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ABSTRACT

The resistance of potential rocket nozzle throat irsert
materials to chemical ccrrosion and melting is considered theo~
retically for several rocket propellant environments. Surface
temperature and recession rate are evaluated for each of twelve
materials in each of six propellant environments. The propel-
lants considered include 2 liquids, 2 solids, and 2 hybrids,
Potential throat insert materials include carbides, oxides,
borides, nitrides, and pure elements., The assumptions embodied
in the analysis are identified and the analysis technique is
outlined. Superior performing insert materials with respect to
corrosion resistance are identified and recommendations for
future effort are given.
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SECTION 1

OBJECTIVE, SUMMARY, AND INTRODUCTION

OBJECTIVE

The objective of this investigation has been to identify
on a theoretical basis those materials which may be expected to
suffer minimal surface recession due to thermochemical mechan-
isms under the environments imposed on rocket nozzle throats by
various propellant combinations.
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SUMMARY

A theoretical investigation has been conducted to identify
rocket-nozzle~throat insert materials which will experience mini-
mum chemical corrosion in various rocket-combustion-product
environments. Theoretical calculations for the rates of chemi-
cal attack and melting are presented for a matrix of 12 insert
materials subjected to environments characteristic of 6 rocket
propellants. Throat iasert materials considered include carbides
of tantalum, hafnium, titanium, and zirconium; oxides of beryl-
lium, zirconium, and hafnium; zirconium nitride; and the elements
tungsten, carbon, and tantalum. The propellants considered in-
clude 2 liquids, OF ,~B,H, and Flox-CH,; 2 solids, aluminized and
beryllized; and 2 hybrids, N,0, ~ aluminized fuel and OF, -
lithium + lithium hydride fuel. All predictions for the rates of
chemical attack and melting of insert materials considered a com~

bustion chamber pressure of 300 psia and a 2.5-inch throat diameter.

The predictions resulted from an analysis which includes
consideration of the following phenomena,

1) A realistic treatment of boundary layer transport
phenomena accounting, in an approximate manner, for
energy and mass transfer events associated with un-~
equal diffusion coefficients for all boundary layer

species,

2) All possible chemical reactiocns are coﬁsidered at the
ablating surface between the insert material and
boundary layer gases.

3} A realistic model for removing chemically stable
condensed phase species from the surface when they
are at thelr melt temperature.

4} The surface energy balance includes consideration of
radiation from the stream and from the wall, and
energy transfer associlated with all chemical reactions
and mass transfer both in the boundary layer and at
the surface.
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The calculations were performed imposing the following
restrictions upon the various phenomena.

1) Reaction rates between all species at the surface
occur fast enough such that chemical eguilibrium is
achieved.

2) Any chemically stable, condensed phase species which
forms at the surface will adhere to the surface unless
it is above its melt temperature or the melt tempera-
ture of the insert material,

3) Steady state ablation is achieved and the insert mate-
rial is presumed to ke thermally semi-infinite.

Throat insert material surface temperature and recession
rate are presented for all 72 material-propellant combinations.
Considering linear surface recession rate, the following mate-
rials appear most promising £from a thermochemical point of
view in each environmernt.

OF2-32H6 hafnium carbide and tantalum caxr-
bide 4+ 11% carbon hypereutectic

Flox~Methane tungsten and carbon

Aluminum~Solid hafnium carbide, hafnium dioxide

and tungsten

Beryllium-Solid tungsten, tantalum carbide, and
tantalum carbide hypereutectic

Aluminum—~Hybrid tungsten, tantalum carbide, and
tantalum carbide hypereutectic

Lithium-Hybrid the carbides of tantalum and hafnium
are followed closely by carbon (oxr
graphite), however the carbides
operate at, or dangerously near,
their melt temperatures, so it is
expected that carbon would be best
in actual practice.



INTRODUCTION

An essential consideration in the design of advanced rocket
propulsion systems is the selection of materials which will pro-
vide adequate thermal prctection for tne varicus rocket nozzle
components. Because it is important from an operational point-
of-view to minimize surface recession in the throat iwegion of
the nozzle, it is Jdesirable that careful consideration be giver
to the selection of materials for fabricating rocket nozzle
throat inserts. The efforts reported herein are directed toward
identifying materials which have superior resistance to chemical
corrosion in various rocket propellant environments. These
efforts were conducted between June 1967 and February 1968 under
contract to the NASA Langley Research Center (Contract Number
NAS1-7366).

The performance of a rocket nozzle throat insert material
may genevally be considered to depend upon its susceptability
to chemical corrosion, melting, or thermal stress failure. Each
of these factors must be considered in selecting the most prom-
ising candidate material for a particular rocket exhaust product
environment, Because of ill defined high temperature material
proper ..¢s and a lack of totally adequate theoretizal techniques
it is not possible, from theoretical considerations alone, to
precisely specify the optimum material composition, geometric
configuration, thickness distribution, and bonding technique for
a specific application. Selection of the most promising throat
insert design results from theoretical considerations of a pre-
liminary nature which enable a substantial reduction in the
number of potential material candidates for a given application.
The list of materials remaining after this preliminary "weeding
out" process may then be further scrutinized with more sophisti-
~ated theoretical counsiderations, subscale experiments, and
finally, by full-scale design verification tests. This report
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presents the results of a preliminary theoretical "weeding out”
process which is directed toward selecting throat insert mate-
rials that appear superior from chemical corrosion considerations
for propulsion systems operating on a number of propellants of
current and future interest. Results of theoretical screening
calculations are presented for a matrix of six propellants and
twelve materials for a total of 72 material-propellant combina-
tions. The results are based upon consideration of material
degradation associated with thermochemical ablation and melting
phenomena. No consideration has been given to structural integ-
rity, cost, or weight. It is believed that the results of this
study will provide useful guidelines for future research directed
toward selecting optimum insulation materials for a variety of
propulsion environments,

All calculations were performed for boundary conditions cor-
raesponding to a chamber pressure of 300 psia and a 2.5~inch throat
diameter. The propellants and insulation materials considered
in the analysis are summarized here.

Propellants

oF - B2H6

. 2
Liquids FLOX - CH,
NH,C10 - (Al + rubber)
Solid 47 4
olids NH4CJ.04 - (Be + rubber)
N204 ~ (Al + rubber)
Hybrids
OF - (Li + LiH + rubber)

2
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Materials

W -
Elements C
Ta

TaC

TaC + 11% C Hypereutectic
Carbides HEC

TiC

2xrC

BeO

Oxides ZrO2
HfO2

Nitride ZrN

Calculations have been performed to evaluate the ablation rate
and surface temperature of each of the above materials when
subjected to conditions at the throat of rocket engines operating
on each of the above propellants. The calculations include real-
istic treatments of (1) heat and mass transfer processes in the
multicomponent, chemically reacting boundary layer, (2) chemical
corrosion of the material by propellant products, (3) formation
of any chemically stable condensed phase product at the surface
resulting from reactions between the material and the environment,
and (4) the removal of melting materials from the surface. Re-
sults of the calculations include specification of the steady
state material surface temperature and recession rate for each
propellant system.

The analysis techniques employed for the study are described
First, in Section 2, and are followed, in Section 3 by a presen-
tation and discussion of the material performance results. Con-
clusions are given in Section 4 and are followed in Section 5,
by recommendations for future work.
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SECTION 2

ANALYSIS

Evaluation of the chemical compatibility of the 72 material-
propellant combinations requires that detailed consideration be
given to heat and mass transfer processes and chemical reacticns
at the material surface. The analysis reported herein is based
upon the approximate film-coefficient approach for characterizing
the multicomponent, chemically reacting boundary layer introduced
in Reference 1. The present investigation may be considered to
represent a significant generalization and extension of an earlier
investigation of the chemical compatibility of materials and
propellants reported in Reference 2. The present investigation
is more extensive in that solid-and hybrid-rocket propellants
are considered in addition to liquid propellants; and the investi-
gation is more general in that multicomponent diffusion processes
are considered in the approximate boundary layer treatment and
the removal of ligquid material from the surface is accounted for.
The results reported in Reference 2 considered liquid layer re-
moval only when the liquid layer was of the same composition as
the basic throat insert material. For example, removal of
liquid HfO, from the surface ofan HfO, material was considered,
but not the removal of liqu@ﬁ Hfo2 from an HfC material. It is
important to consider the latter case since the high melt tem-
perature HfC may oxidize to form the lower melt temperature
oxide (Hfoz) at the surface and, as a result, the oxide may be
removed from the surface to expose more HEC which will in turn
be oxidized.

BEvaluation of the materials resistance to chemical corrosion
requires specification of the following.

(1) The chemical composition of the propellants.

(2) The chemical composition of the materials.
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(3) Fundamental thermodynamic data for all molecular
species that may result from chemical reactions between
the propellants and the materials. '

(4) The thermodynamic state of propellant combustion pro-
ducts at the boundary layer edge.

(5) A means for evaluating the rate of transfer of chemical
species to and from the ablating surface accounting
for boundary layer transport processes and removal of
ligquid material from the ablating surface,

(6) A means for evaluating the thernodynamic state of
gases and condensad phase material at the ablating
surface,

(7) A means for performing a surface energy balance in
crder to evaluate surface temperature and recession
rate.

Each of the above considerations is given attention in the
remainder of this section. Primary attention is given to a general
description of the basic treatments, and, in most cases, detailed
aspects of the various developments are relogated to a series of
appendices at the end of the text.

2.1 Propellant Compositions

Detailed information relating to the chemical composition
and chamber enthalpy of each of the six propellant systems is
presented in Table I. The list contains 2 liquid, 2 solid, and
2 hybrid propellants., In addition to the enthalpy and molecular
and elemental composition giwen for all propellants, the oxidizer-
to-fuel mass ratio (O/F) is given for the ligquid and hybrid systems.
The reported enthalry is consistant with the tabulated propellant
compositions and storage temperatures. The initial temperature
for all solid propellant grains is taken as room temperature (298°K).
All of the guantities listed in Table I are required and will be



employed subsequently for establishing the boundary-layer-edge
thermodynamic state.

2.2 Insulation Material Compositions

The present study is directed toward identifying nozzle
throat insert materials which are chemically compatible with
different propellant systems. A desire to identify materials
which would result in minimum surface recession dictates the
choice of high melt temperature, high density materials, rather
than reinforced organic composites which would typically be
employed in nozzle inlet and expansion cones. The materials
selected for the present investigation are listed in Table II
along with tleir elemental composition, heat of formation,
and density. The elemental composition is necessary for
evaluating the surface chemical state, and the heat of formation
will be employed for performing the surface energy balance.

2.3 Thermochemical Data

Evaluation of the boundary layer edge state and calculation
of the chemical composition and thermodynamic state of products
at the ablating surface requires specification of certain funda-
mental thermodynamic functions for each molecular species to be
considered. Since it is not possible, a-priori, to specify which
of many possible molzcules are going to exist to a significant
extent, it is most expiditious to consider all possible molecular
arrangements between the chemical elements present in the pro-
pellant and insulation material. Basic information requiring
specification for each species is the heat of formation and
entropy at a base temperature, and the specific heat over the
temperature range of interest. For condensed phase species, the
melt temperature is also required. A significant part of the
present investigation was devoted to acquiring and, preparing in
the appropriate format, thermochemical data for the many molecular
species possible with the material propellant combinations to be
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considered. A detailed description of the required data, the
references consuited, and a tabulation of the data employed for
the present investigation is given in Appendix A,

2.4 Boundary Laver Edge State

The thermodynamic state of the boundary layer edge products
is an important boundary condition for evaluating boundary layer
energy and mass transfer processes. Boundary layer edge conditions
at the throat insert are evaluated by performing a chemical equilib-
rium, isentropic flow expansion from chamber conditions to the sonic
throat (M=l) condition. All calculations are performed for a
nominal chamber pressure of 300 psia utilizing the propellant
chemistry information in Table I and the thermodynamic data
for molecular species presented in Appendix A. The rhamber
condition and isentropic expansion calculations were performed
with the Aerotherm ACE (Aerotherm Chemical Equilibrium) program.
A brief description of the ACE program is given in Appendix B,
Details of the generalized mathematical treatment are presented
in Reference 3, and Reference 4 presents a description of how
results from the ACE program are employed to perform a surface
energy balance.

Results of the isentropic flow calculations are presented
in Table 1II which displays the chamber temperature and the
static temperature and pressure at the throat for each of the
six propellant systems. Also shown in the Table is a list of
the most significant boundary layer edge products, and the mass
fraction and composition of particulate material at the boundary
layer edge for the propellants containing aluminum or beryllium.
Consideration of the momenium of the Be0 and A1203 particles and
the curvature of nozzle throats leads to the conclusion that
significant impingement of particles on the throat insert sur~-
face would not be expected (Ref. 5). Subsequent consideration
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of boundary layer mass transfer processes will be limited to
considering only the gas phase, and, as such, it is appropriate
to evaluate the gas phase elemental composition and enthalpy to
represent the boundary layer edge condition at the nozzle throat.
Table IVcontains boundary layer edge gas elemental composition and
enthalpy for the six propellants. This table differs from the
propellant compositions in Table I in that the mass fractions

for Al, Be, and O have been reduced by the amounts of these
elements present in the particles as shown in Table III. The
total enthalpy shown in Table IV is the total enthalpy (thermal

+ chemical + kinetic) of the boundary layer edge gas alone, and
does not include any energy associated with particles.

The boundary layer edge gas elemental composition presented
in TableIV will be utilized to represent an important boundary
condition for the surface mass and energy balance considerations
discussed subsequently.

2.5 Surface Mass Balance

The rate at which chemical elements and/or mass are trans-
ported to and from the surface of the throat insert material is
evaluated by the film coefficient approach for the chemically
reacting, multicomponent boundary layer presented in Reference
1.

+ (pv)WKkw + n%Kkg (1)

ka = peUecM

B
M k k

w

The term on the left represents the mass rate at which element
k is supplied to the surface resulting from ablation of the
insert matericl. The first term on the right represents the
net mass transfer of element k from the surface due to boundary
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layer gas diffusional and convection events. The second term on
the right is the flux due to mass addition to the boundary layer
at the surface and the last term represents the rate at which
condensed phase (i.e. ligquid or solid) material is swept from
the surface. Summation of Equation (1) over al: "k" elements
yields the overall mass balance.

m = (c>v)w + m, (2)

Normalizing Equation (2) by the boundary layer mass transfer
coefficient (peUeCM) obtains:

B=B'+BE (3)

In Equation (3), the guantities represent normalized total abla-
tion rate, chemical ablation rate, and mechanical ablation rate,

respectively,

. . . ~ % ~ ~ .
Evaluation of the quantities zkw' ka, and Kkz requires
specification of the chemical composition of both gas and con-
densed phase material at the surface. The method for evaluating
the chemical composition at the ablating surface is discussed
next.

2.6 Ablating Surface Thermodynamic State

The molecular composition of gases adjacent to the ablating
surface represents an important boundary condition for evaluating
heat and mass transfer processes through the boundary layer. The
dependence of boundary layer mass transfer processes upon the
wall gas composition is illustrated above, in Equation 1. The
dependence of boundary layer energy transfer rates upon wall
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gas composition is discussed in the next section (2.7). Another
important aspect of chemical composition at the ablating surface
is associated with chemical reactions which may occur between

the gases and the throat insert material. This consideration estab-
lishes the chemical compatibility of an insert material with a
given propellant environment., Consideration of these reactions
dictates, for example, whether the surface may be attacked chenmi-
cally to form gaseous products which may diffuse away from the
surface, or whether a chemically stable film may be formed which
protects the material from further chemical attack. In some
instances, the surface energy balance will dictate a surface
temperature above the melt temperature of the protective £ilm, and
in such instance, it is most realistic to allow the liquid to be
removed from the surface thereby revealing more insert material
for further chemical attack.

In order to systematically account for the many possible
reactions that may occur for the 72 material-propellant combin-
ations being considered in the present study the following
assumptions are imposed relative to the composition of condensed
phase material at the ablating surface.

(1) Chemical equilibrium will be achieved between all gas
and condensed phase _material at the ablating surface.
That is, the rate at which various molecular products
may be formed is limited only by the rate at which
the reactants are supplied.

(2) Chemically stable condensed phase material will be
permitted to exist at the surface provided the surfarce
temperature is below its melt temperature and the
melt temperature of the insert material.

The first assumption is believed quite appropriate for the
high~temperature, high-~pressure environments being considered
and its meaning is reasonably straight-forward to understand.
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The meaning oi the seccnd assumption is best illustrated by
considering an example. As will be discussed subsequently, in
Section 3, chenical equilibrium sometimes dictates the formation
of tungsten carbide on the surface of a tungsten throat insert.
Note that the melt temperature of tungsten carbide is significantly
highex than the melt temperature of tungsten, If the surface
energy balance results in a predicted surface temperature which
is less than the melt tcmperature of tungsten, the carbide

will adhere to the surface and provide a protective barrier

for the tungsten substrate. If, however, the predicted surface
temperature is above the melt temperature of tungsten, the
tungsten carbide will be removed mechanically since it would

not be expected to stick to the liquid substrate.

Solution of the chemical equilibrium relations within the
constraints of the conservation equations for chemical elements
(Equation 1) is accomplished with the ACE program described in
Appendix B. The mechanics of obtaining solutions consists of
specifying the boundary-layer-edge state, the insert material
composition, the pressure, thermodynamic data for all species
(Appendix A), and an array of normalized ablation rates (B).

As discussed in Reference 1, with this information, and within
the constraints of chemical equilibrium, it is possible to cal-
culate the surface temperature and other terms pertaining to

the chemical composition for each specified value of the ablation
rate parameter B. The actual ablation rate and surface tempera-

ture is then determined by performing a surface energy balance.

2.7 Surface Energv Balance

Evaluation of the surface temperature and recession rate
is accomplished by performing an energy balance at the heated
surface of the nozzle throat insert material, FPerforming the
surface energy balance requires specification of the magnitudes

of energy transfer at the surface associated with the following
events.
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1. Transfer of energy to the surface from the boundary
laver as a result of thermal energy transfer and
as a result of chemical reactions in the
boundary layer and at the ablating surface qdiff.

2. Transfer of energy from the surface due to blowing or
suction at the surface, (pV)w h ;e

3. Transfer of energy from the surface as a result of

ligquid layer run-off, n&hzw.

4, Transifer of radiation energy to and from the surface,
b o
% 9rad and FoewTw, respe« tively.
5. Transfer of energy to the surface from below the sur-
face in the form of high temperature insert material

as it is overtaken by the receding surface, ﬁahaw‘

6. Conduction of energy from the surface into the insert

material by virtue of a temperature gradient, 9oond

Each of these terms are depicted in the sketch below.

4
qdiff (pv)whw Foe TW 0‘wqrad

w

/////////////t 777777 ,,,‘ 77T II77V777 ablating surface

méhaw 9cond

Performing a surface energy balance obtains

- - - 5 y - L} - —3
qdiff (pv'whw + mahaw mzhzw + awqrad FGEWTW qcond 0

(4)
Upon specification of a heat transfer coefficient, evaluation of
all terms in Equation (4) is reasonably straightforward except
the conduction term, qéond. Evaluation of the conduction term
requires specification of a particular throat insert geometry in
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addition to temperature dependent material thermal propert:es.
These properties are often difficult to come by and it would be
unfortunate to restrict the result of the present investigation
to a particular throat insert geometry. A desire to retain
greater generality in the present results prompted consideration
of a simplified, but realistic, approximation for representing
the conduction term. The assumption of steady state ablation of
the insert material is believed appropriate for the high energy
flux environments being considered, and has been adopted in the
present investigation. The essence of the approximation is
illustrated in the following sketch.

ablating surface

A control volume of thickness, 8, extends from the ablating
surface (y=0) to a point in the material where the insert material
temperature, T(y), is equal to its initial value (Ti= room temp.)
The steady state analvsis is based on the assumption that the
temperature distribution is invarient with time, T (y) ¥ £ (time).
Since the control wvolume energy content is dependent only upon

the temperature distribution, it may be stated that the rate of
change of energy content within the control volume is zero. An
energy balance on the control volume then obtains:

Boona =~ Ma (haw - ha:i.) (5)
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Substitution into Equation (4) results in a surface
energy balance equation which is independent of material thermal
properties and insert geometry.

- L - L] - l' =
aist (pv)whw + mahai mlhzw * % 9rad FC’EwTw 0 (6)

The terms in Eqguation (6) and their evaluation are given
detailed attention in Appendix C where it is shown that the sur-
face energy balance may be written in terms of quantities readily
available from the output of the ACE computer program. The ACE
program was employed to obtain combined solutions of the species
conservation equations and chemical eqguilibrium ralations as
discussed above, in Sections 2.5 and 2.6. In appendix C, the
surface energy balance (Eqg.6) is developed in the following form.

CH > ok Tw
- - * - - ] -
CM(Hr Hw)edge * E: ( 27 23 )Ahi B hw B2h2w
, e w
gas i
+Bh o+ —re—(ag, g - 0 0E T}) = 0 (7)
i Pe"e™M P w

For a given material-propellant combination, all terms in Equation
7 are available from the ACE program output as a function of the
total ablation rate parameter, ﬁ, with the following exceptions:
the ratio of heat~to-mass transfer coefficients, fg » the heat

M
transfer coefficient, peUecH' and the radiation terms., The sur-
race energy balance equation is solved by evaluating each term
as a function of B until Equation 7 is satisfied. The means
employed for evaluating each of these terms is described in
Appendix C, but it is appropriate to briefly review the assump~

tions employed in their evaluation at this point.

The ratio of mass-to-heat~transfer coefficient is given by
the Chilton-Colburn Analogy.
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. 2/3
C Le

2
i

The heat transfer coefficient is selected to have a nominal
value corresponding to a 2.5-inch-diameter throat with a chamber

pressure of 300 psia

g = 0.5 1b/£t® - sec
(6]

p UeC
Radiation from the particle laden stream is evaluated by assuming
the neczzle throat "sees" only itself, and by assuming radiation
from the particle cloud is represented by the stream static
temperature, and an effective cloud emmisivity, € _=0_. The
resulting radiation fluxes for the three propellant environments
containing particles are,

Propellant 9aa
(Btu/ft® -sec)
Aluminum Solid 345
Beryllium Solid 495
Aluminum Hybrid 684

For the other three propellant environments considered ( 2
liguids, and the lithuim hybrid) no particles are present in the
flow, so for these propellants the net radiation flux is zero.
It is interesting to note, that for no net radiation interchange
the surface energy balance (Eqg.7) may be solved independent

of the heat transfer coefficient, pe e H

C
H - )A _ o w - ' - s =
EE(Hr H,) edge (Z Zi) Ahg B'h, Bzhzw + Bh 0
gas

(8)
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This is an interesting result, because it means that the surface

energy balance solutions for the environments without particles
are valid independent of the throat insert diameter,

Solution of the surface energy balance equations (Egs. 7
and 8 for the environments with and without particles respectively)
represents the culmination of the investigation. The results of
this investigation, including the calculated steady state surface
temperature and recession rate for each of the 72 material-
propellant combinations is presented in the next section.
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SECTION 3

RESULTS

The previous sec:cion and appendices A through C describe a
specific approach for evaluating the corrosion resistance of
nozzle throat insext materials in rocket exhaust product environ-
ments. This section presents the results of an investigation
utilizing these technigues for analyzing a matrix of twelve mate-
rials and six propellant environments. The results are presented
in the form of the steady state ablation rate and surface tom-
perature for each of the 72 material-propellant combinations.

