151.95 -754.21 . 10.949 '-32044.3
toz: © 6.0002 55766 .a083 .15215_ 5.829E™0  -49524.6
0, 2.3594__ C2.089 -154.25 479.5 -5.5107 -087.5
co 3.0445 12.547 -30.633 -18.156 1.1285 -14250.7
Hy 3.1387 8.6357 3.8596 379 2.5901 -967.8
N, 3.6872 -8.1748 110.91 -386.06 4.5258 -1073.4

61T




120

Gag Mixture Viscosity

Wilke (%9) reported the mixture viscosity reldtionship used in

this investigation and given by equation C.2.

1”1(T)

-:_L ZXK ¢1K

K=1

where Hirschfelder, Curtiss, and Bird (50) give by 88

' | 6 v M, T(OK) > ..
wy = 1. 79396 1077 ~r5 2)* 5 1bm/ft see” (c.3) .
) Qi (T?f) O’i
¥ = T(°K)/(e/K), o (c.l)
énq-
(2,2)%
1 + % (T ! 2|2
' ( B‘-_E ( 01(2925*) )
- = — (c.5)

- | (c.2) -
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(2 2) (T*) = Nbrmallzed devmatlon of collision cross-section relative

to ideal, rlgld-sphere behavior.
Data for the force congtants oy 5 (g/K) s and 0(2’ )* were taken
from reference 50) for results based on the Lennard-Jones (6-12)

pdtential. These are sumarized in Table 13.

. Gas Mixture Thermal Conductivity

Mason and Saxena (51) report an approxlmate expression givern
by equation c.6 analogous to equatlon C.2 for the thermal conductivity

of low den31ty gas mixtures.

X, k (T)

22%¢J

(c.6)

Thé-expression developed by Eucken (52) was used for individual species

k..
4

k (T) = Rypg (e /Ri +9/4) . ' {C.7)

' The constant volume specific heat was obtained from the equations

for CPi discussed previcusly and equation C.8.




Tab]é 13. Constants and_Equations Used in
Viscosity Calculations

2 (B2% 2 067743 - 0.9465/T + 25.267/T+2 - 66.0101/T+3 + 74.6389/TF - 32.4117/7%°

Other Species
91(2‘2)*' = 0.58156 + 4,1704/T* - 24.76/T*2 + 89.2402/T*3 - 153.0@6!T*4 + 99.46411/T*5

2 .
o; (A) 2.824 - 3.897  3.541 3.06 . 2.915 3,794
(e/),4 (°c) 230.9 213.0  88.0 88.0 3.0 9.8
M, 18.016 44.01 32,0 28.01 2.0016  28.02

2z
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C.-C_ =R, O (e.8)

Equilibrium Constants

Eqﬁiiibrium constants for the equilibfium reactioﬁs considered -
iﬁ this inﬁestig&tion were curve Pitted as functions of temperature
from déta repqrted by'McBride, et él. (48) in the range 3000K < T <
- 2700%K.  The_maximum deviations ﬁetween tabulated and calculated values
'ﬁre leSs”than 3.5'percent. The resulting expressions are given by

equations C.9 and C. 10.

| Log 16Ky, = - 4.48586 + 26566.8/T (°R) (¢.9)
log, K, = - ?.863?9 + 23127.1/T7 (°R) ' (c.1o)

Py

Thermal Conductivity of Porous Silica

Walton'anleoulos {53) have reported propérties of slip cast
fused sillca as a function of temperature. Using the combination

formulas given by eguation 3.3, calculations were made for effective
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thermal conductivity of the sillica foam with water vapor in the void
space. The results of these calculations were curve fitted as a

function of temperature to yield eguation C.12.

k) = 0.2127 + .00398T° BIU/hr £t°°F | (c.12)

A similar procedure for Region IT, the unvaporized region,
yvielded effective thermel conductivities with 2 meximum variaticn of

four percent. A mean velue given by equation C.13 was therefore used

for this regidn.

k, = 0.366 BTU/hr £62

o _ _
. F (c.13)
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