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ABSTRACT

SUTTON, KENNETH. Characteristies of Coupled ﬁongray Radiating Gas Flows
with Ablation Product Effects about Blunt Bodies during Planetary En-
tries. (Under the direction of FREDERICK QTTO SMETANA).

A computational method is developed for the fully-coupled solution
of nongray, radiating gas flows with ablation product effects about
blunt bodies during planetary entries. The treatment of radiation ac-
counts for molecular band, continuum, and atomic line transitions with
a detalled frequency dependence of the absorption coefficient. The
ablation of the entry body is solved as part of the solution for a
steady-state ablation process.

Application of the developed method is shown by results at typical
conditions for unmanned, scientific probes during entry to Venus. The
radiative heating rates along the downstream region of the body can,
under certain conditions, exceed the stagnation point value. The ra-
diative heating to the body is attenuated in the boundary layer at the
downstream region of the body as well aé at the stagnation point of the
body.

Results from a study of the radiating, inviscid flow about spheri-
cally-capped, conical bodies during planetary entries are presented
and show that the nondimensional, radiative heating distributions are
nonsimilar with entry conditions. Therefore, extreme caution should be
exercised in attempting to extrapolate results from known distributions

to other entry conditions for which solutions have not yet been obtained.
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INTRODUCTICN

One of the major scientific endeavors of the present dey is the
exploration of the planets by unmanned snd manned spacecraft. The
present technique for planetary entry is to use atmospheric friction as
a brake to slow the sgpacecraft from hypersonic speeds. During hyper-
sonic entry the gas around the body in the formed shock layer is heated
by the dissipated kinetic energy. In order for the spacecraft to sur-
vive, the main body of the spacecraft will be protected from this source
of intense heat by the use of an ablative heat shield material. The
speeds required for planetary entries will be well in the excess of the
parabolic speed in order to reduce trip times for interplanetary travel.
The temperatures of the heated gas behind a shock wave assoclated with
these high-speed entries are sufficient for gas radiation to be 2 major
contributor to the heating of the spacecraft. The inclusion of radia-
tive heating in the energy equation of flew field solutions causes a
strong coupling between the radistive transport, the inviscid shock
layer, the boundary layer, and the ablative heat shield analyses. Com-
putationel methods for the solution of this complex flow phenomena are
required before heat shields can be designed to survive during planetary
" entries at speeds in excess of parabolic speed.

At entry speeds less than parebeolic speed the radiative heating is
negligible and convection through the boundary layer is the dominant
mode of heat transport to the Body. The neglect of radiative transport
uncouples the inviscid flow equations and the boundary layer equations;

however, the boundary layer enaslysis and the heat shield anslysis are



still coupled. Extensive analyses for boundary layers with mass injec-
tion have been conducted over the years so that the necessary inputs

to the heat shield analysis for convective heating and mess diffusion
can be determined without a coupled solution of the equations.

At entry speeds in excess of parabollc speed the radiative trans-—
port cannct be neglected and the radistive heating can be much more
dominant then convective heating. In general, the radiative transport
in & gas is governed by integral equations involving the absorption
coefficient integrated over both radistion freguency spectrum and
three-dimensional space. The absorption coefficient is dependent on
the temperature, density, end the number density of the species present
in the gas (ref. 1, page 721). Thus, the radiative transport is depen-
dent on the thermodynamic profiles throughout the gas layer between the
shock wave and body. The absorption of rediation by the cooler gas in
the boundary layer will change the thermodynamic profiles in the bound-
gry layer and affect the convective heating and mess diffusion to the
heat shield. 1In early studies, the incldent radiation to the spececraft
was taken as the radiastion from the inviscid shock layer. Later studies
have shown that the boundary leyer, with and without injection of abla-
‘tion products, can abscorb radiation and reduce the incident radiative
heating to the spacecraft. Yor high-speed planetsry entry, the solution
of the flow field equations and the heat shield analysis is very complex
because of the coupling of radiastive transport. J

The radiative transport to the stegnetion region of blunt bodies

for entries into air has been the primary interest for most studies of



radiating flow fields with ablation product effects. The interest for
entries into air was due to Earth reentry after explorstion of the
Earth's moon and preliminary studies for Earth reentry after exploration
of Mars. There is & need for investigation of the-radiating flow field
in other gaseous atmospheres because of the increased Ilnterest in explor-
ation of other planets (Venus, Jupiter, ggg.)‘ The emphasis on the
stagnation region was due to a simplification of the solution and be-
" cause the radiative heating was considered to be greatest in this region.
However, the recent results by Olstad (ref. 2) and by Callis {ref. 3) for
an inviseid, radiating flow field have shown that the radiative heating
to the flenk regions of blunted-conical bodies can equel or exceed the
radistive heating to the stagnation region. As discussed by Page (ref.
4), most of the heat shield surface and weight is downstream of the
stagnation region and valid treetment of fully-coupled solutions is
needed downgtream of the stagnation region aslong cone flanks or over
spherical noses. Anderson (ref. 5) states the need for additional so-
lutions of the coupled radiative problem with sbletion product effects
to complement the existing results. These points illustrate the need
for a method of calculating the fully-coupled radiating flow field, with
ablation product effects, around the entire body and for entries into
atmospheres of arbitrary gases.