Tables V{(a) through V(f) present a summary of the perform-
ance of each insert material in each of the environments. Table
v(a) is for the OF2-—BZH6 environment, V(b) through V(£f) corre-
spond respectively to Flox-methane, aluminum-solid, beryllium-
solid, aluminum-hybrid, and OFz-lithium hybrid. Each table
presents the following information for all 12 materials.

(1) Insert material composition

(2) Insert material density

(3) 1Insert material melt temperature

(4) Steady state surface temperature, T,
(5) Normalized totai mass loss rate, B

(6) Linear surface recession rate, §

(7) Chemical composition of chemically stable condensed
phase material on the surface (surface species)

(8) The primary mode of surface recession, chemical
or melt |

Approximately half way through performing the ablation calcula-
tions, a modification was made to the ACE program which resulted
in printing out the relative rates of material removed in the
liquid and gas phase, B£ and B' respectively. For the material-
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propellant combinations where this information was readily
available on the program output, the values of B' and B, are
shown in addition to B. It is emphasized that both chemical and
mechanical (liquid removel) ablation are considered for all
solutions, but their relative rates are shown for only about
half the solutions.

In addition to the steady state ablation rate and surface
temperature results shown in Table V, a significant part of the
results from the investigation are shown in Figures 1 through
12, Pigures 1 through 6 present the normalized ablation rate
parameter, é, as a function of temperature for all 12 materials
in each of the 6 environments. Figures 7 through 12 present
solutions to the surface energy balance for all materials in
each of the 6 environments. Because the results presented in
Figures 1 through 12 are intermediate to the final answers given
in Table Vv, it is appropriate that they be discussed first.

3.1 Surface Ablation Characteristics

Figures 1 through 6 present the normalized ablation rate
parameter, ﬁ, for all 72 material-propellant combinations. Each
of these figures has 12 parts (a through 1), one part for each
of the 12 materials. The surface ablation characteristics shown
in the figures are machine plots and represent combined solutions
of the boundary .ayer species conservation equations and the
chemical equilibrium relations at the ablating surface. The
surface ablation characteristics illustrate how fast the material
will be consumed at a given surface temperature as a combined
result of all possible chemical reactions and removal of liguid
material from the surface.

Evaluation of the surface temperature and recession rate in
a given environment required solving the surface energy balance
which is discussed in the next section. The results presented
in Pigures 1 through 6 give some information relative to the
primary ablation mechanisms. For example, Figure 1l(a) indicates
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that tungsten is not ablated to any significant extent in the OFZ-
B2H6
at which point the ablation rate increases with no increase in

environment until it reaches its melt temperature (6570°R),

surface temperature. This characteristic is a result of the

fact that tungsten is not chemically attacked in the OFZ—B2H6
environment for temperatures at or below its melt temperature.

As a result, the only mechanism for tungsten ablation in this
environment is melting.* The rate of melting is established

from performing an energy balance. It is interesting to

contrast tungsten ablation in the OFZ—BZH6 environment (Fig. 1la)
with its ablation characteristics in the aluminized solid propellant
environment (Figure 3a) (note the scale change on B). Although
the chemical ablation rate in this environment is also small for
temperatures less than the melt temperature (B = 0.05 at T = Tmelt)
it is noted that the temperature is first constant at $172°R

 (the melt temperature of A1203) and then monatonically increases
to the tungsten melt temperature. Tne region of constant tempexr-
ature of 4172°R is represented by the precipitation of Al,05 upon
the surface and its subsequen’. removal as a liquid. This region
is accompanied by oxidation of the tungsten until a value of

é = 0.007 is reached, at which point, higher tungsten ablation
rates demand a higher surface temperature in order for the
material to be consumed chemically. Finally, at B = 0.05, the
tungsten melt temperature is reached and further surface recession
must result from removal of tungsten liquid. The characteristic
of several horizontal lines (constant temperature regions) shown
in Figure 3(a) is representative of many of the material-propel-
lant combinations. In these cases the constant temperature re-
gion represents the existance of a chemically stable liquid layer

which is being mechanically removed from the surface.

* Excluding thermal shock effects
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3.2 ENERGY BALA!CE SOLUTIONS

The steady state energy balance equation was presented above,
in Section 2.7 (Egqg. (7)) and details pertaining to its solution
for each material-propellant environment are described in Appen-
dix C. Solution of the energy balance equation is accomplished
with a computer program (ESUM) which takes the output of the ACE
program, evaluates each term in the energy balance equation
(Eq. (7), computes the sum, and plots it as a function of the
normalized ablation rate parameter, é. Examination cf the energy
balance Equation (7) reveals that when the sum is zexro, the en-
ergy balance is satisfied. The sum of ihe terms in the energy
balance equation (Energy Imbalance) are machine plotted as a
function of B for each material-propellant combination and are
shown in Figures 7 through 12, Each figure has 12 parts (a
through 1) which correspond to the 12 materials.

These figures reveal the value of é which satisfies the
energy balance (Energy Imbalance = 0) and also illustrate the
magnitude of the energy imbalance for higher and lower values
of the ablation rate. A positive energy imbalance corresponds
to more energy being added to the material than it can reject
through the ablation process. During an actual rocket firing
the ablation rate will increase with time and the extra energy
will cause the surface temperature and ablation rate to increase
until the steady state value is achieved.

3.3 RELATIVE MATERIAL PERFORMANCE

The results presented in Tables V(a) through V(£f) for each
of the propellant environments illustrate the relative suscep-
tibility to chemical erosion and/or melting of a number of mate-
rials. As indicated above, in Section 2.7, the energy balance
solutions for the environments without particles are valid inde-
pendent of heat transfer coefficient. Thus, the solutions for
the normalized ablation rate, é, are valid for the OF2—B2 6’
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Flox-methane, and OFZ—lithium hybrid environments independent of
nozzle throat diameter. For the environments containing parti-
cles, the reported B depends on throat diameter because of the
dependence of the radiation term on throat diameter. In addi-
tion to the normalized ablation rate parameter, B, Table V in-
ciludes a tabulation of the linear recession rate, é, for a heat
transfer coefficient corresponding to a throat diameter of 2.5
inches. The linear recession rate is related to B through Equa-
tion (C-8) (Appendix C). Some of the better peforming materials
in each propellant environment are discussed in the following
paragraphs. Because primary emphasis is given to materials
suitable for nozzle insert application, the relative performance

of materials is based upon minimum linear recession rate, S,

rather than minimum mass loss rate, B.

0F2~B2H6 -~ As indicated in Table V(a), the high temperature
carbides perform best in this environment, lhowever some of the
metals have a greater affinity for boron than others which re-
sults in conversion of the metal carbide to a metal boride. The
metal boride has a low melt temperature and is removed mechani-
cally (e&L,Zng). Other carbides have lower melt temperatures
(e.g., TiC*) and are removed as liquid without appreciable chemi-
cal attack. The two materials which are superior from a thermo-
chemical point of view are hafnium carbide (HfC*) and the tanta-
lum carbide-carbon hypereutectic (TaC* + 11% C*). A particularly
interesting result shown in Table V(a) is the fact that the mix-
ture of TaC* and C* performs substantially better than either
TaC* or C*¥. It would be interesting to evaluate the performance
of various TaC* - C* mixtures in order to establish the composi-
tion which yields minimum recession rate. Comparison of the re-
sults shown in Table Vv(a) with results reported earlier, in
Reference 2, reveals some significant discrepancies in the pre-
dicted recession rate, é, for roughly equivalent environments
(0/F = 3.0 vs 3.5 here). Consideration of the source of the
discrepancy leads to the conclusion that it is a direct result
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of the unequal diffusion coefficient effect for this envicon-
ment. Unequal diffusion coefficient effects were not considered
in the results presented in Reference 2. This effect cruses
hydrogen atoms to diffuse through the boundary layer to combine
on the surface much faster than previously considered. The
higher energy release to the surface associated with higher
hydrogen atom recombination produc2s a substantial increase in
the surface temperature, which results in a higher ablation rate.

Flox~Methane - Table V(b) indicates that tungsten is the
best material in this environment. Most all the materials con-

sidered perform well in this environment. Because its low total
temperature results in low surface temperatures, no melting is
predicted to occur and all recession results purely from thermo-
chemical events. Some difficulty was ercountered in obtaining
energy balance soluticns for the materials containing tantalum
because there are two values of surface temperature which satisfy
the species conservation and chemical equilibrium relations for

a given ablation rate. One range of solutions occurs for suriface
temperatures in the vicinity of 6000°R where a TaC* surface is
predicted to exist. Arother battery of solutions exists for sur-
face temperatures in the vicinity of 2500°R where a carbon sur-
face is predicted to exist. Energy balances are not obtained for
either of these solutions because in one case the surface temper-
ature is far too high, and in the other, it is far too low. It
is clear that an energy balance will be obtained for some inter-
mediate temperature levels, but it is not clear what the reces-
sion rate should be because there are two chemical recession
rates for each surface temperature value. The results presented
in Table V(b) are based upon extrapolating the high recession
rate curve to a solution of the energy balance equation. As such,
the recession rates shown for the materials containing tantalum
are maximum values, and the actual rates may be substantially
less.
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Aluminized-Solid - The results shown in Table V(c) indicate

that tungsten, hafnium carbide, and hafnium dioxide suffer very
little surface recession in this environment. It is noted that
the chemical recession rate parameter (B') is negative for some
materials in this environment. This s a result of condensation
of Al,05* ligquid at the surface and its subsequent removal in
the liquid phase. This condensation may actually be occurring
on many materials but for most of them chemical attack is pro-
ducing gas phase products which are leaving the surface at a
greater mass rate than aluminum and cxygen bearing vapors are
reaching the surface. As a result, the chemical attack rate,
B', is positive for most of the materials.

Beryllium—-Solid -~ Results for this environment si.cwn in

Table V(d) indicate that tungsten is the superior insert mate-
rial, followed closely by second and third place tantalum car-
bide and tantalum carbide hypereutectic, respectively. It is
interesting to note that all three tantalum containing materials
react o form a chemically stable tantalum nitride surface. The
calculations assume that chemically stable condensed phase com-
pounds will stick to the surface provided they do not melt at the
surface temperature of the insert material. Referring to

Table V(d), it is noted that the surface temperature for tantalum
is at its melt temperature, and, os a result, it would be un-
realistic to allow the nitride to siick to the liquid substrate.
For this reason tantalum is predicted to have a high recession
rate resulting from liguid layer removal. Because the predicted
surface tempe ratures for tantalum carbide and tantalum carbide
hypereutectic are below their melt temperatures, however, the
tantalum nitride is presumed to adhere to the surface and provide
a protective film for these materials.

N204—Aluminum Hybrid -~ As evidenced by comparing Tables V(d)

and V(e), the relative performance of materials in this environ-
ment is about the same as in the beryllium-solid propellant
environment. Tungsten is best and is followed by tantalum carbide
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and its hypereutectic. Significantly higher surface temperatures
are predicted for this environment, however, and as a result, the
predicted temperature for the tungsten insert is dangerously close
to its melt temperature.

OFZ-Lithium Hybrid - This environment produces such high
surface temperature that all but two materials are rradicted
to melt. One of these, tantalum carbide, gets within 150°R of
its melt temperature ('I'melt = 7690°R), and the other, carbon, is
predicted to operate at 6800°R. From a thermochemical, and
melting point of view, the best materials, in order of performance,
are: tantalum carbide hypereutectic, tantalum carbide, halfnium
carbide, and carbon. It is most likely that in practice carbon
(or graphite) would end up the best because of the extremely high
temperatures (and corresponding low strength) achieved by the
other materials.

These results are believed realistic within the restrictions
imposed on the analysis, and the restrictions are believed appro-
priate for calculations of a preliminary screening nature.
Specifically, the chemical equilibrium assumption is believed
quite good, and the film coefficient approach to boundary layer
transport phenomena is believed quite realistic. The potentially
most severe restrictions are: (1) the assumption that chemically
stable films will adhere to the surface, and (2) that steady state
ablation is achieved. Evaluation of errors associated with the
second assumption is straightforward since analytical modeling
of transient heat conduction is well in hand. It would seem
reasonable to expect that the steady state assumption is appro-
priate for firing times much greater tlian 10 seconds. For shorter
firing times the results reported in Table V are probably pessi-
mistic. It is difficult to assess probable errors associated with
the first assumption (that films stick) and no attempt is made to
verify its applicability here. It is recognized that in actual
practice, certain mechanisms not considered in this analysis may
dominate, and preclude successful utilization of materials which
appear superior from a thermocinemical point of view. Such mechan-
isms as insert ejection resulting from low high-temperature
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strength, or thermal shock have not been considered. The analy-
sis was performed hecause of the established importance of thermo-
chemical erosion and the reported results are believed quite
realistic from a thermochemical erosion point of view.



-29-
SECTION 4

CONCLUSIONS

The conclusions which may be reached from this investigation
are summarized quantitatively in Tables V(a) through V(£f) which
display the surface recession rate and surface temperature for
all materials considered in each of the six environments. Con-
sidering minimum surface recession rate to be the primary indi-
cator of superior nozzle throat insert performance, the follow-
ing list summarizes the best materials in each environment.

0F2— 32H6 hafnium carbide and tantalum carbide
+ 11% carbon hypereutectic

Flox~Methane tungsten and carbon

Aluminum~Soclid hafnium carbide, hafnium dioxide

and tungsten

Beryllium-Solid tungsten, tantalum carbide, and
tantalum carbide hypereutectic

Aluminum-Hvbrid Tungsten, tantalum carbide, and
tantalum carbide hypereutectic

Lithium~Hybkrid the carbides of tantalum and hafnium
are followed closely by carbon (or
graphite), howewer, the carbides
operate at, or dangerously near,
their melt temperatures, so it is
expected that carbon would be best
in actual practice.

It is emphasized that the above material ratings relate
only to material performance from a chemical corrosion and melt-
ing point-of-view. No consideration has been given to weight,
cost, or structural integrity. The above material ratings may
be considered in both =3n encouraging and a discouraging light.
They are discouraging in that no really new, superior materials
have been identified. On the other hand, it is encouraging
that a purely theoretical approach, free from any empiricism,
has yielded results which tend to confirm the findings of years
of experimental effort; that the best throat insert materials
may be selected from tungsten, carbon (or graphite), and the
high temperature carbides.
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. SECTION 5

RECOMMENDATIONS

It is recommended that the more promising materials be in-
vestigated further to establish, (1) the validity and applica-
bility of certain assumptions embodied in the thermochemical
ablation calculations, and (2) to investigate the magnitude of
material degradation mechanisms not consider:d in the present
investigation. The assumptions warranting further investigation,
and other mechanisms which should be considered are identified,
and a specific course of action for their investigation is pre-
sented here.

5.1 VALIDITY AND APPLICABILITY OF ASSUMPTIONS

The two potentially most severe restrictions embodied in
the thermochemical ablation calculations are (1) the assumption
that chemically stable f£ilms which are formed on the surface will
adhere to it, and (2) that steady state ablation is achieved.
Evaluation of the applicability of the second assumption may be
accomplished in a straightforward manner with currently available
transient heat conduction codes. It is recommended that tran-
sient heat conduction solutions be performed for a range of cham-
ber pressures and throat diameters of .nterest to establish ap-
proximate firing times for which the steady state assumption is
appropriate. In the event the steady state assumption is unrea-
liscic for some conditions of interest, suitable approximations
may be introduced to account for transient effects (see e.g.,
Figures 11 and 12 of Reference 2).

Examination of the validity of the first assumption, that
chemically stable films adhere to the surface, may best be accom-
plished experimentally. It is recommended that a series of ex-
periments be conducted which consist of exposing a small, flat
sample of insert material to a high temperature, high shear
environment containing the primary gas phase species which react
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with the insert to produce the chemically stable film. Post
test chemical and photomicrographic analysis of the surface will
reveal the presence or absence of the prctective film. These
experiments should be conducted in an arc plasma facility (see
e.g., Ref. 12) in order that the surface temperature may be
accurately measured and controlled over the entire range of
interest.

5.2 OTHER MATERIAL: DEGRADATION MECHANISMS

In addition to thermochemical attack the insert material
may perform poorly as a result of thermal shock or low strength
at high temperature. The ability to prejudge the importance of
thermal shock effects is directly related to how well the mate-
rial properties are known. When fairly accurate measurements
or estimates of thermal diffusivity, elastic modulus, and thermal
expansion coefficient are available, it is possible with exist-
ing computer codes (see e.g., Ref. 1l2) to make a realistic assess-
ment of potential thermal shock problems for a given material-
environment combination. For those promising insert materials
where realistic property estimates may be made, thermal stress
calculations should be made corresponding to temperature dis-
tributions early in time where thermal gradients are large.

Unfortunately, realistic estimates of material properties
are often difficult to come by, and in these cases, it is neces-
sary to resort to some form of experimentation. Perhaps the
most efficient means of establishing a material's susceptibility
to thermal shock is to expose small samples to an environment
which will produce temperature levels and gradients encompassing
the range of interest. This may be readily accomplished with
the same arc-plasma technique as recommended above for investigat~
ing the ability of films to adhere to the surface. It is there-
fore recommended that experiments be conducted on small samples
in an arc-plasma environment to acquire data on thermal shock



resistance of insert materials. These experiments should be
accompanied by the means for accurately monitoring and control-
ling the 2 primary independent variables, temperature level and
temperature gradient.

It is also recommended that stress analyses be conducted in
the high temperature (late time) regime for interesting materials.
These analyses should include consideration of nonlinear depen-
dence of material mechanical properties on temperature, and the
analyses should include temperature and pressure distributions
representative of realistic boundary conditions with a realistic
insert geometry. The analysis techniques employed in the pres-
ent investigation may be employed for evaluating realistic bound-
ary conditions appropriate for such calculations.

5.3 ADDITIONAL THERMOCHEMICAI, ABLATION CONSIDERATIONS

The results of the present investigation revealed some in-
teresting results relative to the thermochemical ablation of
tantalum carbide-carbon mixtures. It was found that a certain
mixture results in less ablation than experienced with either
the parent material or the dilutant. It is recommended that
additional computations be performed to investigate the thermo-
chemical ablation performance of other percentage mixtures. It
is anticipated that mixtures different from that considered herein
will result in lower recession rates. It is also recommended
that details of the results reported herein be given careful
scrutiny in order to identify any particular advantageous ox
detrimental chemical reactions which may suggest material modifi-
cations, or other materials which are particularly suited to
environments of current interest.
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TABLE I
PROPELLANT THERMODYNAMIC AND CHEMICAL DATA *¥*

%
s gm_element Propellant
Elemental Mass Fractions, om propellant Injection or
Propellant o/F H Li Be B c N §) F Al cl Chamber Enthalpy
cal/gm
OF2 4 BZHG' Liquid 3.5 .0483 «1737 .2305 .5475 -83.7
Fuel storage temp = 128°K o liguid phase,
gxidizer storage temp = 180K storage temp.
FLOX + CHap., Liquid 2,185 }.0785 .2350 «3135 .3730 -478 .4
. 54,3% F2 in FLOX o
Fuel storage témp = 11l1.4°K o ligquid phase,
Oxidizer storage temp = 87.4 K storage temp.
NH,C10,,+ (Al+rubber bindez), - |.03975 .12320 |.08590 |.39050 .15050 |.20900 -475.3
Solid : -
Binder composition:
C7.134%10.7147%0.0775%0. 1517
NH4C104+(Be+rubber binder), — .0404 .1200 <1210 .08825 |.40644 «2235 -440,.14
Solid .
Binder composition: .
C7.134%10.7147%0.0775%.1517
N.C, + (Al + rubber binder), 1.60 0235 .1880 .1872 .4283 .1730 ~-2.25
274 .
. Hybrid liqui @
Binder composition: iquid N,0, @ moom
476
OF, + (Li%Li§+rgbber binder), | 3.20 .0201 |[.0804 .1371 .2288 (.5336 -165.2
Hybri s . o,
Binder Composition: liquid OF, @128°K
Colg
i

% .
R =ive o JANAF thermal and chemical base states (Ref. 6
**Bgéﬁglaata cbtained from References 7-11l. ( )



TABLE IX

INSULATION MATERIAL THERMODYNAMIC AND CHEMICAL DATA

Material Elemental Mass Fractions, S elemegt ng;gtggﬁ' Density
gm material cal/gm gm/cc
W C Ta HE Ti Vo Be o) N
w 1.000 o 19.28
c 1.000 0 2.26
Ta 1.000 0 16.60
Tac 0.062410.,9376 -179.0 14.65
Tac + 11¥%C 0.1655(0.8345 -160.0 8.48
HEC 0.0631 0.9369 -236.0 12.70
Tic 0.2007 0.7993 -731.90 4,92
ZxC 0.1163 0.8837 -436.0 6.74
BeO 0.3602{0.6328 -5,720.0 3.06
ZxQo, 0.7405 0.2595 -2,120.0 5.73
Hf02 0.8481 0.1519 -1,262.0 9.68
ZrN 0.8669 0.13331] -828.0 7.09

*
Relative to JANAF thermal and chemical base state {Ref. 6)




TABLE III

CHAMBER AND THROAT CONDITIONS*

Kj
Tc T P Significant Molecular Condensed Phase
Propellant (°R) (°§) (atﬁ) Species at Throat Mass Fraction
oF ”le o 7,668 |7,256 |11.75 | FHeH,H,,BFO,BF,HO,H,0, 0
2 276 BFZO,BO,BHOZ,BOZ,F,
BFZ,BHO,G
#2
PLOX + CH4 4,840 {4,266 |11.20 FH,CO,H2 0
NH c:(_c#3+ (AL 5,784 |5,434 |11.75 H20,C0,CLH, Hy, H, N30 COp
4C10g * 1 ’ ‘ -7 21,05, *(CL, ALCL,, AICE, |FAL,0.% ~ 0.2535
+ rubber binder) H0,0,ALHOz,NO}
o1 4 6.174 |5 4 |11 Hz,CO,ClH,Cl,H.HZO,
NH,Clo, + (Be ’ .87 .85 BeCl,N,, BeO* Xy co* = 0.2340
+ rubber binder)
#5 CO,HZ,Nz,H,NZO,Al,AlO,
N204 + (Al 6 ‘
. 2 2 2 Al1,.0,¥%
+ rubber binder) 273
#6. . co,¥H,FLi,F,H,HO0,0,
0F2 + (Li + LiH 7,987 {7,513 |11.65 Hz,Li 0

+ rubber binder)

*
Based on 360 psia {20.43 atm) chamber pressure




TABLE IV

BOUNDARY LAYER EDGE GAS ELEMENTAL COMPOSITION AND ENTHALPY OF NOZZLE THROAT

Elemental Mass Fraction¥*

gr element

Enthalpy* ) gr edge gas
Propellant p
P cal/gr H Li Be B | ¢ N 0 r Al cl
#1
#2
FLOX - CHj, ~477.0 0.0785 0.2350 0.3135 |0.3730
#3
NH@ClOA - (Al + Binder) +288.0 0.0533 0.1653 |0.1152 |0.3639 0.0219 |0.2804
#4
NH@ClO4 ~ {(Be + Bindex) +476.0 0.0528 0.0468 0.1580 {0.1153 {0.3352 0.2919
#5
N204 - (Al + Binder) +952,0 0.0324 0.2593 ]0.2582 |0.4122 0.0379
#6
OF, - {Li + Li" + Binder)| -165.0 0.0201 [0.0804 0.1371 0.2288 {10.5336

*The above values for enthalpy and elemental composition pertain only to the gas phase products
The enthalpy is the total

of the nogzzle throat.

enthalpy of the gases (thermal + chemical + kinetic).

Particulate materials are not considered.




TABLE V

STEADY STATE ABLATION RESULTS
. PRI - -~
(a) ~Propellant No., L - OF2 Diborane

! Melt Surface Primar
] r - - . y
' Material |Density| Temp Tenp B B' B S* gdziig: Erosion
°R R A mils/sec |°P Mode

W* 19.28 |6570.0 |6570.0 |12.493 11,07 W¥ Melt
Cc* 2.26 [> 8600 [6233.0 0.297 0.397 0.0 10.78 C* Chemical
Ta¥ 16.60 |5886.0 |5886.0 |19.81 17.2 Ta¥* Melt
TacH 14.65 |7691.4 6300.0 | 5.07 11.5 pact | Chemical

e : y * y 2 + Melt
TaC*+11%C 8.48 |7691.4 |6791.7 | 1.1033 6.68 TaC* | Chemical
. *x .

FoHf or | Chemical

HEC* 12.70 |7488.0 |6506.0 | 2.09 6.93 HECH + Melt
Tic* 4,92 |6318.0 |6318.0 | 1.038 10.92 Tic* Melt
" | Ba2r* or|Chemical

ZrC¥ 6.74 |6777.0 [6594.1 1.23.4 13.05 ZrC*® + Melt
BeO¥* 3.06 |5076.0 [5076.0 2,53 31.4 BeO%* Melt
Zr024¢ 5.73 |5310.0 [5310.0 | 8.12 31.05 7r0,* Melt
HEO,* 9.68 [5706.0 {5706.0 ;10.04 20.34 HEfO,* Melt
ZrN% 7.09 i5805.0 {5805.0 | 5.615 61.96 ZrN* Melt

* Based on a heat transfer coefficient, PeUeCy = 0.5 1b/ft? -sec
o




TABLE V (continued)
(b) Propellant No. 2 - FLOX Methane

Melt |Surface . Primary

Material |Density| Temp Tenp B B! B S* guzgigz Erosion
°R °Rr 2 mils/sec |°P Mode

W 19.28 |6570.0 |4388.0 | 0.0 0.0 0.0 0.0 W2 °F! Chemical

c* 2.26 !> 8000 | 4674.0 | 0.0139 0.0139 0.0 0.437 C* Chemical

Estimate
e 16.60 |5886.0 | 4700.0 | < 0.7 < 3.0 | T2, °F! chemical
Extrapolation PaC* or

TaC¥ 14.65 [7691.4 .. 4699.0 i0.565 0.565 0.0 2.59 ok ° Chemical
Extrapolation Pac#s or '

TaC*+11%C 8.48 |76%91.4 | 4397.0 | 0.135 0.135 0.0 1.54 o* Chemical

HEC* 12.70 {7488.0 | 4871.0 | 0.379 1.84 C* Chemical

TiC* 4,92 |6318.0 | 4607.0 {0.0567 0.806 C* Chemical

Z2rC* 6.74 |6777.0 | 4676.0 | 0.09997 1.02 Cc* Chemical

BeO* 3.06 {5076.0 | 4370.0 | 0.126 2.81 BeO* ! Chemical

Zx0,* 5.73 |5310.0 | 4660,0 [ 0.111 1.32 Zr0,* Chemical

HEO,* 9.68 {5706.0 | 4209.0 | 0,300 0.279 0.021 | 2.00 - HEO,* | Chemical

TN 7.09 |5305.0 | 4744.0 | 0.451 0.340 0.111 | 4.04 Zr0,* | Chemical

* Based on a heat transfer coefficient, p . UC

e e H
(o]

= 0.5 lb/ft® -sec




(c)

TABLE V (continued)

Propellant No. 3 - Aiuminized Solid

Melt |Surface . . Surface | Primary
Material |[Density; Temp Temp B B! B S* Species Erosion
°r °R 4 mils/sec |°P Mode
Wk +9.28 |6570.0 |5557.0 | 0.021 |+0.021 0.0 c.080 W Chemical
c* 2.26 |> 8000 |5042.0 |0.151 0.151 0.0 4.66 c* Chemical
-~ h i
Tak 16.60 |5886.0 | 5595.0 |0.520 |-0.058 0.578 2.36 TaN* °+e$;§:l
S 14.65 |7691.4.|5457.0 |0.3744 |-0.0299 | 0.4043 | 1.898 Tonk | Chemical
pack+li%e | 8.48 |7691.4 |5533.0 |0.270 |+0.056 | 0.214 | 2.21 ranx | Chemical
HEC# 12.70 |7488.0 |5568.0 |0.00L09|+0.00105| 0,00004| ©,006 HfO,* | Chemical
PicH 4.92 |6318.6 |5230.0 |0.3123 |+0.127 | 0.185 | 4.47 TiN® Cﬂegiggl
. ZrOo*%*oxr | Chemical
ZrC* 6.74 16777.0 | 5421.0 |0.545 |+0.245 0.300 5.46 o s
BeO* 3.06 |5076.0 | 5076.0 |0.411 |+0,001 0.410 | 9.99 BeO* Melt
Zr0 * 5.73 [5310.0 |5310.0 |0.7645 |+0.00 0.7645 | 9.88 Zr0,* Melt
HEO,* 9.68 |5706.0 | 5565.0 |0.0012 |+0.00116| 0.00004| 0.009 HEO,* | Chemical
Z2r0,*0or | Chemical
ZrN* 7.09 {5805.0 | 5435,0 {0,7755 }+0,1601 0.6154 7.60§ ik + Melt
* Based on a heat transfer coefficient, p UCC = 0.5 1b/ft?® -gec

H
o




TABLE V (continued)
(d) Propellant No, 4 - Beryllium Solid

Melt Surface . . Surface Primary —1
Material Density| Temp Temp B B! B S* Species Erosion
°Rr °rR 2 mils/sec |[°P® Mode
W 19.28 16570.0 |5980.0 |0.00166|+0.00166| 0.0 0.006 W Chemical
c* 2.26 |> 8000 |5540.0 | 0.1643 |+0.1643 5.0 4.84 c* Chemical
Pak 16.60 |5886,0 |5886.0 |3.913 | +0,050 3,863 |16.44 TaN* Melt
macH 14.65 |7691.4.|5813.0 |0.130 |+0.130 0.0 0.594 TaN* | Chemical
Pack+11%C g.48 |7691.4 {5806.0 |0.0892 |+C.0875 | 0.0016 | 0.752 TaN* Chemical
| Hfck 12.70 |7488.0 |5757.0 |0.7933 |+0.253 | 0.530 3.49 HfC*® cﬁegéle
piC* 4.92 |6318.0 |5763.0 |0.2502 |+0.201 0.0490 | 3.35 PiN* Chemical
ZyC* 6.74 16777.0 | 5820.0 |0.475 |+0.324 0.151 4,46 ZrN* Chemical
BeG* 3.06 |5076.0 | 5076.C |1.067 |=0.002 1.069 |25.0 BeO* Melt
Zx0 % 5.73 |5310.0 |5310.0 |2.68 -0.02 2,70 33.5 20, * Melt
HEO,* 9.68 [5706.0 | 5706.0 [1.714 0.0 1.714 |12.6 HEO,* Melt
ZrN* 7.09 (5805.0 |5799.0 {0.697 |+0.282 | 0.415 | 6.31 ZrN* Cﬁeﬂigzl

* Based on a heat transfer corffficient, peUec

H
o

= 0,5 1b/ft?®-gec



TABLE V (continued)

(e) Propellant No. 5 =~ N,0, - Aluminum Hybrid

Melt |[Surface . . Primary

Material Density| Temp Temp B B! B S * guzgigz Erosion

°R °R 4 mils/sec |°P Mode
W 19.28 |6570.0 |6488.0 |0.00532|+0.00532| 0.0 0.02 W Chemical
c# 2.26 |> 8000 |6008.0 |0.200 |+0.200 0.0 6.27 c* Chemical
Tak 16.60 |5886.0 |5886.0 14.77 |+0.2 14.97 | 71.5 TaN* Melt
, Chemical

Tac* 14.65 |7691.4.6377.0 |0.222 |+0.147 0.0745| 1.07 Ta,C* | 4 Melt
Tac#+11%C | 8.48 |7691.4 |6392.0 |0.1398 |+0.1347 | 0.0051| 1.19 [F22CL °F| chemical
HEC* 12.70 |7488.0 |6444.0 |0.546 |-0.008 0.554 | 3.29 | mewx | Chemical
TicH* 4.92 |6318.0 | 6138.0 |0.546 |+0,066 0.480 | 8.24 TicH Melt
ZrxrC* or | Chemical

ZrC 6.74 16777.0 |6341.0 |0.373 |-0.004 0.377 | 4.24 i pese
BeO* 3.06 |5076.0 |5076.0 |1.523 |[-0.02 1.553 | 38.5 BeO* Melt
ZX0.,* 5.73 |5310.0 |5310.0 |4.40 |-0.04 4.44 | 42.5 2r0 ,* Melt
HEO,* 9.68 [5705.0 |5706.0 |4.65 |-0.03 4.68 | 37.1 HEO,* Melt
ZrN 7.09 [5805.0 |5805.0 |2.91 |-0.03 2.94 | 31.7 ZrN* Melt

* Based on a heat transfer cbefficient, peUeC =

- 0.5 1b/ft® -sec
o




TABLE V (continued)

(£) Propellant No, 6 - OF, - Lithium Hybrid
{ -
i Melt |[Surface . . Primary
Material |Density| Temp Temp B B* B s* gurf§c§ Erosion
°R °R £ mils/sec |°PECL€ Mode
W* 19.28 |6570.0 | 6570.0 8.36 11,7 wW* Melt
c* 2.26 |> 8000 |6798.0 | 0,195 [+0.195 0.0 7.04 c* Chemical
Ta¥ 16.60 5886.0A 5886,0 | 10.946 |+0,314 10.632 52.8 Tak Melt
Tac# 14.65 |7691.4 .| 7543.0 0.§96 4,49 TaC* Chemical
TacH+11%C 8.48 |7691.4 |7691.4 | 0.368 . 3.37 Tac* "Eeﬁéigl
HfC* 12.70 |7488.0 |7014.0 1.40 +1.,40 0.0 6.65 HEfC* Chemical
2 ' Chemical
| &
Tic 4,92 {6318.0 |€318.0 0.586 8.76 c* + Melt
- : " |2xC* or Chemical
ZrC¥ 6.74 '6777.0 16614,.0 0.941 |-0,191 1.132 13.54 o + Melt
BeO* 3.06 |5076.0 | 5076,.0 1.385 26,0 BeO* Melt
Zroz* 5.73 |5310.0 | 5310.0 2.53 29,3 Zroz* Melt
HEO,* .68 |5706.0 |5706.0 | 5,70 19.7 'HEO,* Melt
ZrN* 7.09 |5805.0 | 5805,0 2.295 | =-0,27 2.322 32.2 2rN* Melt

* Based on a heat transfer coefficient, p

eUecH
o]

= 0.5 1lb/ft®-sec
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APPENDIX A

THERMOCHEMICAL DATA

Thermochemical data for a large number of molecular species
are required for performing chemical equilibrium calculations for
the 72 material-propellant combinations considered in the present
investigation. This appendix describes the prccedure by which
thermodynamic data was selected from the literature and complied
in the appropriate format.

SECTION A.1l

SELECTION OF APPROPRIATE MOLECULAR SPECIES FOR
WHICH THERMODYNAMIC DATA WAS COMPLIED

For each particular propellant-material combination a chemi-
cal system must be defined which contains all molecular species
suspected to appear in significant quantity. The selection of
such eligible species depends upon the chemical elements present
in a given propellant-material system.

Past studies at Aerotherm in the field of ablation have re-
sulted in the accumulation of thermodynamic data containing the
elements Al, B, BE, Ca, C, Cl1l, ¥, Hf, H, Mg, N, O, Si, Ti, W, and
Z2r. However, an examination of the propellants and materials for
the present investigation reveals that thermodynamic data for
systems containing only the above elements are insufficient.
Specifically, for the present study the data library was enlarged
to also consider systems with the elements Ta and Li in combina-
tion with many of the above elements.

The following simple approach was taken in selecting molecu-
lar species for which thermodynamic data was obtained. Refer-
ences A-1l, A-2, A-3, and A-4 were consulted and thermodynamic
data for any species which (1) was included in these sources,
and (2) was also a likely-present species for any one of the seventy-
two propellant-material combinations, was then incorporated into
the thermodynamic data collection (if not already present). The



A-2

result was the addition of 141 species into the existing Aerotherm
molecular species thermodynamic data library.

The complete library of thermochemical data employed in the
present study is illustrated in Table A-1l.

SECTION A.2

SOURCES IN THE LITERATURE FOR THERMODYNAMIC DATA

As mentioned above, the JANAF tables and the publications by
Aeronutronic, Schick, and Duff and Baur (Refs. A-1l through A-4)
were consulted for thermodynamic data.

The data in these sources is arranged in tabular form with
specific heat, heat of formation, sensible enthalpy, free energy
function, and entropy as a function of temperature for each molec-
ular species. All the sources are consistent in that they use the
same physical units and the same thermodynamic and chemical base
states. In each source the base states are taken as the elements
in their normal state at 298°K and 1 atm pressure, i.e., the heat
of formation for any molecular or atomic species existing in its
natural state at these conditions is defined as zero,

SECTION A.3

COMPILATION AND ARRANGEMENT OF THE THERMODYNAMIC
DATA IN THE APPROPRIATE FORMAT FOR THE ACE PROGRAM

The specific thermodynamic information received by the ACE
(Aerotherm Chemical Egquilibrium) program for each molecular species,
and the thermodynamic data format is identical to that of Refer-
ence A-5. This is the case because the ACE program, is in fact,

a very extensive rewrite of the program of Reference A-5. The
thermodynamic data format has been preserved and includes the
following information.
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(1) Heat of formation at 298°K, Ah298

(2) Sensible enthalpy increase from 298°K to 3000°K,

3000 _ f3ooo
2

hjog

c_(T)ar
98 P

(3) The three constants in the specific heat equation

sn -3
CP(T) = Bl + BZT + B3T (A-1)

(4) Entropy at 1 atmosphere and 3000 K, S3,,4

(5) For the melting-solid condensed phase species,
a fail temperature, '1‘M

The fail temperature of item (5) is taken as the melt temperature.

For the purpose of input to the ACE program, all the thermo-
dynamic data is contained on punched cards, with three cards
required for each molecular species. Table A-l1l is a computer list-
ing of these punched cards. A computer program developed at Aero-
therm, TCDATA, was used to: (1) least-squares curve-fit the tabulated
CP(T) data, and (2) punch out the quantities Ahggev Byr Bor B3
83000'1, and 'rM on cards. Reference A-6 describes the TCDATA
computer program.

Input for the TCDATA program is the thermcdynamic data taken
directly from the references. The CP(T) function is curve fitted
over two temperature ranges:

(1) 500-3000°K and 3000-5000°K for gas phase and solid
condensed phase species

(2) SOOO-TM°K and TM-5000°K for melting-solid condensed

phase species, where T, is the melt temperature.

M

For each curve fit both the input values of CP(T) and the
calculated values from Equation (A-l) are pointed out. In addi-
tion, the free-energy function, (F°-Ah%98\ /Z, is calculated from
the following equation, which is derived utilizing Equation (A-1)
and the basic thermodynamic relations:
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3000

-pl[m =+ (1 - -3%0-—0)] + B,T (1 - '3—.?.%) " % [1 ‘(3;;0(2)3]

30 0

+ 83(37)( 1 - 506~ 3 (—m) ] ( g ;“‘398)

F - AhS

= 53000,1 ~ ( T

From a comparison of the specific heat and free energy function
computed from Equations (A-1l) and (A-2) with the corresponding
input values from the references an indication of the accuracy
of the C_(T) curve-fit is obtained, and errors in the input
quantities Ah298’ hgggo, and 83000'1, are readily detected and
corrected Table A-2 illustrates the listed output of the TCDATA
program for representative gas phase, and melting-sclid condensed

phase species.

In summary, Table A-1l contains the complete thermodynamic
data library used in the present study, with information for 141
of the molecular species being generated during the presented
investigation. The following comments are pretinent to Table A-l.

(1) the thermodynamic information for each molecular specie
is contained on three cards (or lines).

(2) The first card contains the code designation of the
species (example: A1203 has 2 Al atoms (atomic number
13) and 3 O atoms (atomic number 8) hence the code
designation 003008002013 on the left hand side of card
one), the source of the data, and the chemical name of
the species.

(3) The second and third cards contain the quantities

3000
Ahzgep h298 ’ Bl' 32' 333 and 53000 1 for a lower and

an upper temperature range.



(4)

(5)

(6)

A-5

If the species is a melting~solid condensec phase, the
temperature dividing the two temperature ranges is the
melt temperature (or fail temperature)

The species phase index P is 1 for gas phase, 2 for
solid phase, and 3 for liquid phase.

The decimal point on each number is assumed to be to
the left of the left-most digit, and the power-of-ten
is the signed one-digit number to the right of each
6-place base number.



A-6

REFERENCES - APPENDIX A

JANAF Thermochemical Tables. The Dow Chemical Cc¢., Midland,
Michigan.

Peters, D, L., et.,al.: Chemical Corrosion of Rocket Liner
Materials and Propellant Performance Studies. Final Technical
Report. Aeronutronic Division of Ford Motor Co., Publication
No. U-2384, Dec. 15, 1963.

Schick, Harold L.: Thermodynamics of Certain Refractory Com=-
pounds, Volumes I and II. Academic Press, New York, 1966.

Duff, R,E. and Baur, S.H.: Equilibrium Composition of the
C/H System at Elevated Temperatures. J. Chem. Pys., Vol.
36, P, 1754, April 1962,

Browne, H,N., Williams, M,M,.,, and Cruise, D.R.: The theoretical
Computation of Equilibrium Compositions, Thermodynamic Properties,

and Performance Characteristics of Propellant Systems. U.,S.
Naval Ordinance Test Station, NAVWEPS Rept. 7043, June, 1960.

User's Manual: Computer Program for Curve-~Fitting Thermo-
chemical Data and Preparing Data Cards for Input to ACE or
EST, Aerotherm Corporation, September, 1966,



(o]
Anogg

cal/mole

113 90
780000&5
78000065

1 6 1
20995866
20995866

113 1
11620065
11620065

1 & 1
56000065
550000&5

113 2
72000065
780000865

113 3
140423866
14042366

1 8’ 1
14020066
14020066

1 1 1
62000065
62000065

1 1 1
34470064
34470064

1 1 2
10900056
10900086

1 7 1
104500866
10450066

1 ¢ 1
21398065
21278065

2 13 6
30920086
309200&6

1 8 2
31440765
21440055

2 8 2
95397065
953970&5

1 4 O
78255065
78255065

1 4 1
30000064
300000&4

1l 4 2
57911965

TABLE A=l - THERMOCHEMICAIL DATA

By

3000
cdar
_L;,p

B2 B3 $3000, 1

T

cal/mole ca%/mole cag/gole cal/mole ca%/mole oK

K

20 ¢ 0 9 0O
13461065 49290561
13461065 39567411
13 0 0 0 0 O

24044065 £9690G61~-
2406446065 96160961=

17 ¢ 0o ¢ 0o ¢
24469065 8953C561
24469065 95108961
13 117 0 0 O
39199065 14887962

39199065 15861362~

17 o 0 0 0O 0
37117065 13889662
37117065 13649362
17 0 0 0 0 ¢

52816065 19948562~
52816065 20448462~

g 113 ¢ O O
38690065 14880062
38690065 14894562
13 0 0 0 ¢ O
23357065 88538761
23387065 95119561

8 113 0 0 O
367340&% 148073862
36734065 14399162

8 113 0 0 9
48C5006&5 19145162

48050065 20R74362=

13 0 0 0 0o ©
24067065 83246061
24067065 861677%1
13 0 0 0 0 0
23305065 89558761
23305065 91640861
17 0 0 0 0 °©
116290866 437070682
11629086 4371016&2
13 0 0 0 0 O
35670065 13889162

35970065 14465662=

13 0 ¢ 0 ¢ 0
50497065 19859362
50497065=~18546862
0o 0 ¢ 0 0 O
13438065 46469561
13438065 105297=0
17 0 ¢ 0 0O ¢
239330865 89341161
23983065 89469161
17 0 0 0 0 O
38R20965 14699662

K og-t K
D C © 0 QJANAF 03/61
113634=6 70696765 50844062
204094=3 36177767 50844062
0 0 O C OJANAF 12/60
757687=5=75253265 74665062
128042=3=26456767 764665062
0 0 O 0 O0JaNaF Q6/61
116091=3=92925165 75038062
835189=5=22315667 75038062
o] ¢ 9 0 OJANAF 127690
423287=5=39253566 92044062
186492=3=40034967 92064062
O 0 0 © OJANAF 06/61
586012-5=13732966 10081363
486738=4 B69684566 10081363
C 0 O 0O OJANAF 06/61
209903=4~44644266 11958463
109302=3=25606267 11958453
C 0 O O OJANAF 03/64
650586=5=58992966 87698062
160258~5=588334566 87698062
C 0 0 O OJANAF 06/63
181289=3=70865866 63829062
483217-4=30412867 63829062
0 0 0 O OJANAF 12/60
231376=4=15546267 80355062
973440=4 11574766 80355062
0 O 0 0 OJANAF 12/60
162758=3=25325767 98976062
198656=3=83376457 98976062
¢ C C O OJaNAF 12/60
115329=3=21237066 74297062
172650=3 10104567 74297062
O 0 O 0§ OJANAF 03/62
772498=4=329482566 71859082
387904=4=11651167 71859062
0 c 0o ¢ OJANAF 03/s64
353763=5=64481266 21144663
159950=5=62028766 21144663
0 0 0 O© OJANAF 09/61
485413=5=66326565 91200062
108570=3=27892057 912000862
O 0 O O OJANAF 12/61
224091=5=13414467 10566563
738440=2 14499569 10566563
0 0 0 O OJA.AF 09/61
112298=3 33437466 44021062
109147=2 14771468 « 4021062
0 0 0 0 OQOJAMAF 03/64
908676=4=22243566 71909062
8B2523=4=26706966 71909062
0 0 O © OJANAF 09/61
608946=4=42594956 39904962

500
3000

500
3000

500
3000

500
3000

500
3000,

5000
3000,

1000
3000

500
3000

500
3000,

500
30000

500
3000

500,
3000,

1000
3000

500
3000

500
3000,

500,
3000

1000
3000

530

T

Phase

or

30001
5C00e1

30001
5000.1

3000.1
500041

30001
500Gl

300001
500001

300001
500001

111
300041
500001

30001
50001

30001
50001

300C.1
50001

3000.1
5000.1

3000.1
500061

111
300041
50001

30001
50001

300041
5000a1

30001
500041

111
30C0e1
50001

30001

Species

AL
CeAL
QeAL

ALC
CenlC
SeAlC

ALCL
OemblCL
OesALCL

ALCLO
0+ALCLO
0 .nLCLO

ALCLZ2
DeALCL2
OeALCLZ

ALCL3
OsALCL3
OeALCL3

ALFO
0+ALFO
QeALFOQ

AlLH
OeALH
OeALH

ALHC
OeALHO
QeALH.