The purpose of the present study is to investigate and develop a
computational method for a fully-coupled sclution of the radiating flow
field, with ablation products injection, sbout blunt bodies for entries

into arbitrery gas mixtures. Basically, the method is to separste the



radisting flow field into an outer inviscid leyer and an inner boundary
layer with inJected sblation products; then, the two soluticns are
coupled by the radiative transport through both layers and by the
boundary layer displacement thickness for mass injection. The radiative
flux is included in the energy equation of both the inviscid sclution
and the boundary lsyer scolution. As previously stated, the fully-
coupled formulation for radiating planetary entry is very complex and
all approaches require varying degrees of epproximation in order to
obtain 8 solution. By separating the two different layers of flow, a
better treatment should be possible for the solution of each layer.

A second-order, time-asymptctic technique is used for the solution
of the inviscid shock layer. The set of unsteady governing equations is
hyperbelic, thus the technique is valid in both the subscnic¢ and super-
sonic reglons of the inviscid flow about the body. A computer program
for a numerical solution of the technique is developed in the study.
An equilibrium thermodynamic subroutine and a detailed redimstive trans-
port subroutine ere included in the computer program so that arbitrery
gas mixtures can be considered. Moretti and Abbett (ref. 6) used a
time-asymptotic technique for an inviscid flow solution without radia-
tion in a perfect gas and Callis (refs. 3 and 7} used a time-asymptotic
technique for a rediating, inviscid flow solution in air.

The sclution of the inner gas layer is for a nonsimiler, multi-
component houndary laeyer with mass injection, unequal diffusion coef-
ficients, and erbitrery chemical species. The numerical, integral

matrix method of Berlett and Kendall (ref. 8) is used for the boundary



layer solution and there is an existing computer progrem called BLIMP.
In the computer program, the thermodynemic properties and transport
properties (viscosity, ete.) are calculated as part of the solution.
The injection rate of ablation products can be either prespecified or
calculated during the solution for a steady-state ablation process,
The computer program is modified in the'present study to account for
radistive transport within the boundary layer.

The radiative transport solution for coupling the inviscid layer
and the boundary layer is for a nongray ges with molecular band, contin-
uum, end atomic line transitions. The integration over the radiaticn
spectrur uses a detailed frequency dependence of the eabsorption ceoef-
fieients and the tangent slab approximation is used for integration over
physical space. An existing computer program (RAD/EQUIL) of the numeri-
cal method by Nicolet (ref. @) is used for the solution of the radiative
transport. In asddition to using this program for coupling the flow
fields, an extensive modification of the program is mede so that it can
be used efficiently as a subroutine in the developed computer program
for the inviscid radiating layer.

The application of the present developed method is shown by a
study of typical points on an entry trajectory for Venus. To the
author's knowledge, there are no published results for & fully-coupled
radiating scolution with eblation products injection at either the stag-
nation or downstream regions on a body for Venusian entry. The velidity
of the method is investigated by & compariscn with publishedrresults for

Earth entry.



REVIEW QOF LITERATURE

The review of literature is restricted to prior studies which
present the more pertinent results for the radiating flow sbout blunt
bodies with sblation products injection. The fully-coupled solution of
radiating flow with ablation analysis is a complex problem and involves
many disciplinés; therefore, & detailed review of the entire field for
the thermal ana;ysis during planetary entry is not presented. A good
review and extensive reference list for radlating shock layers is given
by Anderson (ref. 5). Similarly, & review of ablative heat shields for
planetary entries is given by Walberg and Sullivan (ref. 10). These two
articles provide a good review of the present technology of radiative
heating and ablation analysis for high-speed planetary entry. For
additional discussiones of the background information presented in the
Introduction on planetary gas dynamics and planetary entry, the reader
is referred to references 4 and 11 to 15. Information on trajectory
analysis for planetary missions is available in reference 16. A dis-
cussion on types of heat shield meteriels and ablation mechanisms is
given in reference 17. A good analysis on the coupling between the
boundary layer and & charring ablator is given by Kendall et al., (ref,
18).