ALHOZ2
Qe ALHOZ2
Oe«ALHOZ2

ALN
DeALN
Q0sALN

ALD
JeALD
0eALD

ALL2CL6
OeAL2CLSE
OsAL2CLE

AalL20
QeAL2Z2T
UehbiL2l

frwldll
OsAL2C2
QaAL2C2

Be
OeBE
QeBE

BECL
OeBECL
O+BECL

BECLZ2
DeBECL2

-

1l
1

-



57911965
1 & 1
496780865
496780&5
1 4 2
19130066
19130066
1 3 1
21200066
21200066
1 1 1
76768065
76768065
1 1 1
25000065
25000065
2 1 1
30000065
30000065
2 1 1
15850066
15850066
1 4 1
10199966
10199966
l 4 1
31000065
310000&5
2 4 4
178999866
27899966
2 4 1
15000065
15000065
2 4 2
98000065
98000065
3 4 3
25200066
25200066
4 4 4
33000066
38000066
5 4 5
505000866
505020866
6 4 ¢
635000¢&6
63600086
1 5 0O
13261866
13261866
1 5 2
21160066
211600&6
1 5 1

38820965
9 0 ¢
23468065
23468065
9 0 O
37416065
37416065
4 3 9
64920965
64920965
4 0 O
22536065
22936065
4 1 8
32173065
321730565
4 0 O
34578065
34578065
4 2 8
59395065
59395065
7 0 O
23659965
23659965
8 0 O
23184065
23184065
17 0 O
84452965
84452965
8 0 ¢
375349865
37534965
8 0 ¢
49836065
498360685
8 0 ©
76880065
768800865
8 0 0
107856686
10785666
8 0 ©
137169&6
13716966
8 0 O
16637366
16637386
0o 0 0
13424065
134240565
9 117
50383065
50383065
9 2 17

TABLE A-1 (continued)

14900762 485558-=6=60489366 89904962
0 0 0 0 0 U 0 OQJA,aF C3/63
88869961 919571=4=42176666 68402062
84293461 174020-=3 14813767 684020F2
0 0 0 0 0 0 O OJAnNAF 12/63
14790562 289774=4=11567267 82283082
13815452 209528=3 27448167 822830&2
0 0 0 0 0 0 O OJANAF 12762
25003962 245923=3=13832767 11553563
25820862 207241=5=21513467 11553563
0 0 0 0 0 0 0 0OJa .AF 3/63
87722461 184173=3=92490886 60772062
88473961 160554=3=96355666 60772062
0 0 O 0 0 © 0O OCJANAF 09763
12985462 208547=3=~23949467 78513062
12903362-916197=5=47778467 78513062
0 0 0 0 O 0 O OJA.AF 12/60
14580762 757364=4=27716267 67653062
153506862=872682=4=53447067 676530862
0 0 0 O 0 C O OJANAF 09/63
24452462 313890=3=47355067 10366763
25282962 9578B44=4=63211667 10366763
0 0 0O C 2 0 0 OQJUAnNAF 06/63
87183561 168927=3=25321766 69292952
89412661 102713=3=47170466 69292962
c 0 0 0 € 0 0 OJANAF 09/63
38545061 909641=4=55257066 66142062
89416761 685229=4=73120466 66142062
C 0 0 C O 0 0© OJANAF 12/60
31682662 340183=4-45656966 162027&3
31787662 141294~5=52119766 16202763
0 & © © € 0 O CJAxXAF 09763
14188262 210823~-3-68158366 82927962
14904062~185011=6=14266867 82927962
¢C 0 O O O O O OJA.AF 09763
19785462 208746=4=16301167 98856062
19288362 113721=3 33709666 98856062
¢C 0 0 0 0 O O OJAWAF 09/63
31614962 406679=4=41304867 12470263
32026862=453443=4=55155567 12470263
¢ 0 0 O ¢ C 0 OJA.WLAF 09/63
43611262 233046=4=439314867 15655263
43940962=408308=4=56294167 15656263
0 0 0 O ¢ O 0 OQJA..AF 09/63
55387462 617881=4=54257167 18429963
55510762 226391=4=55592767 18429963
0 0 0 C O 0O O OJANAF 09763
67240562 7988/ 7=4=65803867 21157263
66523962 197656=3=33114567 21157263
O 0 0 0 0 0 0 OJA.AF 12760
50602461=307108~4=98564165 48121062
5C745861=121838=4=72635386 48121062
0 0 0 O 0 O O OJANAF 12763
19831162 886329=5-14740367 10626763
195580862 581861=4=34753466 10626763
0 0 C 0O ©C O 0 OJANAF 12/63

3000,

500
3000

500
3000

500
3000

500
3000

500
3000

5000
3000

5004
3000,

500
3000

500
3000

500
3000

5C0s
3000

500
3000,

500
30004

500
3000

500
3000

500
30004

5004
30006

5006
30000

500061

300041
500001

300041
50001

30001
500001

3000.1
50001

30001
5000e1

300001
5000.1

300001
50001

3000.1
500001

30001
50001

3000461
500041

300041
500001

300041
500041

300001
5000el

3000e1
50001

30001
500061

300001
500061

3000e¢1
500061

300041
500001

O+BECL2
BeF
Q+BEF
OeBEF
BeF2
OeBLF2
OeBEF2
BEF3L1
OeBEF3LI
QDeBEF3LI
BeH
OeBLH
OeBEH
BtHU
QeBerH.
OeBEHL
BeH2
OeBEH2
OeBtH2
BEH2u2
OOBEHZVZ
OeBEH2VZ2
BE"
OeBe..
OeBli
By
OeBE.
QeBt.
BE2CL4
DeBE27LG
0«BE2CLY
Bk2u
QeBEZ2
QeBEZ2.
Br2w2
QeBLr2.2
QeBL2.2
BE3C3
DeBE3U3
Oe8BE3L3
Be4ud
OOBEQVQ
OCBE‘P\;‘}
BES5u5S
0eBES5.5
OD«BES.5
BE6&UL6
QeBE6GUE
OeBLOELE
8
QeB
OeB
BCLF2
0+BCLF2
0eBCLF2
BCL2F

(g



15400066
15400046
1 5 1
45465065
45469065
1 9 1
14400066
144000866
1 5 2
13000066
13900066
1 1 1
17539966
17529986
1 % 1
26999986
24999986
1 5 3
270100866
27010066
1 1 1
10563066
10563066
1 1 1
47127065
67127065
1 1 1
13410086
13410086
2 1 1
66000065
66000065
2 1 1
45000065
45000065
3 1 1
18000065
18000065
3 1 1
23860066
23860066
1 5 1
152000866
15200066
1 5 1
57440064
576440064
1 5 2
72600065
72600065
2 5 0
199300&6
19930066
1 & 2
3196006&6
319600866

1118065
1118065
9 ¢ 0
23289065
23289065
g8 1 9
37466065
37466065
9 0 O
35269055
35249065
5 2 9
67279965
67279965
B 2 9
49731965
49731965
9 0 0
469694065
49694065
5 0 0
22637065
22637065
5 1 8
35603065
35603065
5 2 8
45664065
45664065
5 0 0
32748065
32748065
5 2 8
59706065
597060865
5 0 0
424590865
42459065
5 3 8
B607306&5
86073055
7 0 0
244620865
246462065
8 0 0
22645065
22645065
8 0 0
37930065
37930065
g 0 o0
23809065
23809065
5 4 8
90251065
90251065

5
9

198646062
19809762
o 0 0
BRT795¢&1
81685961
0O 0 ¢
14801762

15787062~

0 0 0
13798162

TABLE A=l (continued)

578157=5=11017867 11042363
126436=4=92435066 11042363
0 0 0 0 OQJVALAF 12/60
901824=46=52610966 66936062
210898=3 27933467 669360862
0 0 O 0 0OJA.LAF 12763
227294~4=13605267 84390062
169659=3=50134567 84390062
C O 0 0O OQJANAF 12762
306556=4=97951566 87486062

14864762=178860=~3=50725567 87486062

O 0 0
17517662
19823162

O 0 °0
19010662
19867362

© 0 0
19764362
19010062

0 0 0
87172361
96234461

0 0 ©
14297482
11239262

c 0 ©
182280682
16874662

O 0 O
13181962
13341162

¢ 0 ©
24630762
24601562

0O 0 0
17900762
18689082

0 0 O
35684662

O 0 0 0 OQJAWAF 12765
676573=3w12632567 94916962
682930%5=39299767 94916962

0 C 0 0 COCJAWAF 12/6%
255063=3+10608967 10327163
528861=6-18983867 103271693

O C 0 0O OQJANAF 12/63
260131»4w17492567 10031763
163117w% 13377567 10031763

0 © 0 © OQJANAF 03/63
193099-3ﬂ11388057 59324062
127652=4+446256867 59324062

0 0 C -0 OJUA,AF 12760
167620«3=20113657 76473062
644865=3 13496768 76473062

0 C 0O 0 OQJARAF 06/63
425108=3=30104467 92490062
521159=3 69979867 92490052

0 0 0 C° OJANAF 12760
199298=3=21134667 728220862
F07704=4=580069866 728220862

0 0 0 0 OJANAF 12760
263481=3=47631967 10907463
206036=3=24430667 10907463

C 0 0 0 OJAnNAF 12760
501613=3=49570967 76379062
214061=3«46413167 76379082

0 ¢ 0 ¢ OQOJALAF 03/61
478490=3=72041967 13180863

37752962=105305=4«12723768 13180863

O 0 0
88011C&1
88075081

O 0 ©°
86219761
80348661

0O 0 0
14855282
11826862

0 0 9
891017&1
72442561

0 0 ¢
37311562
36463762

O 0 0 0 O0JALAF 09/63
108795=3=11244666 69936062
998189~4 72366865 69936062

0 0 0 © OJAnNAF 06/62
136981=3w63170466 67024062
210252~3 26465367 67024062

0 0 0 0 OJAWAF 06/63
119400=4~99943566 85636062
637770=3 93585967 85636062

0 0 0 0 O0JALWAF 12/60
112093=3=32195566 67851062
412560«3 687918867 67851062

0 0 0 0 O0JANAF 12/62
103876=3%54373267 14295663
2644001=3=16353467 14295663

500,
3000

500
3000

5000
3000

500
3000

500»
30000

5004
3000

500
3000

50Q¢
3000

500
3000

5004
3000

500
%000,

5000
30000

5000
30004

5000
3000

500
3000

500
30000

500,
30000

5000
30000

500
3000

30001
500001

30001
5000e¢1

300001
50001

300001
500041

300001
500041

300001
500041

300001
500061

300001
5000e1

30001
500041

300061
5000}

300041
500001

30001
50001

300001
50001

300041
500001

300001
500041

20001
500001

300001
500001

300041
5000e1

300001
500041

0eB2BEVSG
OeB2BEVY



2 5 &
24219956
62196686

4 1 2
10669956
20699966

& 1 2
GT95995 4
Q70QQQ54

s 5 2
11160066
11160066

2 5 3
21010064
21010086

2z 1 3
3R193966
381999686

i1 3
LT7699966
LT74999506

3 5 13
56530066
56530066

32 1 3
29100065
29108066

72 1 3
54299964
54299966

& 1 32
12186665
12189956

1 & 0
170886856
17088656

1 5 1
19800066
19802066

1 6 1
132000866
13200066

1 & 3
16600066
166000866

1 86 1
32200065
32200065

1 6 1
18000065
1500094%5

1l &5 2
75000065
75000065

1 &8 2
115C0066

g 0 0
77100955
77100865

5 &4 8§
125740866
1258740266

5 0 §
857649365
Q57645965

8 0 0
51550065
51350065

8 ¢ 0
61807065
61507065

5 3 R
11819966
11819986

5 3 8
120733866
12073366

8 3 g
123234864
12323456

5 3 8
11549666
11549666

5 & R
150889866
16088986

5 2 7
150180684
150189066

Jd o0
13550065
13550065

& 0 0
23387065
23387065
17 30 O
23785055
231785065

g 1 17
65432065
45432065

7T 1 17
37509065
37509065

g8 1 17
35511965
355119865
17 ¢ 0
36300965
36300985

9 2 17
66224065

¢ ¢ °©
29445462
307938682
0 ©
65088762
54311962
0 0 ¢
34157362
43528652
o o 0
230788562
196641862
0 0 ©

25777762~

239286¢&2
1 & 0
L4494262
49606562
2 9 0
46025082
496410862
¢ 0 90
47239562
49656162
O 0 0
427771862
49556362
0 ¢ ¢
55469482
67236562
6 0 ¢
53736782
67133162
3 0 O
44443361
41221261
c o 0
887101¢&1
86450061
0 ¢ O
89051561
85708861
0 0 O©
25705362
258243862
o 0 20

415997653«

134744852
O 0 0
13126582
139003862
0 6 ¢
13733562

139114862~

0 ¢ ©
25747762

TABLE A-1 {(continued)

O 0 0O T OJAnNAF 12764
401125=3=16275467 13749083 500,
121509=5=26627467 13749063 3000,

0 © G 0 OQOJANAF 03/66
266027=2~33260587 17954363 500
450391~4=15723568 17964363 3000

2 € 0 O O0OJANAF 12/54
2T74368=2«38016667 12553963 500,
258885=4=14763068 17553963 3000

0 ° 0 0 OJARAF 03/61
370455~5=25133167 98397062 5C0.
203148=3 28490867 98397CH2 3000

C € O 0 OJANAF 0Q3/61
153675=4=42751467 11171063 500
345774=3 32940267 111710663 3000

C ¢ C 0 CJANAF 12765
150677=2=35241367 166007853 500
101166=4=90440667 164600763 3000,

C © 0 O OJANAF 12/6°%
107470=2=33048567 17250263 5C0e
544339=5=65782667 172502863 3000

¢ 0 0 ¢ CGJA~NAF 03/68
722094~3=29233457 17908563 500,
357165=5=52729567 17908563 32000,

O C 0 O OQJAnNAF 03765
198595=2=36811467 15736563 500
166186=4=11521668 15736553 300C.

C £ 0O G CUANAF 12/64
222751=2=38164267 20830963 500
437510=4=14758168 208309863 3000,

C C 0 T QJAnAF 03/65
387996=2=51894467 17038363 500
581070=4=225429&8 18038363 3000

C & & 0 QJa~AF J3/61
228125=3 40983065 49287062 500
261908=3 26288667 492870862 3000

0 0 3 0 OQOJANAF 06/63
9BT7600=4=b46166666 68965062 5004
1347F0=3 56985366 68965052 3000,

2 0 G O CJANAF 12/6C
416720=4~15433366 73651062 500.
993826=4 12956767 73651062 3000

C 0 0O © OJANAF 03/64
334186=4=17244457 12068053 1000
146197—J-19327587 12068063 3000

9 C 0O 0 OJANAF 12760
109631=C=65141969 £68930&2 500
286947=3 34895867 868930862 3000,

0 0 0 0 OJAnAF 12765
228137=3=40866366 926619862 500
148315=5~12488967 92661952 2G00.

O ¢ C O OuANAF 03765
526254=4=38161766 93648962 500
7148804=-7T=56029866 93648952 3000,

C O 0 O OJANAF 03/64
222257=4=139526867 12562963 1030,

300041
500001

300061
50001

30001
50C0el

3000.1
5000.1

2300061
500041

300061
500061

30001
520Ce1

300041
50001

303C.1
500041

300041
500001

30001
5000.1

300061
500061

300041
50001

300Ce 1}
500Ce1

111
30001
5000l

3000.1
50001

300Ca1
50001

30001
500061

111
30001

B2F4
QeBEFG
CeB2F4

B2H4VLG
CeB2HGVG
CeB2HGLG

B2HE
CeB2HE
OeB2HE

Bave
JeB2u2
0082\42

B2v3
GeB2uV3
C.BZUB

B3FH2C3
DeB3FH2U3
CeB3FHZIV3

B3F2HO3
(eR3F2HU3
CeB3F2HOL3

B3F3L3
OeR3F30L3
OeB3F30L3

B3H303
QeB3H3LEY
CeB3H3US

B343.6
QeB3H3ULE
QeB83H3ULG

B3H6n3
0eB3r6n13
DeB3HENS

<
O«C
0eC

cB
CasCH
QeCHB

cCL
DeCCL
0«CCL

CCLF3
OsCCLF3
OeCCLF3

CCLN
Qe CCLN
OeCCLN

CCLO
J¢CCLD
OeCCLT

cCL2
0sCCLZ
CeCCL2

CCL2F2
JeCCL2F2

-

1l

]



11500066
1 &6 1
52600065
52600065
1 6 3
34599965
34999965
1 6 1
62000065
68000065
1 6 &
25940065
25940065
1 6 1
74400065
74400069
1 &6 1
30000254
30000054
1 6 1
40992965
40ce999E5
1 6 2
30000065
300009065
1 & 1
15250046
15250066
1 6 3
11650066
11650066
1 &6 &
227200066
72200056
1 1 1
14200666
14200666
1 1 1
252000465
25000065
1 1 1
90000065
Q0000065
1 1 1
16510066
16510066
1 1 1
3120006&5
31200065
1 1 1
27200065
27900085
1 1 1
290000&4
290000&4
2 1 1

66224065
] 217
50595065
50595065
17 0 ©
51660965
51660985
e 3 17
66993065
66993065
17 ¢ 0
67654065
67654085
S ¢ 90
23463065
23463065
7 1 o
37014065
37014085
2 1 S
34757065
347970455
9 0 0
34974065
14974055
R 2 9
49056065
4G03560865
9 0
49850065
49860065
9 C© ¢C
64542065
54542065
6 0 O
22132085
22130085
6 3 17
63476065
634760865
6 1 8
462399665
46239965
6 3 9
1103085
61103058
6 1 7
35593065
35593065
6 1 7
46193065
45193065
6 1 &8
32367065
32367065
6 ¢ D0

258288862
0O 0 0O

19734862
18974582
0 0 ¢
19596762
19862562
¢c ¢ ¢
257811682
258313362
c o o
25827762
25302362
c ¢ 0
86982961
81097461
0 0 0
14675662

TABLE A-~1l (continued)

B44105=6=15424567 12562963
0 0 C C GJANAF 12760
333559=4=13314167 10889963
170558=3 18068367 108899673
C G 0 O OJANAF 03/65
821072=4=60355666 11324263
165563=-5=82364666 11324263
C C O 0 OJANAF 03/66
137845=4=10662867 12891163
838371=7=11661067 12891163
C O © O O0JANAF 12/60
144070-5-82897766 12998363
998371=4 12433967 12958363
C 0 O 0 CJANAF C3/61
942918=4=46950366 70128062
241697=3 26474567 70128062
C 0 0 O OJANAF 06/61
528937=4=15692467 82695062

15682162-153382=3=50579457 83695062
9 ¢ J C C 0 & OCJAvAF 12765
13007162 264190-=3=61832566 873199862
13686262~131517=4=16423457 87319962
0 0 C 0 0 0O O OJAuAF 12/63
13855262 1287Cu=4=11869667 87632062
14254262=646408=4=26853867 876320862
2 0 0 0 0 C 0 OJANAF 12/63
19696762 418619=4=20635867 10060763
165261862 621854=4=11047767 10C607&3
0 0 0 ©0 O 0 0O OJANAF 12763
19786562 200977=4=16638467 10216163
19657562 404G17=4=10531067 10216163
C o0 C ¢ 0 O ¢ QJANAF 12763
24363762 395728-=3 72301065 11362763
26543062=-135803=3-51896667 11362763
2 0 0 0 O 0 2 O0JA~NAF 03/61
82607961 302211-3~100184&7 61612052
70709181 463281-3 55286067 61612062
D 0 0 0 0 T © CJUANAF 12/60
25277962 125963=3=28782467 12124563
257850862 2377G4=5=41056167 12124563
1 9 & G © 0 0 CJANAF 06/61
16782162 878833=3~=12835267 94441662
19800862 951575=5=49809067 94441962
¢ 0 0 0 0 0 0 OQJANAF 12/63
25211382 141526~3=40040567 109C82&3
25928462=2247C9=4=60301967 10908263
0 0 0 0 O ¢ 0 OJANAF J3/61
13702362 552243=3=22895567 74862062
17889562«295052=3~18367168 75862062
1 8 C 0 0 0 0 OJAAF 12/60
17970162 469024=3=20090467 92895062
21016762=229915~3=10556E858 $2899062
6 0 ¢ & 0 0 ¢ OJA~AF 03/61
12803362 300638~3=20172167 789830862
10302882 633312~3 12161568 78983062
0 ¢ ¢ O 0 C 0O CQJUAAF 12/62

3000,

500
3000,

500
3000,

1CCC.
3300C.

500+
3000

500
3000

500
3000

500
3000

500
3000

500
3800

500
3000

50Ce
3C00.

500
30C0.

500
3000,

500
3000

5SC0e
300C.