The remaining sections of the litersture survey present more
detailed informetion which is pertinent to an analysis of the radiating
flow about blunt bodies. The first section discusses features of radi-
ation transport modeling. The second section is a discussion on radia-

ting flow field snalyses. In addition to flows about blunt bodiles, a



discussion is presented on significant and applicable results from
stagnation region analyses. Finally, & section is presented on the

thermal analyses for Venusian entry,

Radiation Transport Modeling

An atom or molecule in s high-temperature geseous medium can emit
and absorb radietion at a frequeney characteristic of some transition
from one qQuantum state to another and each specie has an sbsorption
spectrum which can he expressed in terms of an absorption coefficient.
Because of quantum transtions, the sbsorption coefficient is a function
of frequency. Radiation of a given frequency travels in physicael space
a distance (redistion mean free path) before being absorbed. (The above
description is from reference 1, page 721.) Thus, the radiative trans-
port in a gaseous medium is a function of fregquency and distance and the
equation for the total radistive transport is an integral over both
frequency spectrum and physicel space.

The solution for a radiating flow field is a set of integro-
differential equations and approximations are used to solve this complex
system of equations. One of the approximetions deals with the spatisl
aspect of radiative transport. The absorption of radiation at a point
in the flow field is a function of the emitted radistion from surrounding
fluid elements; and, since radistion travels a distance before being ab-
sorbed, the radiative transport is a three-dimensional problem in space.

To reduce the complexity of the solution, the "tangent slab approximation"



is usually used for radiating flow fields. This approximation treats
the gas layer ss & cne-~dimensional sleb in calculation of the radiative
transport. The radiative heat flux is neglected except in the direction
normal to either the body or shock wave.

Garrett (ref. 19), after a review of +he studies of references 20
to 22, states the error introduced by the approximation should be less
than 5 percent at the stagnation point. Page (ref. 4), in a discussion
of the three-dimensionsal effects, concludes that the tangent slab
approximation is sufficiently accurate for engineering celculations when
the shock-layer thickness is small compared to the curvature (~1/12).
Page's conclusions are based primarily on the studies by Chien {(ref. 23)
and by Wilson (ref. 24)}. The study by Wilson was & éomparison of the
tangent slab approximation with an exact three-dimensional numerical
calculation at the stagnation and downstream regions of & blunted,
conical body for a typical Earth reentry. The error for the tengent
slab approximation was 15 percent at the stagnation region and less
error at the conical region. The tangent slab aspproximetion is used in
the present study.

In radiation transport modeling, the gas may be treated as trans-
parent, gray, or nongrey. A transparent gas is assumed to emit radia-
tion but not absorb radiation. The treatment of a gray or nongray éas
allows both emission and absorption. However, the absorption coefficient
is sssumed constent over the frequency spectrum for a gray gas. A fre-
quency dependence of the absorption coefficient, either aspproximste or

in detail, is included for a nongrey gas. Anderson {ref. 5) traces the



historical development of radiating flow fields and shows the progression
from transparent, continuum only, uncoupled calculations used by early
investigators to the nongray, continuum and line, coupled energy calcu-
lations which are current todasy. As discussed by Anderson, & gray zas
analysis is not sufficiently accurate for reentry applicetions end the
gas should be treated as nongray.

The frequency dependence of absorption coefficient for a nongray
gas is treated in detail or by a "step-model". In a step model, the
frequency dependence is broken into & number of discrete steps {see, for
example, references T and 25 to 27). The number of steps are generally
from two to nine. The calculation of the radiative heat flux involves
an integral cver frequency and using a step-model will simplify the
integration. However, the injection of ablation productsrinto the flow
field increases the number of specles to be considered and there is a
rapid change in chemicel composition in the boundary layer. A step-
model has to be constructed for the particular gas composition and the
addition of ablation products will complicate the construction. Boughner
(ref. 25) hed difficulty in developing a general step-model for a

002—N mixture; and, the developed step-model was only valid over a

2
restricted and narrow range of conditions. The difficulty was due to
molecular band radiation.

The radiative heat flux with eblation product effects has been
ealculated for a nongray gas and the frequency dependence of abscrption

coefficient was considered in detail (see, for example, references 19,

28, and 29). There are computer programs for calculating the detailed,
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nongray radiative transport of which the ones used primarily for reentry
application are RATRAP, developed by Wilson (ref. 30); SPECS, developed
by Thomas {ref. 31); and RAD/EQUIL, developed by Nicolet (refs. 9 and
32). BSuttles (ref. 33) mede a comparison of these progrems in a recent
study and concluded thet the RAD/EQUIL program depended on fewer approx-
imgtions, included more detail, snd required less computer time than
RATRAP gnd SFECS. The RAD/EQUIL program is used in the present study.

As discussed by Penner and Olfe (ref. 13), radiation is coupled to
the conservafion equations by the radiation pressure, radiation energy
density, and radiation energy transfer. The radiation pressure and
radiation energy density are usually negligible and can be neglected even
vhen the rediation energy transfer is very importent. The two terms can
be and are neglected in soluticns which deal primarily with radiative heat-
ing (refs. 13 and 34). Therefore, the coupling between radiation and the
conservation equations is due to the divergence of the radistive hest
flux in the energy equation.