500
3000,

500
3000,

50C.
3000

5000.1

30031
502Cel

3000.1
500041

111
3CC0.1
500041

300041
500041

300Ce1
5C0Cel

3000.1
50001

30001
5000.1

300061
500041

30001
50001

300001
50C0e1

300041
5000e1l

300001
500001

3C0Cel
50001

3000.1
500041

30CCe1
50001

300041
50C0.1

30CCe1
50C0el

30C0.1
5C0C.1

CeCl..2F2
T2
LeClL 2L
QeCCL2U
cCL3
CeCCL3
DeCCL3
CCL3F
OeCCL3F
OeCCL3F
CCL4
OeCCLG
CeCCLG
CF
JeCF
UeCF
CFy
OeCFnN
OeCFn
CFC
QsCFO
OeCFO
CF2
OeCF2
DeCF2
CF2y
CeCF2u
QeCF2U
CF3
0eCF3
QeCF3
CFa
CeCF&
JeCFa
CH
CeCH
CoCH
CHCL3
CeCHCL3
CeCHCL3
CHF D
Qe CHFC
CeCHF U
CHF 3
OsCHF3
GeCHF3
CHN
CeCH~
CoeCHuw
CH~O
OeCH"T
CeClH
CHO
JeCHU
CeCHU
CH2



950900656
95000065
2 1 1
22400055
22400065
2 1 1
10720066
10720066
2 1 1
277200865
277C006&5
31 1
31940065
31940065
31 1
20834065
20634065
21 1
560002065
56000045
4 1 1
17895065
17895065
1 6 1
10900066
10900066
1 5 1
26417055
26417065
1 6 2
S4054065
94054055
2 6 O
15899546
1229956546
1 4 2
13500066
135000266
2 6 2
51300C&5
51320265
2 6 &
15170066
15170066
2 6 6
31679956
31679966
1 1 2
11739566
11739556
2 1 2
54190055
£41900565
21 2
65925065
65925065

32966065
32996055
6 2 17
56579065
59579065
6 2 9
57924065
579240265
& 1 =R
43791C65
43791C6&5
&6 0 ¢
43419065
434190665
65 117
56032065
560300685
5 1 9
55223065
58223065
6 0 &
53279065
53079065
7 ¢ 0
23245065
237245065
8 0 ©
22357355
27 357055
2 0 C
36535065
36535065
S 0 ]
2469S065
24659065
£ 0 G
36774055
36774065
s 0 ¢
826660865
52668065
S 0 O
79312065
79312065
9 0 O
10811546
10811566
6 0 O
24962065
34962065
6 0 0O
48257065
482579065
6 0 0
56243065
56243065

TABLE A-1l (continued)

13289462 413822=3=29027367 68494062
14072862 132150=3=23949367 68494062
0 € C © € © 0 OJANAF 12760
24735562 249585=3=48177467 11026963
25879962=161283=4=79431667 11026963
C 0 ¢ C C 0O 0 OQJANAF 12/63
24691362 260835=3=56416467 10222863
25694762 195707=64=R1577757 10222863
¢ ¢ ¢ 0 ¢ C 0 OCJA“AF 03/61
18402262 379921=3=43168267 R4B88RCE2
18962862 161963=3=37277067 £488806&2
C 0 € O 0 © 0O OJANAF 12762
18276362 401025=3=46120367 78604062
20489962-108028=3-11469268 78604062
O € 0 O ¢ O © OCJANAF 12/6C
24135362 388635=3-65450467 972200862
25659862 197663~4~10306568 97220082
0O 0 C© 0 C6 0 & OQUANAF 12/63
261434862 386480=3=70190467 935320862
25720782 9€E5709~5-11046068 9353.062
3 6 & 0 0 C 0 OCJANAF 03/61
23094862 677896=3=75506167 82597062
23605362 374323-3=36823457 82597062
O 0 C 0 0 O O OCUAvAF 12/62
65590661 115326=2 47951766 656976062
98R013&61 313855=3-564945367 669760862
O ¢ ¢ 0 0 C £ OQCJAYAF C3/61
865240861 117021-3-89821166 65370082
11549662=424139~3=13156368 65370062
0 0 C C 0 ©C 0 CusvAF 03/61
14455962 210386~3~18239267 79848082
15645162=381561=4-50276867 79848062
g 0 ¢ 0 0 0O 0 OJUANAF 9/61
77661261 696081=3 18564966 68551962
10416262 566841~4=64020567 68551962
¢C ¢ © ¢ O & C OQJUA'AF 12763
17424262-702548~3=572915:7 81618062
13676862 233768=3 25356367 81618062
6 ¢ C G C C O CJA"AF 12760
20699362 383288=~4=17578867 102918863
21215562-681801=4=35277667 10291863
J 0 0 C© C O 0 CJANAF 06/63
31673562 255243=4=30613267 13485663
30538262 247246=3 11698267 13485663
C 0 0 C 0 0 O O0OJUANAF 09/65
41707362 306660=3=21902267 16581963
42944062=413096-4~39250867 16581963
c o 0 ¢ o0 ¢C ¢
134210862 46910C=3=187509&67 78114062
14851662 109402 3=-50386267 781140862
0 0 ©0 ¢ 0 C ¢ GUANAF C3/61
189960862 769044=3=40903967 84969062
203952862 389062=3=64529767 84969062
0O 0 0 0 0 0 ©
230065862
23903382

691322=3=499C9567 $6515062
331771=3=33542567 96515C62

500
3800

5004
3000

5004
3C00Ce

5C0.
3000,

500
300C.

50Cs
3000,

5G0
3C00,

500
3000

500
3000,

500
3000

500
2000,

500
3000

50004
3000,

5000
3000,

500
3000

53C
30000

CDUFF BAUER 6/61

500
3000

500,
3000,

ODUFF BAUER 6/61

500
3000

30001
5000el

30001
50001

3000.1
50C0el

30001
500061

300Ce1
500061

300Gl
500041

3C0Ce1
50001

3CCCe1
59001

30001
50CCel

30001
500061

300061
5JC0.1

30001
500061

300061
500041

30001
500061

300001
500041

300041
50001

3000e1
50CC0e1l

300041
500001

300041
500041

0e%ii2
CelHZ
CH2CL2
CeCH2CL 2
0+.CH2CL2
CH2F2
QeCH2F2
UelH2F2
{HZ2G0
CeCH2O
CeCH2U
CH3
DeCH3
OsCH3
CH3CL
CeCH3CL
CeCH3CL
CH3F
OeCHI3F
CeCH3F
CH4
OeCH4
GeCH4
CH
DeCN
OeCiN
cC
0eCC
CeCC
Co2
04C0O2
0402
c2
CeC2
0.C2
C2BE
0+C2BE
UeC2BE
C2F2
CeC2F2
0sC2F2
C2F4
CeC2F4
CeC2Fa
C2F6
DeC2F6
DeC2F5
C2H
QeC2H
CeC2H
C2H2
CeC2H2
D.C2H2
C2H3
0eC2H3
CeC2H3

%



« 1 7
124956065
12496055
4 1 2
12190065
12190055
6 1 2
250320065
20320365
2 &6 2
738699865
738699865
32 6 O
18967066
18967060
1 1 3
12770366
12770366
2 1 3
10652266
10652266
3 1 3
76485065
76485065
4 1 3
44294065
442940865
5 1 3
32431065
324310865
3 6 2
830000864
8300900864
1 17 ¢
28922365
28922055
1 1 1
21970065
21970065
1 1 1
220000865
22000065
1 7 1
12620055
12620065
1 7 2
63100064
63100064
1 8 1
24192065
241920565
1 8 1
26900065
26900065
1 8 1
58399965

6 0 0
57633CE5
67683065

&6 1 18
81321065
81321065

6 0 O
89271065
RG271065

7 g 0
81107065
51107065

c ¢ ¢
36622065
36622065

&6 0 0
4R962065
48962065

6 0 0
63517065
63517065

6 0 ¢C
709520865
70852065

6 0 0
B2247065
B2747065

6 0 0
94621065
94621065

8 ¢ O
65212065
65212065

3 9 ¢
14028065
14028065
17 0 O
21864065
218640865

8 117
32945065
32945065

8 117
37109065
37109065

8 117
49932065
49632085
17 ¢ ¢
240570865
24057065
17 1 73
39444965
39444965
17 1 22
393229&5

TABLE A~-1 (continued)

0 0 © 0 © O O© OQJAMNAF 12760
29488752 526569=3=86531367 1C179C63 500
31387262 516238~4=13155868 10179063 300N,

¢ 0 ¢ ¢ 0 O ©C OJuA:AF 12/60
35374762 546144=3=96493667 11721163 500
37311262 690621-4=14196868 11721163 3000

0 0 0 ¢ 0 O 0 ODUFF BAUER 6/61
48423662=169721=2-19368068 11944763 5004
39311962 764877=3=28385167 11944763 3000,

¢ ¢ ¢ C ¢ £ Q0 GCJUANAF 3/61
18874062 559E56=3=85687366 98547962 5004
208204862 630229=5~34686567 $8547962 3000.

0 C ¢ O 0 C 0O OJANAF 12/60
14644162 622536=6=16822767 75841C62 500
14478262 7G2232=4=64687766 75841C&2 3C0C0

¢ ¢ ¢ 0 ¢ O 0O CDUFF RAUER 6&/61
194464852 508379=3=31193367 92882067 500
19958262 245687=3=63251466 92882062 300Ce

0 0 0 0 0 O O ODUFF BAUER 6/61
247444862 992918=3=43759667 10466663 500
26662362 364767=3=46773C67 10466663 3000,

0 ¢ ¢ C 0 C O OCDUFF BAUER 6/61
28692982 766031=3«54809867 11360463 500
29167262 456238=3=-13860167 11360463 3000

0 0 0 0O ©0 O 0O ODUFF BAUER 6/61
37221962-528861=4=.0199458 12029363 500
34427162 578173=3=20851567 12C0293&3 3000,

0 ¢ ¢ 0 0 C ¢ ODUFF BAUER 6/61
39732562 958555=3=90468367 14175963 500
39507362 733720~3=94976666 14175963 3000,

C 0 0 © O 0 0 OJANAF 12/60
26377562 103504=3=35036867 11272363 500,
26354362 882201=4=287091&67 11272363 3000

g 0 O3 C 0 0 0O OQOJANAF 03/61
50833861=272037=4 29001366 51623062 500,
53925161=770696=4=~11457367 51623062 3000,

C 0 ¢ ¢ 0 U 0O OJANAF 03/61
83569361 214828~-3-12547567 62364062 500
83717761 193261-3=44600266 62364062 3C00.

C 0 C Q2 0 ©C 0 OJAMAF 12/60
13028162 197747=3=200191&67 82826062 5004
1438606£2=989737=4-62108267 82826062 3000,

0 ¢ 0 0 O 0 C OJANAF 12/60
13815662 387830=~3=10183467 925450862 5004
14636062 226016=3~40594967 92545062 3000,

0 ¢ G C 0 C © OJOUANAF 12/60
19786962 150793=4=17114567 10506863 5004
197732862 214466=4=16519167 10506863 30004

0 0 C 0 C © 0O OJANAF 12/60
88929161 123702=3=17120666 74094062 500,
81072761 268314=3 26950267 740940862 3000

S 0 0 ¢ 0 ¢ O UAERONUT l2/63
148013862 307113=4=24758566 99681062 500,
14900962 429203=6~32626566 996810&2 3000

0 ¢ 0 & 0 ©C O OJANAF 09/63
14808162 287419=4=29123766 957819862 5004

200Ce1
500001

300001
50001

30001
500061

30001
500041

3CC0.1
50CCe1l

300001
500061

30C0.1
5C0041

30C0e1
50001

30001
50001

30001
500041

300061
500041

30001
500041

300041
5000e1l

300061
500061

300061
50001

3000.1
50001

30001
50001

300061
500061

300041

C2H4
OeC2H4
Qe C2HY

Cirbgy
04C2H40
Oe2H4T

C2H6
CeC2H6
OeC2H6

can2
DeC2K2
CeC2N2

C3
0eC3
QeC3

C3H
OeC3H
DeC3H

C3H2
CeC3H2
QOeC3H2

C3H3
0eC3H3
0eC3H3

C3H4
DeC3H4A
CeC3H4A

C3H5
CeC3H5
CeC3H5

C3c2
CeC302
VeC302

cL
OeCiL
CeCL

CLH
OeCLH
OeCLH

CLHO
QeCLHO
OeCLHC

CLNO
0eCLNO
OeCLNO

CLNO2
0sCLNO2
DeCLNOZ2

cLo
0«CLO
OeCLT

CLOTA
0«CLOTA
O+CLUTA

CLCT1
QeCLTTI



BR3I9TG9HSG
2 82 1
26000065
253000855
2 8 1
V1730066
1790266
117 1
10996655
12969966
117 1
111200¢%5
11120056
117 1
12820066
13820066
217 0
00«0
0o

C) L

o
3

DDH';.J” £
(ORI @ 2B + I )'r
[N ]

Ry B Al

N\DUTN(D

81«
21

[
O

ﬁ

13320086
10380066
1 8’ 2
13040066
13040066
2 8 2
17669986
17669966
2 17 1
33000065
3300280565
217 1
72300065
72300065
217 1
41996955
41999965
217 1
78000065
780000&5
1 a8 3
1“72vu:6
15720uq6
317 1
43999965
43999955
317 1
12930066
12930066
317 1
14400056
14400066
1 8 4

—

39322965
17 & ¢
36578065
365780565
17 1 73
51C08665
51008965
73 0 ¢
240499465
24C45G65
22 0 0
249690865
24969065
43 0 ¢
24R47565
24847965
J 0 ¢©
246429065
264429065
17 O 0
36360065
36360065
17 1 73
47891965
47891965
17 1 22
52740965
52740965
17 1 74
66621965
66621965
73 0 0
40020985
40020965
22 0 O
39929065
399299065
74 0 0
37377965
373779&5
40 0 0
37413065
37413065
17 1 73
60274965
60274965
73 0 O
53321965
53221965
22 0 0
527561065
52751065
40 02 ¢
53227965
52227965
17 1 74

TABLE A~1 (continued)

14°O7J&2-497840 6=39653766 95781962 3000,
G 0 C 0 & C 0 CJANAF 12/6C

13849162 190480=3=4£8975966 291134C6E2 500
13178862 311873~3 20650867 91134C62 30000

0 C© 0 € 0 C ¢ DOAFRONUT 12/63
19006462 131954~-3=30859966 11201963 500
190064862 132242=3=30245066 1120196~ 3000

0 ¢ 0 € ¢ © 0O OQAERCNUT l12/63
89406161 4B81168B=6=36511365 20719962 500
89406861 373406=6=342073865 807199652 3000

0 0 C 0 0 0 0O OJANAF 03764
89434081 213417=3-50949865 80357062 1000
89431261 213789=3=58466665 80357062 3000

2 0 0 0 ¢ © C OQJANAF C9/64
893969861 182985-3=~409359L5 82320962 500
89487161 181211=3=75166965 £2320962 3000

0 0 O 0 0 C 0 OJANAF 03/61
85223461 273227=3 287718856 73760062 500
10032962=141907=4=55473167 73760062 3000+

S 0O 0 € 0 0 0 OJANAF 12/690
13865062 123715=4=43322966 93711062 500
13757462 285555=4 98290965 93711062 3000

C © 0 0 ¢ ¢ © UCAERONUT 12/63
17640062 182442=3=16232666 11414863 500
17¢€39462 182657=3=19307666 11414863 30000

C 9 0 O 0 0 0 UOJANAF 09/62
19789162 249143=4=29599266 12093463 500,
19867262 941633=6-15194466 12093463 3000

0 0 0 O 0 O O OJANAF 09/62
25305362 156514=3=89921966 12998863 500
25825362 1464163~5=-139240767 12998863 3000

S © ¢ 30 0 0 O GAERCNUT 12763
14898362 186835=5~507653865 10406463 500
14898962 885973~6~52883565 10406463 3000

0 0 O G 0 0 0 QJANAF 03/64
14904562=16530%=£-11756266 10167263 1000
14909462=837104=6=14313366 10167263 3000,

0 C© O C 0 ¢ 0 OJANAF Q9/62
13906882 121848=5=67990665 10626963 500
13906462 69S149=6=49490655 10626963 3000

0O 0 0 0 0 © O QUANAF 0sr62
13908462 616176=6=56513665 10530663 500
13916062=927493=6=83699265 10530663 3000,

0 2 0 2 O 9 0 COCAERONUT 12/63
22740362 955899=4=60437066 136504863 500

22299962 22C000=3 29021661 13650463 3000

0 0 O T C 0 0 OAERONUT 12/63
19865462 199767=5=12117366 12367463 5000
19?73454~228699=6-13319856 12367463 3000

C 0 0 C C G O OQJANAF 03/64
19867862 118482«5=-327898&6 12046963 1000.
19870382 337.686=6=328488&0 12046963 3000.

0 ¢ 0 0 0 < 0O OJANAF 06/64
19862162 303901-5=15208566 12554263 500+
19871662 145442=6=15397266 12554263 3000,

S 0 0 0 0 0 0 OUAMNAF 09/62

5CC0e1l

300Cel
5000l

30001
50001

30001
50CQ0e1l

111
300041
5000l

30001
5000e1

300Ce1
5000e1

300001
50001

30001
500001

30001
50001

300Ce1
50001

300041
500001

111
300Ce1
50001

30001
50001

30001
500061

300001
50C0Ce1

30001
5000e1l

111
300061
50C0e1l

300041
500003

DeCLUTI
CLO2
UeCLOZ
OeCLU2
CLO2TA
O«CLC2TA
0sCLCO2TA
CLTA
QeCLTA
CeCLTA
CLTI
OeCLTI
DeCLTI
CLZIR
OeCLZR
QeCLZR
CL2
OeCL2
OeCiL2
CL20
OeCL2C
OeCL2O
CL20TA
0.CL20TA
QeCL20TA
CLZOTI
OeCL2CTI
0eCL2CTI
CL202w
OeCL202W
DeCL202W
CL2TA
CeCL2TA
QDeCL2TA
CL2TI
OeCL2TI
OeCL2TI
CL2wW
DeCl2W
DeCL2W
CL2ZR
0eCL2ZR
OeCL22ZR
CL30TA
0«+CL3OTA
0sCL30TA
CL3TA
D«CL3TA
0sCL3TA
CL3TI
0«CL3TI
0eCL3TI
CL3ZR
0+CL3ZR
CeCL3ZR
CL40OW

[

= g

-



45619966
15919966
4 17 1
21999965
81999955
4 17 1
13599956
13595956
4 17 1
18741006
18241066
4 17 1
20703066
20703066
517 1
1872993566
132995566
5 17 1
11849966
11849656
6 17 1
1423026
14200356
1 9 0O
18860065
18860065
1 1 1
64800065
64800065
1 1 1
26100065
26100055
1 3 1
794999E5
79499945
1 3 1
21999965
21969985
1 7 1
58600065
58600065
1 7 1
15700065
15700065
1 7 2
190C00&5
19000C&5
1 8 1
32400065
32400065
1 8 1
74300065
76300065
1 8 1
10349986
10349966

822825965
828259565
% 2 0
68376065
68376065
73 0 O
651203965
69103955
22 C O
58866CHS
698E6065
40 0 O
69130065
69130065
72 0 ¢
8426C955
864260965
74 0 O
848598965
84195955
T4 2

[® N &)

o (D
OMN N OS

765 ¢
&6

2 s
QOO
c>o\w

13683085
136832055
g ¢ 0
21054065
21054065
g2 1 9
32668065
32668045
g ¢ 0
24120965
24120965
8 1 9
36131965
3613196¢
9 0 0
23438355
23438065
g8 1 9
3518006865
35180065
g8 1 9
49474065
49474085
e 0 0
23438065
23438065
9 1 73
392458065
39246055
9 1 22
39011965
39011665

TABLE A~l1 (continued)

31401962 116882=3=91400366 15351863
31785962 166981=5=12592867 15351863
O ¢ 0 € 0 0 0 OJAKAF 09/62
25775462 175999=4=46080366 13943763
25829362 900417=6=49552056 13943763
9 ¢ 9 0 C 0 ©
25799862 118271=6=19996366 15045263
257968£2 470731=£=16268266 15045263
C € C 0 0 0 O OJANAF 03/64
25830162 104£58=5=327C1166 14216163
$5853062 192467=6=32959766 14216163
0 0 0 0 0 € O OJANAF (2,63
25875062=109792-4=30730066 14670663
25676262 298633=4 37977866 1467C663
c ¢ ¢ 0 0 G O
31599762 116290=6=3699456¢ 17089663
31603962~684834=5=38614966 17089663
0 20 U 0 € O £ OJANAF 12/62
31680162 572370~4=35833R66 17470553

31859662~311503-6=62035866 1747056
0 0 3 0 1 O T CJANAF 12/*2
37726862 945253-5-38858866 1833415
37759662-311649=-5=420356256 15334153
O 0 © 0 0 O § OJANAF 06/61
48903061 256070=4 21541366 49791062
58397151=157585=3=36587667 49791062
O 0 & 0 0 0 ¢ OJANAF 12/63
77554661 3682C1=3=12246367 58697062
88898161 799284=4=41903867 53697C62
O 0 C 0 0 © C OJANAF 12/69
12735662 288514=3=18050167 79642062
15410062-262264=3=11861468 75942062
C 0 C L 0 O O CJANAF 12/63
B8469561 165100~3=16130766 67762562
89364761 137543=3=25295866 67782952
0 0 0 O 0 0 © OCJANAF 09/65
13731362 536540=4=43833066 28447062
13917462=116126=5=63910766 28447062
0 0 G 0 0 C 0 GCJAMAF 12769
90009861=168131=-4~40050666 63351062
82258461 144314=3 22248667 68351062
0 0 0 0 O © 0 OJANAF 06761
13756362 383019~4=10555767 87811062
12974262 179442=3 21727667 878110672
0 0 0 C 0 0 ¢ OJUANAF 12/62
19706562 401052-4=18351067 10153263
18912362 183090=3 14525967 10153263
0 0 0 0 G O O OJANAF 12/60
88084951 432306=4=1573156¢ 70193062
76312961 227095~3 58512267 70193062
O 0 0 & ¢ o ©
14789462 340405=4=31102566 96065962
14912662=147296=5=46131266 96065962
O 0 0 C 0 G C OJANAF 09/63
14771962 396576=4=38603166 92153962
14899762 713489=5=48512956 92153952

CAERCNUT 12763

CAFRONUT 12763

CAERCNUT 12763

500,
3000

500
30004

500,
3000,

1000,
3000

500,
3000,

50C
33000

500,
3000,

520
3020,

50C.
3203

5CC
3200,

5C0e
2C20

520,
3C00.

5C0.
3000,

5GCe

30C0.

500
303C.

5CCo
3000

500
3000

5CQ.
3000,

500,
320C.

3000.1
50C0..

30001
500Ce1

300001
50C041

111
30CCe1l
50001l

3GC04i
50001

3000
500041

3060.1
5000C.1

30CC.1
5CCC,1

3000.1
52201

302061
5000.1

3000C.1
50CC.1

300C,1
0201

3C0C.1
500Cs1

33CCel
50001

300041
50001

380041
50C0.1

3000.1
520C»1

OeCLG4CW
OeCLG4TW
CLow
OeClLbw
OeClLaw
CL4TA
OeCLGTA
OeCLG4TA
CL4T]
OeClaTl
CeCLGTI
CL4ZR
QeCL4G4ZR
CeCLGZR
CLSTA
CelLOSTA
CeCLSTA
CLSW
DsCL5W
QeCLSW
CLSwW
QeClLEW
OQeCLEW
F
QeF
SeF
FH
veFH
QoFH
FHO
DeFHO
CeFHQ
FLI
CeFL1
CeFLI
FLIC
CeFLIC
CeFLIC
FN
CefFNN
CeFN
FNO
CeFNO
CeFND
FNO2
CeFNC2
DeFNC2
FO
CeFC
CeFO
FCTA
CeFCTA
QsFOTA
FOT1
Q«FCT1
CeFOTI



2 8 1
16719966
16719966

1 9 1
60699965
60699965

1 9 1
56000065
560000685

1 9 1
97895965
97895965

1 9 1
11008065
11000045

2 9 0
000000=0
Of0oN0=0

2 3 2
22159956
22159966

1 7 2
89000064
83000064

2 7 2
16396955
16399955

1 8 2
760009064
76200064

1 8 2
20246556
202499866

1 8’ 2
22099966
22099366

1 8 2
95999945
95999965

2 8 2
24599986
24599966

2 9 1
65499985
65499965

2 9 1
13200066
132000&6

2 9 1
32999964
32999964

2 5 1
14670066
146700866

3 3 3
36199966

9 173
50966065
50966065
73 0 ©
23886965
23R86965
22 0 O
24042065
24042065
7 0 0
23972965
23972965
40 0 O©
24218065
264218065

¢ 0 ¢

24432065
24432065

g 0 O
52487965
52487965

s C 0
35786065
35756065

9 0 0
5C001965
50001965

9 2 0
36158065
36158065

9 1 73
47806965
47806965

9 1 22
51964965
519445965

9 1 74
47995965
47995965

9 1 74
60720965
60720965
73 € ©
39591965
39591965
22 0 ¢
361020865
36102065
7 0 0
39663665
39663965
40 0 O
36693065
36693065

9 0 O
81683965

TABLE A-1 (continued)

0 0 O C 0 O O CAERODNUT 12763
18948462 173489=3=33204366 11336663 500
18960962 171315-3~=38614566 11336663 3000

0 C 0 C C ©C O OCAERONUT 12763

89272361 450179=5-87707065 77779962 5004
89443961=414824=6-10937266 77779962 3000,
O 0 0 O C O O OQUANAF Qe6/61
83504361 762007=4=198326566 7597C062 500
90345961 608954=4=54253456 75970052 3000
C 0 0 © 2 0 € CQJUAMAF 09/62
88903161 B841621=4=15177566 79985962 500
89414761 686576=4=19307266 79985962 3000,
0 0 0 O ©C D 0 DQJJA~AF 06/61
89581786) 841853=4~15058566 78508C62 5C0s
1C0N4262=116989=3=41334057 78508062 30CCTo
3 €0 0 C& 06 O3 O JOJANAF 12/50
87485261 271736=3=63434C65 6857CN62 500
59149761 736861=3 13720458 6857C0&62 3000
0 0 C O C 0O O OJANAF 12/63
19816962 167257=4=388410&66 10729663 50C.
19872362 141994=7=435642f6 10729662 30C0.
0 0 © C C© 0 0O OQJAXNAF 12/62
13849062 160322=4=£7637956 88870062 5004
12479362 272689=3 47208547 88875062 3C00.
¢ 0 0 ©0 0 0 © O0OJANAF 12/65
19138562 216848=3-10062367 10200863 500,
19869662 353455=6=174%44157 10200263 3000
0 ¢ 0 & 0 0° 0O CJANAF 03/61
13831362 250576=4=489744L6 238861062 500
13420562 770492=4 20527857 88861062 3C00.
6 0 0 C 0 O 0 OAERCKUT 12/63
17523062 265E85C0«3=23902074 11234363 500

17516062 266544-3=20346266 11234363 3000,
C ¢ C O 0 0 C QUANAF 06/63
19719462 456765=4=54428566 11088163 500
19865162 118467=5-65438556 11088163 30000
0 0 0 0 O T O COCAERONUT 12763
17599862 254860=3=22902966 11004663 500,
17597762 255170=3=21875166 11004663 3000
0 0 O 0 0 & ¢ OAJCRONUT 12/63
22439862 274953=3=37507166 124462863 5000
22437862 275128=3-36233266 12446263 3000
¢C 0 0 0 € 0 O OAFRONUT 12/63
14872462 959617=5=215010866 96640962 5CQ.
laG06452=~456384=6=252G55466 96640962 3000
0 © C ©C 0 C G CJUANAF 12760
13865462 119966=4=~55327866 94364062 500.
13371562 100616=3 14995367 948640862 3000.
0O 0 O © © C O OAERCNUT 12/63
14872162 $947230-5=1942236 97311962
14907862=643451=6=24256956 97311962 3000
C ¢ G 0 € 0 0O OQOJANAF 06/30
13852562 160322=4=24845666 91894062 500
13444962 876927=4=14846457 91894062 3000,
O 0 0 0 0 O 0O CJANAF 12/63
31334662 137648=3~12923567 137296&3

500

500

300001
550001

300061
5000.1

3C3Ce1l
53001l

300C.1
500061

30001
500Cel

30001
50C01

30001l
50001

3C00e1
50001

300201
500Ce1l

300C.1
500001

300C.1
50CCe1

300041
500041

300061
500Ce1

300001
500001

3000.1
50001

30001
50C0el

30C0.1
5CCCel

30001
50001

300Ca1

FO2TA
CeFO2TA
CeFO2TA

FTA
DeFTA
CeFTA

FTI
SeFTI
ceFTI1

Fiv
DeFw
DeFw

FZR
DeFZR
CeFZ%

F2
DeF2
QeF2

FaL12
OeF2LIZ
CeF2LI2

FaN
CeF2N
QeF2N

Fa2ie
DeF2N2
COFZNZ

Fa2GC
QeF20
CeF20

F20TA
0«F2CTA
CeF2CTA

F20T1
OeF2CT1
0eF20TI1

F20w
CeF20CW
OeF2CW

F202w
DeF202W
ODsF202W

F2TA
DeF2TA
CeF2TA

Fa271
QeF2T1
QeF2TI

F2w
CeF2W
JeF2Ww

F22ZR
QeF22ZR
CeF2ZR

F3LI3
CeF3LI3



34199666
1 7 3
20430055
30402055
1 8 3
33529956
33520066
3 9 1
19196964
15192366
3 9 1
255300456
25532056
3 6 1
27110056
?7110\17
2 7 4
20220054
200630364
1 8 &
323758056
33751056
4 9 1
31799666
31799966
4 9 1
37140056
37140046
4 9 1
20999956
20999956
6 6 1
39720056
397200866
5 9 1
44399956
44399966
5 9 1
3837909946
38399986
6 9 1
42100066
42100066
1 72 0
14550066
14550056
117 1
29999954
299999864
217 1
R5G99G955
£5699965
317 1
15R99966
15899966
4 17 1

81683965
9 ¢ ¢
53836065
53806065
9 1 73
60014965
vul“gs
73 2 &

22 0 0
51662065
51652065
49 8 0
52420045
52420065
9 0 ¢
806720585
RO672065
S 1 74
81504CH5
21504065
73 0 ¢

68343965

68543655
22 € O
675420065
6754020565
74 0 0
65867958
65867965
40 0 0
6818540865
68154066
772 ¢ 9
82679065
2679065
iz 0 o
81757965
R1757965
74 0 0
68781065
9878106&5
0 0
18179065
18179065
72 0 O
240189565
24018965
72 0 0
36571965
39671955
72 Q0 O
53247965
53247965
72 0 O

TABLE A-1 (continued)

31794562 197223=6=17205967 13729663 300Ce 500001
O © C 0 0 0 9 OJJANAF D3/64 111
198144562 151977=4=11073467 10334253 120Ce 33031
19866962 7816935=6=119C9667 10334263 33C0Ce 50CCel
9 0 © 0 € 0 0 CAERONUT 12/63
21517162 382047=3=299239656 12556762 500e 3CC0.1
219074E2 383543=3=25295756 12596762 20C0s 530001
3 C 0 0 0 0 2 JAERONUT 1263
19826052 135545=4=32224754 11763063 500 30021
19875552=6R4506=4=3061515¢ 11743063 3030 520061
O 0 C O € 3 € OJANAF 12/60
19905362=952653=5~-24425366 11067563 500 3C0Cel
2C197662=621437=4~20120867 11067563 3C00e 5C3Ce1
3 C 0 0 2 0 0 CJUANAF 12761
1coy3~‘?->all S 5-5?77565 11532062 5006 300001
021962=306387=u=9i996%56 11532063 3000e 300Ce1
o 0 0 0 0 O T CSUANAF C3/64 121
21690662 272636=4=20112167 13656963 10C0e 300041
31786362 152639=5=21775557 13659963 3000e 5C0Ce1
C C O 0 £ 0 T CJANKF Corel
317647262 118742=4=1763C6F7 14370263 50Cs 320041
31319362 903628=4=32680765 143735263 320Ce 50001
C 0 0 0 0 S5 © OQCACRCNUT 12/63
25769362 19279C0=4=456952366 13361453 500e 3C0Ce1
25935252-400238-6-531590 6 13361463 3000e 53001
0 ¢ 0 ¢ ¢ ¢ 0 YEMF 0S/61
259060&2-204668-4-1C’5»3&7 12668263 5C0e 20001
27039952=730624=3~55355457 12868263 3COCe 50001
O 0 C 0 0 O C CAERONULT 12/63
26777262 187399=4=40C50166 138840863 50Cs 30001
24838062 340119-6=45092166 13884063 3000s 5030041
D0 0 C C 0 0 CJANAF 12/63
25+53352-5330G7=5=45955356 13583063 500 3000l
26525462=130738~2=33233657 135530632 300Ce 520002
C ¢ 0 0 0 0 O DJAERONUT i2/63
30999862 101836=3=50696366 15002263 500 3000l
31003462 1010586=3=51933466 15002263 3000s 500041
C 0 0 0 © ¢ © OCAERCKNUT 12763
30805762 365145=4=54221366 15320263 5006 300041
30810082 361122=4=57068465 15320263 3000e 50001
0 0 C C© 0 0 ¢ OJANAF 12/63
37775662-531038=5=12663267 16305463 500 300Cel
26457262 203394=2 48238968 16305453 300Cs 500061
O € 0 C 0 0 0 CAERDNUT U=2045 3/63
75951161 169886=4=13237167 58861062 500s 30CCel
18300461 130524=2 15698168 58461062 3000e 50001
O 0 0 0 0 0 0O JAERONUT 12/63
89383861 125836=5~46417265 82128962 500e 3000s1
893968¢1 373214-6-34212155 82128962 3000 500041
0 0 0 0 & & 0 CAECRONUT 12/63
14RS6862 196541=5=96995455 1040158 500s 3000l
14914762=1715R6=5-15886866 10401553 3000 500061
0 0 0 ¢ 0 0O O CAERONUT 12763
19860062 367421=5=14487256 13099563 500s 30001
19862362 158512=5=10937466 13099563 3000e 5C0041

O 0 0 G C 0 ¢ OCAERONUT 12/53

DeF3L1I3
F3x
seF 3N
CeF3N
F3CTA
CeF3CTA
0eF3CTA
F3TA
CeF3TA
CeF3TA
F3T1
CeF3T]
CeF3T!
Fazr
..;“' :LQ
JeF32R
Fan2
OeFan2
OeFb&2
F"“;‘.‘v
SeFOlw
Jerdlw
F&4Th
CeFGTA
CeFaTA
FaTl
CoeFaT!
UeFaGT ]
Faw
CeFay
QeFte
FazZR
CeF4ZR
JeF4zZR
F5TA
CeF5TA
CeF5TA
F5~'v
QeFB5W
OQFSN
Féw
CeFbBW
QeFbBYW
HAF
C o HAF
CeHAF
HAFCL
DeHAFCL
OeHAFCL
HAFCL2
CeHAFCL2
CeHAFCL2
HAFCL3
SeHAFCL3
Q«HAFCL3
HAFCLG

[



21300054
213727054

.05 1
205005
21703045

Z 9 1
143730058
1.330756

2 3 1
742207044

<« Q 1
41232056
LI3200%6
-A 1
A-GER358
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TABLE A-1 (continued)
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TABLE A-1 (continued)

67640262=219384=4~183C6367 27800163
67261962 551037=4-50661966 27800163
C o0 2 6 ¢ G O OQJANAF 3/63
91447762=117941=4=21988667 36011563
91470862=143699=4~23376867 36011563
O ¢ & ¢ 0 0 ¢
63337061 773443=3=39631566 59417082
67908961 599438=3 18711466 59417062
¢ 0 ©0 0 0 O C OQJANAF 12760
24286461 157423=2 11668967 55871062
47933661 106517~2-63710867 55871062
0 0 0 C 0 O © OCJANAF l2v/61
51220661 439362=3 68386367 59408082
10851851 147027-2 15335768 594080862
O ¢ € 0 © O 0 OQOJUANAF (6/61
60639261 593613=3=86188866 58583062
538554861 770890=3 457018856 58583082
0 0 0 C 0 O O© CJANAF 12/60
20590362 623436=4=25770357 98676082
21071462=434895~4=40493957 98676062
¢ ¢ ¢ ¢ 0 ©0 0
25217262 574336=3=~33954767 11316663
24935862 402513=3 37767667 11316663
c 0 0 ¢ © ¢ ¢
298897652 735927=3=43064667 11931163
30170762 456896=3 69812456 119311&3
2 0 0 ¢ ¢ ¢ ¢
34321762 855861=3=62493567 13007263
34519462 564141=3=15155766 13007263
¢ 0 o 0 0 0 O
39813262 961427=3=79244267 13944063
39589962 720956=3 57788066 13944063
0 ¢ 0 0 0 0 O OCJANAF 3/61
29749062 856052=3-15225567 13306363
32721262 952999«5-54165467 13306363
2 ¢ 0 © O 0 ¢
62612262 117808=2-~13927768 17231763
59557262 140760=2 737034&7 17231763
0O ¢ 6 C 0 O 0 CJUANAF 03/61
696390861 125221=4 34775965 25196362
74446661=758263=4~21077467 25196362
C 0 0 0 0 O O OJANAF 03/64
190512862 572817=3=70297565 55049062
20511662~165920=3=14957167 54821062
0O 0 0 0 0 0O 0 OQJANAF 03/64
18537062 114499=1-169C00~1 10018363
27425462=331897=3=16486366 10463063
3 0 0 0 0 0 O OQUJUANAF 12/62
12276862~178828=4=67368566 299013&2
40867462=915846=-4=23040CE9 29960152
0O 0 0 O 0 O 0O OQJANAF 09/64
34969962 797503=2=109209&67 11201463
42193062 57C773=2-11845968 111929863
O 0 0 O 0 O ©C OJANAF 09/61
31969962 12G451l=4=21751467 77257762
35115362=192777=4=55594266 89310762

O0SCHICK 03/63

500
3000

500,
3000

500
3000,

500,
3000,

500,
30CCe

500
3000,

500
3000

ODUFF BAUER 6/561

500
3000+

ODUFF BAUER 6/61

500,
3000

ODUFF BAUER 6/61

500
3000

ODUFF BAUER 6/61

5000
3000,

500.
3000,

ODUFF BAUER 6/61

500
3000

5C0.
3000,

500
1500,

300s
4604

5004
2790

500+
2000+

500
2318,

30001 Qe09W3
50001 Oes0O9W3
Clz2wea
30001 Je0l204
500041 CeCl2Wy
TA
30001 OeTA
500Ce1l CeTA
Tl
300061 0eT1
500Cs1 CeTl
W
30001 Qe
500Ce1 Qe
ZR
30001 CeZR
50001 QeZR
C4
30001 QeCl
5CC0e1 JeCts
Ca4H
300061 QeCa4H
500041 OeC4yH
C4H2
30001 QeCaH2
5000e1 Qel4H2
C4H3
30001 CeCl+i3
50001 CeC4H3
C4H4
300061 Jel4HGA
500041 QeCh4H4A
CanN2
30001 QeCanN2
500041 0eC&N2
CoHB
30001 DeCoHE
5C0C0e1l DeCHHSL
AL *
30003 10eAL%*
5000e3 10eAL*
ALCLO*
150042 O ALCLO*
30002 Qs ALCLO*
ALCL3=*
46062 CeALCL3*
300043 O.ALCL3*
ALN*
279062 100esALN¥
5000e2 100CeALN*
AL2BEQ4*
200042 QeAL2BEOL4 ¥
3000e2 Q0«ALZBEOg4*
ALZ2Q3*

2318e2 1004AL203%
500Ce3 100,AL203%



1 4 0
005000=0
25210084

1 o4 2
113859956
11735956

1 4 2
26195756
26195756

1 & 1
14310066
1295256

1 6 4
34289956
26205066

2 4 1

2 46 2
13780066
11373556

1 1 1
19186656
15186966

1 5 1
565100865
59510065

1 5 1
38299665
38299665

1 5 1
134959965
21499954

4 1 2
3370G956
337709956

2 5 3
30297856
30067856

2 5 1
70200085
60380065

2 5 1
499593565
292999955

2 5 1
71500065
60627065

3 5 3
2R64G9G66
58649956

3 1 3
30169986
30169966

1 6 O
3000300=0

c c 0
19302565
18270865
17 ¢ o
62554565
76315965

9 0 0
54621166
54861365

8 0 0
33703865
35912265

8 1 74
98283565
93494765

& 0 0
51902865
52682665

7 0 0
86364565
91659865

5 2 8
R4968355
57318965

7 0 0
29189665
29073965
22 0 O
33268965
33356655
7 0 0
34417865
50062365

5 4 8
16991166
16434366

8 0 0
81153065
81153055
22 0 0
56056665
58529265
73 0 0
57336965
76776965
40 0 9
52039865
54102465

8 3 o
19079966
14274766

5 3 8
16724466
13971656

c 0 O
14412065

TABLE A~-1 (continued)

0 0 0O 0 0 G O OJANAF 09/61
82812561=288958=5-173046567 17059562
76954761=257676=5=21332467 18426562

0 0 & 0 0 0 C OJANAF 06/65
16060562 445380=2-~22060466 65988362
29019962 060 686422~2 804288¢&2

O 0 0 0 0 O O OJANAF 12/63
20744662-139307=4 55893766 58330262
21084462 256246=5=53344766 58429262

¢ 0 ¢ 0 0 & O CJANAF 09/63
16077162=434631=3~59374067 29188762
15314962 182960-3~19074766 364772362

0 0 0 0 O O ¢ OJANAF 06/63
252843862 695291=2~36268566 10286963
32580962 260825-2=336212367 10085963

5 0 0 0 0 0 0 OCJANAF 03/62
22981462~271974=5=63511267 43067262
19522462 723914=5=48355166 49990962

0O 0 ¢ 0 ¢ ¢ © CJUANAF 03/63
38625862=227477=-3=11723868 776585862
28820362=194536=3 77904568 90728062

0 ¢ 0 © 0 G 0 OJANAF 12/64
94358761 133656=1=32342865 69265862
27687062=207617=2-35587067 56831062

0 0 0 ¢ 0 ©C 0 OCJANAF 9/63
11916162 239906=4=89106966 257049&2
11715762 257181=5=24002966 25661862

O 0 0 0 0 0 C CJUANAF 06/65
12919462=176073=-4~48908966 35212362
12122062 319999=3-403C04~1 3526056&2

¢c ¢ 0 0 0 O ¢
11912862 672043=3~193521&6 35456162
14113962~189026=4=547590866 40454962

O 0 O 0 © ¢ O CJUANAF 03/66
28782562 279798=1=83789366 16729463
58000762 572414=~2-82802167 15155463

¢C 0 0 C 0 © ¢ OQJUANAF 12/60
29965562 700906=3-13098167 828910862
28886562 659184=3 85449167 32891082

O C¢ ¢ 0 0 9 = QCJANAF 12/62
22647662 104772=2=T71145067 48914362
26941562 126484=4 27492066 52689362

cC ¢ 0 0 0 0 0O OSCHICK
14211962 449471-2-36006166 53553462
25996962 148727=9 45573561 59305062

¢C 0 ¢ & € & ¢ OCJANAF 03/63
21884962 598057=3=~80415667 48819862
25005162 117452=4=47236666 52704662

0 0 0 0 ¢ ©C O COJANAF 03/65
28647362 258435=1=57228156 184615&3
67939662=414850=2~10534868 16334363

0 ¢ & 0 ¢ C O OJANAF 03/65
31118462 194520=1=12397867 15717563
5816786£2=647494=5=65665667 14538163

0 0 0 0 0 C O OJANAF 03/61
58607561 953976=4=766621866 121290&2

CAERONUT 12/63

12/63

5004
1556,

300
682

500,
2000,

500
2820

300,
1200,

5004
2401

500
2673

300
900,

500
25004

500,
2000,

5C0e
313C.

300
900

500
3000

5000
3193,

500
3373,

500,
3323

300
900,

300
1200

500

155642
5C0043

6822
200003

20CC.2
500042

282042
500043

120042
200Cae2

240142
50003

247362
50C0e3

90042
150042

250042
53002

2000+2
400042

313042
500043

9002
150042

3CC0e2
50002

319342
500043

337342
50003

332362
500003

900¢2
150042

120042
2000e2

300042

BE*
1C04BE*
10C+BE*

BECL2#*

DeBECLZ2*

QeBECL2*
BEF2#
10.BEF2#*
1CeBEF2%

BECH*

104BEO*
104BEC*

BEQ4W*

CeBECGLW*
UeBEQ4U*

BE2C*
1004BE2CH
100.BE2CH

BE3NZ*

l10.BE3NZ*
10+BE3N2*

BHO2%*

0eBHCZ2*

QeBHCZ2*
BN*
10.BN*
10BN

RTI#*

DeBTI
QeBTI*
Buw*
OeBuW*
OeBWx
B2H4O4*
QeB2HGO4LH*
OeB2HL4 G*
B203*
10C«B203*
100esB203%
B2TI#*
100eB2T1I*
100.82T1%
B2TA%*
DeB2TA*
CeB2TA%

B2ZR#*
1+B22R*
1eR2ZR*
B3F303»
D0eB3F303%
QeB3F303%

B3H303*
0+B3H303%
QeB3H303%

C#*
10CC*



003000=0
4 5 1
92599554
18099965
1 6 1
34596955
Q6000064
1 6 2
47199955
47199965
1 6 1
43800065
26866065
1 6 1
82999954
835959964
1 6 2
10999965
109999546
1 6 1
45200065
247880855
2 3 1
29063966
28163066
2 3 2
14199965
14159955
3 6 4
48999965
48999965
4 1 1
75379965
75379965
1 1
70690065
70690065
2 8 2
22999665
22999955
217 1
59999965
59999965
217 1
12350056
12350066
217 1
13199966
12799966
317 1
13950066
13050086
3 17 1
17240066
17240086
317 1

TABLE A~1 (continued)

14412355 48513451 291605«3 30723267 12129062 2000,
6 c C c ¢ ] C o o] C CJANAF 127565
82959165 23056652 S37468=2=10596167 68180162 500
79039Q65 32500062=160344=~8=23791952 76762462 2743,
73 0 0 0 0 & 0 O 0 0 OSCHICK 12/63
394090865 10346762 271325=2-21034165 40158162 500.
69752065 16000052-386322-9 18701162 47457362 4273
73 0 0 ¢ C ¢ C T O O CSCHICK 12/63
57127265 15876662 333028-~2-204950566 54018752 500
57122765 158776462 333048-2=19776166 64018562 2C00.
22 0 0 0 2 0O 0 0 0 0O CJUANAF 12/60
34423065 13825862 127229=3=25026267 33290662 500
35183765 13176962= 101742*4‘?4242357 384818862 341C»
74 G C 0 € C C O T 0 OCSCHICK 06/63
4152C655 12269652 206027=2=26755456 41902162 500
41520065 12270462 205978=2=26796256 41901852 1500
74 0 0 0 ¢ O C 0 O 0 CSCHICK 0C6/63
62512655 21460962 259918=2=34813666 74132352 5C0
68514755 21462062 259929-2=35100866 74132862 1500
40 8 C 0 0 0 C O T O CJANAF C3/62
36010565 164958262 928757=4=32171567 37487762 500
36137765 15331762-712238=5=58771767 42878462 3765,
§ 3 8 C 0 0 3 0 0O 0 CJANAF 03/66
20375466~13911061 449029=1 26636267 151653&3 500
11471166 44319982 060 307862=1 12088563 993,
€& 0 0 0 O C2 C ¢ O 0 OCJANMAF 12/60
74449955 24362862 241860-2=71307666 72819852 500
74487465 24333762 244224=2=71200466 72836062 1200
13 0 0 0 0 0 0 0 0 0 CJANAF 06/63
11782466 41194362 249972~2=15950467 11487853 500,
11664256 45435352 560830=3=45936767 11441063 1500
7 117 0 0 0 O 0 2 0 CJANAF 12/690
B7775965 23966752 525476=2=30231566 91048152 300
78968965 30000062=152997=9=247332=0 872322652 1200+
7 & 8 117 0 0 0 0 0 OJANAF 12/62
27531466 14578762 523599=1 302440865 22415563 300
231364856 62323262 200088=1=15058868 20522563 900,
17 1 74 0 0 0 O O C O OQJANAF 12762
89457565 27418362 370121=~2=37131766 11586453 500
8949205 26794052 390518=2 46215956 11587763 2000
7% 0 0 0 C O ©0 O 0 0 OJANAF 09/62
71429555 16841662 598042=2=260914856 84910062 500
70892965 151282862 643102=2 14278267 84643662 1200
22 0 0 0 0 C 0 T C O OQJUANAF 03/64
63421165 16022162 451891=2=10773864 744972652 1000,
63421165 16026562 451745«2=60451064 74497262 1500,
40 0 0 0 0 0 0 0 O 0 QJANAF 06/62
65481965 17300062 419999=2~495100=1 78365962 500
621430865 23000C¢&2 0&0~567740~1 82550062 1000,
73 0 € 0 C 0 O € 0O 0 OCAERCNUT 12/63
79005965 22969962 389698~2=~16997166 $9692352 500,
79005965 22999162 390014=2=16739466 99692362 3000,
22 0 0 0 0 0 0 0 0O © OJANAF 03/64
73154365 23358662 234506~2~19975166 93039162 1000,
73403665 23017062 255718=2=74407865 93144582 1200
40 C O 0 O 0O 90 © 0 0O OJANMAF 06/64

5C00e2 1C0CH

274342
36003

427362
500043

20002
350242

34102
5C00e3

150Ce2
30002

15C042
300042

376562
500043

99342
200043

120062
200042

150042
3000.2

120042
20C0.2

9002
150G+2

200002
300042

120042
20002

111
150942
500042

100042
300043

3009042
500C.2

111
12C0.2
500002

CR4*
CelB4H»
Oe(B4*

CTA*
OeCTA
OeCTA

CTA2*
OeCTAZH*
JeCTA2*

CTI=
1eCTI*
1eCTIx

Cw
Celun¥
CoeCl

Cwe*
CaCW2*
CeCW2*

C2R*
100eCZR*
10CeCZR*

CLI203=*
0.CLIZ2D3%*
QeCLIZ203%

.C2L12%
DeC2L1I2%
OeC2LI2%

C3AL4*
DeC3ALG*
Qs C3ALYG*

CLHaGN*
CaCLHGN*
CaCLHOGN*

CLHaNQ4 #
Qe CLHGNOG *
DeCLH4NC G *

CL20 2w
DeCL202W*
DeClL202W*

CL2w*
QelL2wWH
OoaCL2w*

CL2TI=*

10.CL2TI*
10.CL2TI*

CL2ZR*
QeCL2ZR*
CeClL2ZR*

CL3TA*
OeCL3TA*
CeCL3TA%

CL3TI#*

1CeCLATI*
10e4CL3TI*

CL3ZR#

e

—



20699966 72024965
20599566 71434665
I8 4 17 1 74
17750066 98471565
17756056 98006665
4 17 1 79 Q2 ¢
16879966 85312965
18879956 85312955
& 17 1 74 § O
12066656 84C161%%
12099956 83836765
4 17 1 40 0 O
23470066 750871365
23470066 R5521865
5 17 1 74 0 O
134699966 10265466
13209956 97806965
& 17 1 76 O O
156309966 12267666
157393656 11487566
1 3 1 9 ©0 0
14649556 46069565
14049066 39862955
2 9 172 ¢ ¢
2203280656 B810550&5
22033056 81055C6%
2 9 1 40 0 ©
22038056 81055065
22038066 810550865
29 172 0 0
33000066 67120665
21788466 RS5458165
39 122 0 0O
33749956 70376065
33749966 70376065
39 140 0 O
33000066 97120665
31788456 86458165
1 /8 4 9 1 74
355968966~11054856
35399966 97266965
4 9 122 0 GC
39418966 82482045
39418966 R4043T7ES
4 9 1 40 2 O

45680066=57666156~

TABLE A~1 (continued)

26706362 293581=3=51644066 91210262
27243062=107608~3=596024866 90956662
0 0 ¢ ¢ 0 U © CJANAF C9r/62
356291452 929293=3=34355266 13112963
36240462 418369=3=82728066 13093763
0o 0 ¢ ¢
31899362 288162=6=28985966 11803463
31900162=-828361=7=28716066 118C34E&3
0 C C 0 © 0 ©C CJANAF 09/62
29639452 101332-2=19651266 11952883
29997062 818320=3=37450666 11945363
C €0 0 C O 0O O OJANAF 12/63
21928362=112411=3 15511568 10887863
30704262=120868=4 52924667 11363463
9 0 0 C 0 0 0 OQJANAF l12/62
34809962 204263=2-16431266 15501963
362000682 06§0-~141003~1 16282763
C 0 0 O 0 0 0 OJANAF 12/62
40637862 225992=2-19469666 16633863
42600062=183873=9=~575724~1 16929163
0 ¢ 0 O 0 € 0 OGJANAF 12763
10005962 434022=2=-96981865 42784562
15340052 060=303011=1 45686082
0 ¢ 0 0 © C O OASSUMED SAME
30660862=210271=3=79836966 92767362
266045862 599714=3 15432068 92767382
0 C ¢ C 0 0 O CJUANAF Q06/61
30660862-210271=3=79836966 927673862
26604562 599714=3 15432068 92767362
0 0 ¢ 0 0 0 O OASSUMED SAME
42987462 242608=4=13690368 10206463
31998162 126208=5=24183165 105025863
c 0 0 0 0 0 0 OJANAF 06/64
21099962 3000C0=2 538249=2 £1320752
21099962 300000~2 898200=-0 813207&2
C 0 0 0 0 0 0 CJUANAF 06/61
42987462 242608=4=13650368 10206463
31998162 126208«5=24183165 10502863
0 0 ¢ G 0 0 0 OCJANAF 06/62
656847362=643885=1=14148757 84884861
36000062 060=210350=2 123997&3
0 0 0 0 0 0 0 OJANAF 06/64
29425662 807356=3~20433866 10100863
29041662 141000-2-33265566 10173963
0 C 0 0 0 0 © OJUANAF 12/63
59764563=992990=3 7587436£9=26536363

45680066=75860265-13461363=213939=3 28164969 23612662

6 9 1 74 0 O

0 0 0 0 0 O 0O OJANAF 12/63

42700066=14010967=12097464~196796~2150687610=55981563

42700066=27568066~
&6 9 1 74 0 ¢
42700066 11347866
42700066 11348366
172 0 0 0 O
060 26236565
52390064 29972965

37689663~119768=2 758620&9~13866162

G C ¢ 0 € O ©C CJANAF 12/63
41999662 223527=6 15036363 15737863
4198562 738808=5 84697064 15738063
o 0 0 ¢ 0 0o
63146751 169633=-2-20255263 30582762
79599961 0&0 967642-0 32136562

C C O CAERONUT 12/63

0 OAERONUT 12/63

120042
2000.2

5C0.
1200,

%00
1200

120062
150062

500
3000,

300042
5000s2

500,
1200,

120042
1500.2

500,
1500,

150042
5C0Ce2

5032
150043

300
503

55762
150043

300
5574

500¢ 112142
1121e 300043
AS F2ZR#*

500¢ 300063
3000e¢ 500043

500e 300043
3000s 5C0043
AS F3Z2R#*

500e¢ 160142
1601s 500043

5004
1500,

150042
250042

1601le2
500Ce3

500
1601,

300
383

38342
200063

300
900

90042
150042

500
1200,

120062
500042

500,
1200

120042
500062

111
12003
50003

1300,
1200

5004
2495,

249542
500043

CeCL3ZR*
OeCL3ZR*
CLA4QVI*
DeCL&OW*
DeCLA4OWH
CL4&TA*
DeCLOTA*
DeClLGLTA*
CLaws
CoeCLNHuix
DeClau®
CL4ZR*
10sCL4ZR*
10sCLGZR*
CLSwW*
GeCLOWH*
DelLSWH
CLow*
OeCLowx
OelL bW
FLLI
DeFLI*
DeFLIX
F2HAF *
100 eF2HAF*
100 eF2HAF#*
F2ZR#*
l1eF22R*%
leF2ZR%
F3HAF %
100 F3HAF#*
10 F3HAF#
F3TI#*
QeF3T1I*
OWF3TI%*
F32ZR*
1006F3ZR*
10CF3ZR*
F4Qw#
QeF&uOwn*
QeF4Owh
F4T 1+
OeF4uTI%
QeF4TI#
FGZR#*
10eF&4ZR*
10eF4ZR*
Few#
10.F6Wx
10.F6uw*
Fewi
l10eFBW*
1CeFoW*
HAF %
O+HAF #
DeHAF %

T -



2 5 1
74200085
742000¢5

1 6 1
44700065
44700065

4 17 1
23687956
22637956

& 9 1
46140066
46140066

1 7 1
88240065
8R240065

2 8 1
26610066
26610066

1 1 1
21665965
15096065

1 1 1
11583966
11326266

2 1 ¢4
28020066
28020066

2 1 1
34500065
34500055

1 3 0
38410065
56899963

2 3 1
14310056
13212866

2 3 2
15115956
151199566

2 3 3
39929966
37437366

3 3 1
47499965
47499985

1 7 1
59949965
439500865

1 7 2
64599965
425999865

1 7 1
80500065
65242065

1 7 1
87300065

72 0 O

TABLE A-1 (continued)

06 ¢ 0 0 ¢ ¢

0 OAFRONUT U=2045

3763 111

52360565 18886562 595324=3 20540366 51772362 13006 352062
78681165 210046652=753793=6=25692755 59247162 3520¢ 50C0e3

72 0 O

0o 0 2 0 0 0 O

CAERONUT U=2045

34846265 15860262=236443=3=4T7211067 37529662 1000
55675665 14604962 740357=6 33672465 42938562 4160e 50003

3763 111

416Ge2

72 0 0 0O O O C 0O © 0 OCAERCNUT 12763

27492366=45418262 840852=1 85958767 20695663 500s 7052
10826966 39433962=773536=3=16736667 14025952 705e 50003

72 ¢ 0 O 090 0O 0 0 0O 0O CAERONUT U=.045 3/63 111
10711866 22602362 103650=1=6253306% 11148162 1000s 12012
11044666 36200162=254286=7=12600963 12030263 12C1le 500063

72 0 ¢ 0 0 O O O O O CAERONUT U=2045 2/63 111

35356765 15175062=181568=3=33015767 39199762 1C0Ce 358Ce2

53257165 14274662=753941=6=25697265 44200262 3580e 500043

72 0 0 0 0 O 0 ©C O O OAERONUT U=2945 3/63 111

54446165 22188162=960937=5=34436267 57731662 1000s 317042

73445065 21800062 000=0 00C=0 63725162 3170¢ 500063
3 0 0 0 C 0 0 0 0O O OCJANAF 09/62

44915665 10745462 404759=2=77621966 36803962 5C0e 96Ce2
36178065 14000082 C50=815415~2 39928562 96Cs 200063
31 8 0 € 0 0 €© 0 0 OJANAF $3/66

64018465 14024152 61678T=2=467612866 55871462 500s T44a2
56035965 20739962 060 329082=1 59457262 7444 35003
8 172 0 0 0 O © O O OJANAF 06763

10547366 34932962 311318=2-95613666 11219063 5C0e 150042
10660466 35758162 334075-2=36208367 11264563 150Ce 300042
22 0 0 0 0 O 0 0 0O 0 CUJANAF 06/63

47599865 15328662 217900=2-12865367 42229262 500e 12002

44631365 19325962+-319517=3=27252267 40975062 1200 200062
0O ©C 0 O C 0 0 0 QO O CJANAF 09/62

36948265 45742361 554063=2~30638365 32301262 32000 45462
18591465 67970061=122344=4 10227966 24261862 454e 400043
8 0 0 0 5 0 0 0 0 O CJANAF 03/64

61285365 18554162 304605-2~86532766 55833862 500s 184362

62361965 23999962 060 170840~0 62632562 1843« 400043
8 0 0 0 0 0 0 0 © 0 OJAMAF 09/63

97872165 17154962 117912=1=233762866 83097562 500s 120062

96807565 19216262 106627=1~13558667 82658062 12006 200042
8 122 0 0 0 0 0 0 0 OQJANAF 03/64

11932766 25306862 106211~1 56708766 11219463 500 182062
11727266 480000&2 060=714628=0 12548063 18206 400063
7 0 C 0 0 0 0 © O O OJANAF 12/60

76972765 29372262 309452=3-13299467 70921662 500 120042
75520165 28983162=411775=4=16378856 70274162 1200 200062
73 0 0 0 0 O O O O 0 OSCHICK 12/63

40023465 16647662=300756=3=12006167 43885262 500s 336302
56230965 15000062=413841-9=12967662 48708262 3363+ 500043
72 0 0 0O O O 0 O O O OSCHICK 12/83

63801965 16845262 421918=2=16868466 71351362 5CJs 300042
85802065 22499962 0&0 060 786846862 3000s 500063
22 0 0 C 0 0 O O 9 0O OCUANAF 12/6C

35399265 13951662 224921=3=23736567 35557962 50Cs 320162
36455065 13405862 130614=4 77674166 40652462 3201e 500063

40 0 0 O C 0 0 0 0 0O OJANAF 12/K1

36841265 14740362 405595-~3=38523867 38459.&62 500

HAFB2*
100 eHAFRB2% =
100 4HAFB2% =
HAFC*
1004HAFC® =
100eHAFC® =
HAFCLG*
CoHAFCLG%*
OeHAFCLG*
HAFF 4 #*
100 eHAFF4%* =
I10CeHAFFG# =
HAFN*
10C e HAFN%® =
100 ¢HAFN® =
HAFQ2#
l0QeHAFQ2% =
100 eHAFQO2% =
HLT*
DeMbLI*
CoeHLI*
HLIO*
OeHLIOH
DeHLICH
H204W #
CoeMH2041W#
QeH204W*
H2TI*
QeH2TI*
QeH2TI*
LI*
Dell*
Dol I*
LI2C#*
Del120%
QelI20%
LI202%*
Oel1202%
DaLlZ202%
LI203TI*
QeLI203T1I*
0sLI203T1I*
LI3N*®
OalI3N#*
DeLI3N*
NTA®
OeNTA*
OQNTA*
NTA2%
OeNTA2%
QeNTAZ2#
NTI*
100eNTI*
100eNTI*
NZR#*

322562 100eMNZR*



69489065
1 8 1
12392056
10868256
2 8 1
22550066
21232066
2 8 1
14094066
002000=C
2 8 1
26150066
24551866
3 8 2
36290056
33466156
3 8 1
20146066
12780166
5 8 2
88469964
45257966
5 8 3
58765066
53764966
173 0
060
67000054
122 0
000000=0
38780064
1 74 0
000009=0
72020064
140 0
000000=0
52690064

357006765
22 0 O
43556165
39172465
22 0 O
48835165
51334965
7 0 0
547956565
56607865
40 C ¢
LBTILE6S
54037065
22 0 0
94632065
9726%665
7 0 0O
65137765
70 7349865
7 0 0
127408¢&6
16539766
22 0 o0
15057166
19867566
0 0 0
19812065
27506965
0 2 0
1928995
21613065
000
18954565
19612765
0 6 0
20328765
21981965

TABLE A-1 (concluded)

13684562 315953«=4 33056667 43637262
0 0 0 0 0 0O © CJUANAF l2/6C
18210662~534802=4=15425267 41725382
14514162 267716=5=20683766 47425662
0 € ¢ O ¢ O 0 CJANAF 12/6C
19082162-102491=4~14327067 51939562
19003562=412635=5 11775366 59296462
C 0 0 0 0 ©C 0 CJANAF 06/62
23309462=361730=4~538143567 55109062
28701862 185655=4=26708268 55637852
0 0 0 O C O 0 OJANAF 06/61
18212762=777714=3 68916867 52442062
19565862 831149=4 16793767 59607362
0 C ¢ 0 € C G CUANAF 12760
36450062=32038C=5=15072267 96211562
35984862~=104734=5 16648566 10908663
0 0 0 ©0 0 O3 O OJAMNAF 3/63
24821562=220326=4=12017866 71410282
31498062 149772=5=32102765 85129482
0 0 0 ¢ ¢ O O OSCHICK
37000062 656002=2=59200666 13405163
55999962 060 708685~C 15163663
0 0o 0 ¢ ¢ O ¢
414600062 799999=2=468140~2 15427963
59999962 060=~452594=1 176606&3
0 ¢ ¢ 0 0 O ¢C OsCHICK
783589~0 360388=2 10127067 25822362
35000061 060=23447961 2€188262
O 0 0 0 0 O 0 OJANAF 12/60
47161261=708316=4 83947067 24062262
800196&1 165771=5=73231865 2695566&2
9 0 ©¢ 0 0 0 C GCUANAF 12/61
77575261 991652=4=21732267 23157C62
87483861=706194=5 42105667 25288262
O 0 0 O 0 O O OJANAF Cb/61
57503561=102844=3 63945767 26663562
851208&1=197639=5=29170055 29768062

09763

CAERONUT 12/63

03763

3225

500
2010,

5C0.
2128

500
2C00.

500.
2950

500
2401

500
1745,

5004
2150.

50Cs
2173,

50046
3270

500
1950

50C.
3650

S0Ce
2128

500043

201042
50C0e3

212842
500043

200Ce2
50003

29502
500043

2401e2
50C0e3

174542
500043

215042
20C0.3

217362
500043

32702
5000:3

195042
500043

36502
500043

212842
500043

100eNZR*
CTI*
OeSTI*
ODeOTI*
02Ti*
100.02T1%
100027 L%

O2n%
i0C a2 e
100e02W*

O2ZR*
10CeC22R*
1004022R*

03TI2%
10C¢0C3TI2*
100403T12%

O3w*

1e030H
1403w
O5TA2#*
0+05TAZ*
Ce05TAZ%

O5TI3#
Oe05TI3*
DeO5TIZ*

TA*

Qe TAH
OeTA%*

TI*
100eTI*
100eTI*

W
100etly*
100evi*

ZR*
100 eZR#*
100eZR*



TABLE A-2

OUTPUT FROM TC DATA PROGRAM

(a)

1 CURVE FIT COMPARISON FOR BEF2

BGFZ Gas
DATA FROM

JANAF 12/63

TEMPERA TURE (t =ti/1)IN (F-H/T)OUT cP
1¢000000E+03 HeHUOVOOL 101 ©e 7199996 +01 1¢366284E+01 BEF2
T 14100000E+03 SetH I, 00N 101 ] HeHH 122 3E+01 1 ¢ 386649E+01 BEF2
1200000E+03 He G I1OOL 011 L 62630931 +01 1¢402208E+01 = BEF2
" 14300000E+03 6oV 7O0L 410] £e03U6TIE4O] 1e414380E+01 BEF2
1¢400000E+03 el 1 31001 410} (el 130878 +01 1e4224099E+01 BEF2
1¢500000E+03 Ge 183500t 40 T 6e1HB3500E+01 1431995E+01 BEF 2
1e6000C0F+03 60291100 +01 6e P91 0H2E+01 10438510E+01  BEF2
- " 1e700000E+03° 66316000 +01 £e316004E+01 1 ¢443960E+01 BEF 2
1+800000E+03 6e378400L+01 6e378434E+01 10448573E+01  BEF2
1e4900000E+03  64438%00E+01 60438530E+01 1e452522E+01 BEF2
24000000E+03 66496400E+01 6e896440E+01 1e455936E+01 BEF2
20 100000E+03 6e552300E+01 6e552303E+01 10458914E+401 BEF 2
2¢2000C0E+03 64606200E+01 60 606246E+01 1e461534E+01  BEF2
T T 243000006403 6e658400E+01 T 6e695838BE+01 1e463857E+01 BEF 2
24400000E+03 6¢708800E+01 6¢708838E+01 1e465931E+01 BEF2
T 2e4500000E+03  64757700E+01 6 757695E+01 1e467795E+01 BEF 2
2¢600000E+03 6¢805000E+01 - 6+805053E+01 1e469482E+01 BEF2
2e 700000E+03 6eB51000E+01 6¢B850906E+01 1¢471013E+01 BEF 2
24800000E+03 64895600E+01 6+895604E+01 16472418E+01  BEF2
T 24900000E+03 T 6493B900E+01 | 6938950E+01 1¢473708E+01 BEF2
3¢000000E+02 6¢981100E+01 6e981100E+01 1e474899E+01 BEF2
T CONSTRAYNTS T T T T o o
TEMPERATURE TYPE INPUT CALCULATED
3¢ O000000E+03 CP 1e4749000E+01 1e4 748999E+01 BEF2
DHF 4298 DH298-3K ALPH1 ALPH2 ALPH3 S+3000 TLO THI P RHO
=IG1T30046 37416045 147905+2 2897 74=-4=-115672+7 822830+2 500e 300001 0.BEF2
T TEMPERATURE T T T TH(FSH/ZTYIN (F=-H/T)OUT cP R
3+000000E+03 6¢981100E+01 6e981100E+01 1e474899E+01 BEF2
3 e 100000E+F03 7e022100E+01 7e022116E+01 1e475059E+01 BEF 2
3¢200000E+03 7e062000E+01 7¢062056E+01 1e475397E+01 BEF2
T 3e300000E+03 7 74100900E+01 7 7.100973E+01 T1e475892E+01 BEF2
3¢400000E+03 7¢138900E+01 7¢138917E+01 1e476527E+01 BEF2
T 7T 34800000EH03 T 7o 1 7BO00EHFCT T Te175933E+01 1e477285E+01 ‘BEF2
3+4600000E+03 7¢212000E+01 7¢212065E+01 10478152E+01 BEF2
T 3w 700000EF03 T 724 7300E+01 Te 24 T354EF01 1¢479118E+01 BEF2
34800000E+03 7¢281800E+01 7281838E+01 1480172E+01 BEF2
3¢900000E+03 ~ '~ 7¢315600E+0T T 7 e 315553E+01 1¢481305E+01 =~ BEF2
4 +000000E+03 70348500E+01 7¢348531E+01 1+482510E+01 BEF2
44100000E+03 7 7e3BOBOOE+01 ~~~ 7¢38B0UBOSE+01 1e483778E+01 BEF 2
44200000E+03 7e412400E+01 7e412403E+01 1e48510%E+01 BEF2
T ¢ 300000EF03 TehG3400E+01 7eG43355E+01 1e486485E+01 BEF 2
4¢400000E+03 7e473700E+01 7e473685E+01 1e487913E+01 BEF2
44 500000E+03 " 7e503400E+01 T 7.503419E+01 1 ¢489385E+01 BEF2
44600000E+03 7e532600E+01 7e532579E+01 1 e490898BE+01 BEF2
44 7TO0O000E+03 " 7¢561200E+01 T T 7.B61188E+01 10492447E+01 ~ BEF2
44800000E+03 7+589300E+01 7¢589267E+01 1 e494030E401 BEF 2
T T T ¢ Q00000EH03 T T T 616800EF01 Te616835EF01 1e495644E+01 BEF2~
56 000000E+03 7e643900E+01 7e643911E+01 1e4972B7E+01 BEF 2
T CONSTRAINTS R St SOt haitostnd Sttt Y=
TEMPERATURE TYPE INPUT CALCULATED
3¢40000000E+03 CP  1e4749000E+01 7 1,4748999E+01 T 7 o " BEF2
DHF 4298 DH298~3K ALPHI ALPH2 ALPH3 $+3000 TLO TH1 P RHO

s e,

«191300+6 374160+5 [38154+2 209528-3 274481+7 822830+2 3000

500001

OeBEF2
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T TEMPERATURE (FeH/TIIN T (FeNZTI0UT cP
1000000E+03 20250300E+01 20290437E+01 _ _ 29128969E+01 _ BEFR¥
T e 1000006 03T T 24376400EF01 T 2937629 1E0] 2v119129€+01 BEF2¥
14200000F 3 20497400E+0]  2e49T724BEYO01  2¢111611Ev01  JEF2¥
T 1e300000E403 T 246132006401 T 2e613149E+01 20105730E+01  BCF2%¥
1e400CO0E+03 2e72410CE+0] 20724079€E+01 2+1010356+01 _ BEF2¥
1¢S00000C+03 T 2e830200E+01 20820289E+01  2e097¢206+0) BEFZ¥
1 «600000E+02 20931 700E+0Q} 20931852E+01 2009407 3TH0L  HEF2¥
1e700000E+023 =~ 3.029100E+01 "30029227E+01 "2v091440E~0]1  BEFa¥
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24000000E+03 3e298500E+01 30298499E+0] 20085655E+01 BEFa¥
T CONSTRAINTS M
TEMPERATURE  TYRE INPUT CALCULATED e e e et o eme
- T2 0000000EF0T F T T T I E985000E+0 T T T 3R 90499 TEFQT gEF2¥
2+0000000E+03 H 3¢3853000E+04 303853001E+04 . ... _BEFe¥
TTDHF 2298 T DH298=3KT TALPHTT T ALRHE T T ALRPHI T T TS Y3000 TLC  TH] P RHO
=241957+6 546211+5 207446+2~]139307~4 558937+6 583302+2 500e¢ 2000e2 10¢BEF2¥
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2e¢3000C0E+03 3¢538900E+0] 3+538879E+0] 2 098952E+01 BEF2¥
e 40000D0EFD3 BeGT3500E+C1 BeO13GG2EF01 2+ 00G80IE+0T LEFaw¥
2+5S00000E+03 3.685600E+0] 3¢685637E+01 2+100853E+01 _BEF2¥
T 246DO00OE+03 T Be7S55500E+0T T T 3L 7EGG64EF0TT T T 2e101222E+01  BEF 2%
2+700000E+03 3e823100E+0] 348231 13E+01 2¢101821E+0]  BEFga¥
T T D e BOO0OOOE+03 3eBB8700E+0T ™ 7 T I 8HBTIIEFQO] T T T 20 102360EF01  BEF2%
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APPENDIX B

AEROTHERM CHEMICAL EQUILIBRIUM COMPUTER PROGRAM
(ACE)

The ACE computer program is a general chemical equilibrium
program with a wide variety of capability. Two of its features
have been utilized in the present study. Specifically, the pro-
gram option which determines the chemical equilibrium composition
and thermodynamic properties of reacting gas mixtures was used in
the isentropic flow calculations, and the program option which
calculates equilibrium mass transfer quantities for ablative mate-
rials in chemically-reactive environments was used in obtaining
the steady-~state ablation solutions. Reference B-l presents
detailed information on the generalized mathematical treatment
in the ACE program.

For the isentropic cxpansion calculations, the ACE program
requires as input information the following items:

(1) Specification of the elemental mass fractions for the
chemical system being considered

(2) Specification G£ the stagnation conditions for the
system -~ pressure and either temperature or enthalpy

(3) Thermodynamic data for each molecular species which is
likely to be present in the system

(4) An array of pressures to which the system is isentro-
pically expanded from the stagnation condition.

For tlLe surface equilibrium calculations the chemical system
is more complex. This chemical system consists of both the bound-
ary layer edge gas and the exposed surface material. The program
conciders surface thermochemical reactions under the constraint
of chemical equilibrium, and for mass diffusion, considers unequal
diffusion coefficients between the boundary layer and the surface.
The surface removal mechanisms allowed by the program are surface
chemical reactions, including surface material decomposition,
phase change, and reactions with the boundary layer gas; and
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liquid layer removal. Liquid layer removal is treated in terms
of a fail temperature, the liquid being removed mechanically if
it appears as a surface species above the specified fail tempera-
ture. The liquid layer removal model is general in that the pos-
sibility of the liquid phase surface species being different from
the viigin material is considered. For calculations requiring th
surface equilibrium option, the following input information is

needed:

(1) Specificaticsm of the boundary-layer-zdge state -~ pressure
and either temperature or enthalpy

(2) Specification of the elemental mass fractiouns fur the
kboundarv~layer-edge gas and the ablation material

(3) Thermodynamic data for each molecular species which is
likely to be present in the overall system

(4) Specification of an array of mass~transfer rates (é) for
the chemical erosion and/or liquid layer removal of the
surface material

Output information from the ACE program includes both listed
and punched card data. The total output data includes system
properties (viscosity, specific heat, diffusion coefficient,
Prandtl number, Schmidt number, molecular weight, isentropic ex-
ponent) , thermocynamic variables (temperature, enthalpy, entrony,
pressure, density), the surface species mass removal rate (if
melting occurs), the virgin material total ablation rate, and the
mole fractions of each molecvlar species present in the gas phase
at the surface.

The general functional relation between input and output for
the ACE program may be written as:

output put

(Zie' Ziw' hW' £W' B. ¥ B‘e. TW) F(é, K

jer Kijar P)
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The functional relation represents a combined solution of the
species conservation equations ~nd chemical equilibrium relations

which are employed for solving the surface energy balance equa~-
tion discussed in Appendix C.

REFERENCES - APPENDIX B

B-1. Kendall, R.M.: A General Approach to the Thermochemical
Solution of Mixed Equilibrium-Nonequilibrium, Homogeneous
or Heterogenous Systems, Part V of Final Report, Contract
NAS9-4599, Aerotherm Project No. 6002, March 14, 1967.
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APPENDIX C

STEADY STATE ABLATION ENERGY B2ALANCE

The steady state energy balance equation employed in the pres-
ent investigation results from performing an energy balance on a
control volume which extends from the ablating surface into the
material to a pcint where the material is at its initial tempera-

ture.

boundary
—— layer edge

, 4
0quzc:'ad Qqiff (pv)whw FoewTw

IR S N S A

——

Tw

T(y) # £(time)

b —— c— o—— —— a— a—
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The control volume is of constaunt thickness (8) and its position
is fixed to the receding surface. As indicated in the sketch,
the temperature distribution within the control volume is assumed
invarient with time, so the net energy content within the control
volume is constant. Since the energy change rate within the con-
trol volume is zero, an energy balance may be written which re-
lates the energy flux terms shown in the sketch.

- . 4 — -
Qaiee ~ (VI by, mahaj_ - myhy ot Odrag - Foe T, =0 (C-1)

where

dqief represents enerqgy tc the surface as a result of
thermal and chemical energy transfer through the

boundary layer

(ov)whw represents energy transfer from the surface as a
result of gas phase blowing or sucking (negative
blowing) at the surface

m_h is the rate at which energy is transferred into the
control volume by virtue of coordinate system motion
associated with surface recession

m_ h is the product of the liquid removal rate and the
enthalpy of the removed liquid at the surface tem-
perature

a 9.5q Yrepresents the radiation energy flux absorbed by

the surface
FcewT; re; . esents the radiant energy flux emitted by the
sur face,

The following sections describe the means employed for eval-
uating each of the above terms and indicate how the energy balance
Equation (C~1) may be solved for the general case of arbitrary
material and environment composition.
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SECTION C.1

ENERGY TRANSFER FROM THE BOUNDARY LAYER, d3iff

A phenomenological model for representing energy transfer
events in the multicomponent, chemically reacting boundary layer
utilizing a film coefficient approach was introduced in Reference
C~1. The terms appearing in the film coefficient representation
of the boundary layer tieatment are given further consideration
in Reference C-2 where various terms are modified in such a manner
that their physical meaning is more apparent and in such a manner
that evaluation of the terms is more straightforward. The repre-
sentation for the boundary layer energy transfer rate given in
Reference C-2 is:

T

daife = Pe%eCulfy - Hw)edge T 0aUCy }Z: (%:e _'Eiw)Ahiw (c-2)

gas n
where the first term represents energy transfer to the wall due to
a "sensible" enthalpy potential and the second term represents
the energy flux associated with mass diffusion and chemical re-
actions. The quantity, 0elar is the boundary layer edge mass
velocity, and CH and CM are the boundary layer Stanton numbers
for heat and mass transfer respectively. For the present investi-
gation the heat transfer coefficient is taken as 0.5 1lb/ft°-sec
which is a reasonable nominal value for a 2,.5-inch throat diam-
eter and a 300 psia chamber pressure.* This value represents the
heat transfer coefficient in the absence of blowing. The blow-
ing corxection is described in the next subsection. The mass
transfer coefficient (peueCM) is related to the heat transfer
coefficient by the C.ilton~Colburn analogy.

C
E:_bd_ _— Le2/3
H

*
This value was obtained by scaling results from Reference C-4 on
the pressure to the 0.8 and inversely with diameter to the 0.2.
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Where the Lewis number is related to the Prandtl and Schmidt

numbers

Le = Pr/sSc

values of Pr and Sc for the six propellant systems were ob-
tained fro.a the ACE prograrm as part of the output for the throat
thermodynamic state calculations. The resulting values are sum-

marized in Table C-1.
T

The enthalpy change in Equation (C-2), Ahiw , represents
the heat of formation of gas phase mclecular species i at the
wall temperature (see e.g., Ref. C-3). The term ﬁz , in the
driving potential for mass transfer is dependent upon the gas
mixture composition. Physically, it is intermediate between a
mass fraction and a mole fraction for species i, and as such, it
gives a more realistic weighting to higher diffusion rates of
lighter species associated with their higher diffus’on coeffi-
cients. An extensive discussion of this potential, and tlie means
for its evaluation is presented in Reference C-1l.

SECTION C,. 2

BLOWING

Gas phase mass addition at the ablating surface has three
effects on the net energy transfer rate to the surface: (1) the
chemical composition is changed thereby modifying the driving
potential for mass transfer (Ezw - ﬁze), (2) the heat transfer
coefficient is reduced, and (3) energy is convected away from
the surface by virtue of the mean mass motion (pv)w.

The driving potential is appropriately modified since the
ACE program evaluates the driving potential (dﬁi) based on the

equilibrium chemical composition.
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The reduction .u heat transfer coefficient due to blowing
is evaluated with the following correction equation for the tur-
bulent boundary layer (Ref. C-=5)

(ov)
.8 — (c-3)
p.uc
CH _ ee Ho
“n I
exp | .8 ————1| -
peueCHo
where
CH - Stanton number with blowi.g
CH - Stanton number without. blowing
o
Pele - boundary layer edge mass velocity
(pv)w - gas phase blowing rate normal to surface

Energy convected from the surface as a result of blowing is
evaluated as the product of the blowing rate and the equilibrium
enthalpy of the gas adjacent to the surface, (pv)whw.

SECTION C. 3

CONVECTION OF CONDENSED PHASES

The two terms ﬁaha and ﬁzhz represent the energy con-~

vected into the control ¥olume as a ¥esult of coordinate system
motion, and energy leaving the surface in the form of liquid
layer removal respectively. The quantity ﬁa' is the insert mate-
rial mass loss rate and L, is the enthalpy of the insert mate-

1

rial at the initial temperature. The quantity ﬁz is the total

mass removal rate of liquid material from the surface and hy
w
is the total enthalpy of the removed liquid at the wall temperature.
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SECTION C.4

RADIATION FLUXES

The last two terms in the energy balance equation (C-1l) rep-
resent radiation energy absorbed and emitted by the ablating sur-
face respectively. If the propellant exhaust products are entirely
gas phase species, radiation heat transfer interchange between
the stream and the surface can be considered negligible compared
to the energy transport invclved in mass convection and chemical
interaction between the wall and the boundary layer. However,
some propellants contain condensed phase species in the exhaust
products, and since radition from these particles can be appre-
ciable an estimate of the radiant energy interchange between the
wall and the particle-laden stream is included in the calcula-
tions.

The approach taken was to assume that the radiant energy
flux from a particle cloud to the wall was given by

- 4
Arag = oepr

where ep is the effective emittance of the particle cloud and

T is the average temperature of the purticles. Neglecting
thermal lag effects, the temperature of the particles is equal to
the static edge temperature. To estimate the effective emittance,
the following equation from Reference (C-5) was used

ey = 1 - (15/7*)¢y '™ (2 + 1) (c-4)
where the quantity (15/n*)¢*''%(2 + 1), termed the tetragamma func-
tion, is given as a function of Z in Reference C-5. Equation
(c-4) gives the total particle-cloud emittance over all wave-
lengths, and assumptions leading to it are:



Cc-7

(1) A representative size of 2u for all particles

(2) A uniform density distribution of the particles
throughout the stream

(3) A constant particle temperature throughout the stream.

With these assumptions the variable 2 is defined as

VLT
Z = 0.57—?:'—‘E (C-5)
2
where
V = volume fraction of particles in the freestream
L = effective thickness of particle cloud
C, = second Planck constant = 8.49 x 10™° f£t-°R

The volume fraction, V, was determined from the known two~-phase
freestream density, the known particle density, and the known
mass fraction of particles in the stream resulting from the isen-
tropic expansion calculations. The effective thickness L was
taken to correspond to a nominal throat diameter of 2.5 inches.
Table C-2 summarizes the calculations leading to the determination
of the incident radiation term, drag®

To account for radiation from the wall to the particle-laden
stream, an estimate of the wall hemispherical emittance was made.
From References C-7, C-8, and C-9, it was found reasonable tc
assume an emittance equal to 0.9 for many refractory oxides and
carbon~-containing surfaces. Therefore, €y = 0.9 was assumed for
all the energy balance calculations.

To evaluate the total radiation interchange between the
throat and its surroundings, the following assumptions were made:

(1) The entire nozzle wall is isothermal at the temperature
TW; thus no net radiation interchange occurs between
the unit area of interest at the throat and the remain-

ing nozzle area,
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(2) Radiation from the thrcat surface to a zero temperature
sink at the nozzle exit plane is negligible, since the
view factor to this area is very small; this assumption
is especially good for the propellant with particles,
and, indeed, is mandatory because the nozzle configura-
tion is not specified.

(3) €y S Ay 0 €4 = 0.
It follows that for the propellants containg particles, radiation
heat transfer is described by

~

L

Comd L me a _
wlraqd = FIeyTy = awp°pr 0‘}_3!:":':vw"1‘w (c-6)

and for the remaining propellants the radiation terms in Equation

C-1l) are zexo, since ¢ =qa_ = 0.
(c-1) ’ D p

SECTION C.5
ENERGY BALANCE SOLUTION

Previous sections c¢f the Appendix identify the numerical
treatment given each of the terms in the Surface energy balance
equation (c-l) Substitution of the resulting expressions
(Equations C-2, and C-6) into the energy balance in terms quanti-
ties readily available from the output of the ACE program, and
in terms of known properties of the propellant-material combina-

tion.

C - -
Eﬁ (Hr-Hﬁ)eggg + E:(zge - zg)wphgw - B'hw

\

£ - 1 - = -
+Bhai BJ&h.?,w + m ( erpTAP G-polewT:q} 0 (c 7)

1
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The steady state energy balance is solved in two steps. The
first step is performed with the ACE program (Appendix B) and re-
quires the following input information:

1. Thermachemical data (Table A-1)

2. Boundary layer edge gas state properties and elemental
composition (Tables III and IV respectively)
3. Insert material elemental composition.(Table II)

4, An array of total ablation rate parameters (usually
0 < B < 10)

With the above input information, the following output information
is obtained on punched cards for each specified value of B.

1. The surface temperature

2. The blowing rate B'

3. The liquid layer removal rate, B, (recall B=mB'+ Bz)

4, The enthalpy of gases adjacent to the wall, hw

5. The enthalpy of liquid material removed at the wall
temperature, hzw'

6. The enthalpy of the edge gas at the wall temperature,
h, eggg .

7. The mass transfer potential,Aig

In addition to this information the following information is also
specified on punched cards for each material-propellant combination.

8. The heat transfer coefficient in the absence of blowing,
= a---
peUeCH 0.5 1b/ft° -sec

9, The ratio of mass to heat transfer coefficients, CM/CH'
from Table C-1
10. The incident radiation energy flux, pag’ from Table C-2,

11, The surface emmittance € = aw = 0.9
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12. The boundary layer edge gas total enthalpy, He' from
Table IV,

13. The enthalpy of the insert material at its initial
temperature, Hai’ from Table II,

l4. The insert material density, Par from Table IT,

Solutions to the energy balance equaiion (C~7) are obtained
with a small computer program, ESUM, which accepts the information,
1 through 7 above, for an array of B, and the information,

8 through 13 above, for each material propellant combination.

output from the ESUM program consists simply of the energy im-
balance for each value of B considered. These results are machine
plotted and the point at which the energy imbalance passes through
zero is the solution. The value of B and Tw at this point represent
the steady state mass recession rate and is obtained within the ESUM
program from the specified heat transfer coefficient, material
density, ratio of heat-to-mass transfer coefficients, and the mass
conservation eqgquation.

C
. _ e M 1
S =B (peueCH)E— — (c-8)

H pa
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TABLE C-1

MASS-TRANSFER TO HZAT-TRANSFER COEFFICIENT RATIO
FROM THL CHILTON-COLBURN ANALOGY

No. Propellant Pr Sc Le®/3
1 OFZ-BZH6 0.43210 0.65192 0.746
2 | Flox-Methane 0.40293 0.62544 0.746
3 |Al-Solid 0.46035 0.68050 0.771
4 |Be-Solid 0.45280 0.67914 0.741
5 |Al-Hybrid 0.45486 0.64283 0.795
6 OF2~TL Hybrid |0.63803 0.70651 0.935

C,.
Note: -521- = Le2/3




RADIANT ENERGY FLUX FROM PARTICLE-LADEN STREAM

TABLE C-2

Part 1
l *
Propellant |Particle Tp pparticles pproducts Kp (ftStha)
(°R) (1b/£€%) | (1b/£t2) _
#3 -5
Aluminum A1203* 5,434 249.6 0.08005 0.2534]8.13 x 10
solid
H#4 -5
Beryllium BeO#%* 5,874 188.0 0.07200 0.2340/8.96 x 10
Solid
#5 -
Aluminum A1203* 6,393 249.6 0.06980 0.2750|7.69 x 10
Hybrid
pPart 2
%] 15
Propellant g *EN*E SE U2+ 1) EE o dpag”**
(- (=) (—) (Btu/ft®sec)
#3
Aluminum 0.6175 0.170 0.830 345
Solid
#4
Beryllium 0.7370 0.135 0.865 495
Solid
#5
Aluminum 0.6890 0.150 0.850 684
Hybrid
v = /
v = K'p(pproducts pparticles)

TE (15 /M) ¢ (241)

* K kk

= 0€ 'I'4

PP

Equation C-5

given from Reference

C-6
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