For ad@itional information on radiation and rediative transport,
the interested reader is referred to the numerous availeble books. Two
good bocks with which the author is most familiar are by Penner (ref. 35)
_and by Penner and Olfe (ref. 13). Radiative heating is considered in
the book on gas dynemics by Vincenti and Kruger (ref. 34). Also, ref-
erences 36 to 38 present analyses of radiative transport for high-

temperature geses.
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Radisting Flow Fields

The interest of the present study is the radiating flow field about
blunt bodies; therefbre, the flow 1n both the stegnation region and the
downstream region has te be considered. Also, the prior studies which
ineluded ablation product effects have been for the stagnation reéion.

A discussion anéd literasture survey are presented first on the pertinent
results from analyses of stagnation-region flow; then s discussion and

literature survey are presented for flow about blunt bodies.

Flow at Stagneticn Region

The recent doctorél thesis by Garrett (ref. 19) presents a detailed
review of the varicus methods used for solving the radiating flow field
at the stagnstion region. Also, the various methods of sclution are
discussed in the papers by Goulard et sl (ref. 39) and by Anderson (ref.
5). The reader is referred to these papers for a description of the
solutions. Only the pertinent results will be presented here.

The earlier studies by Howe and Viegas {ref. 40) and by Hoshizaki
and Wilson (refs. 41 and 42) have shown there is & coupling between
radistive and convective heating and that rediation from the higher-
temperature inviscid region can be absorbed by the lower-temperature
viscous region. Later studies heve shown that the ablation products
" injected into the flow field from ablative heat shields can significant-
1y reduce the radiative heating to the body {(refs. 19, 22, 28, 29, 43,
and 44), These studies were for Earth reentry except a limited part

of the study by Wilson (ref. 44) was for Jovian entry, Hoshizski and
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Lasher (ref. 22) state that atomic carbon from the eblation products is
the principle absorber and Smith et al. {(ref. 28) show that carbon monox-
ide can alsc significently absorb the radiation from the radiating shock
layer.

The recent thesis by Garrett (ref. 19) presents a comparison of the
results at the stagnstion region for air injection and ablation preduct
inj)ection. Garrett uses an implicit finite difference method for a
solution at the stagnation-point of a blunt body and treats the entire
shock layer as viscous. The results of Garrett show tha£ massive in-
Jection of ablation products from a carbon phenolic heat shield into air
reduced the radistive heating to the body by L0 percent; but, massive
injection of air only reduced the radistive heating by 15 percent. A
comparison of results presented by Garrett for solutions from various
studies showed that ablation products reduce the radiative heating; but,
there were significant differences in the magnitude of the reduction.

Smith et al. (ref. 28) used a method for the stagnation region which
is similar to the method in the present study. That is, separating the
inviscid layer and the boundary layer and then coupling the two by the
radiative transport. The study was for Earth reentry with ablation
product effects. The derivetion of the boun&ary layer equatiocns included
the radiative hest flux in the energy equation and was for moderate and
strong blowing. However, the results presented did not include the
:radiative heat flux in the energy equation for the boundery lsyer and
wes only for strong blowing. The solution of the equations was by

numerical methods end Dr. Smith has stated there are difficulties in
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extending the solution to include radiative heat flux in the boundary-
layer energy eguation and to include moderate blowing. The problem has
not been solved.* The study by Smith et al. did show that the basic
method is velid and in the present study the treatment of the boundary-
layer solution is much better than the approximete method used by Smith
et 8l

Hoshizaki and Lasher (ref. 22) treated the entire shock layer as
viscous and stated the advantage is that it eliminates the necessity of
matching the radiative heat flux at the inviscid-viscid interface.
 Garrett (ref. 19) treated the entire layer as viscous and there were
irregularities in the enthalpy profiles at the inviscid-wviscid interface
for strong blowing. The enthalpy profiles come from the energy equation
and this equation is where the radiative transport is cocupled to the flow
equations. In the present study, the coupling is not & direct matching
of the radiative heat flux at the interface. The radiative heat flux to
be coupled in the energy equation of the boundary layer is taken from the
solution of the raediative transport over the entire shock layer. The
magnitude of the radistive hegt flux from the boundary layer toward the
inviscid layer is small compared to the flux toward the boundary layer
. from the inviseid layer (see, for example, ref. 28). Thus, in the pre-
sent method the solution for the radiating inviscid leyer is solved cnce
and an iteration is only required between the boundary layer solution and

radiative transport solutiocn.

#%Personal communication with Dr. G. Louis Smith, Langley Research
Center, Hampton, Virginia
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Garrett (ref. 19) and Rigdon et 2l. (ref. 29) state the need for
properly calculating the thermodynamic properties of the ablaticn pro-
ducts. In the present study, the thermodynamic properties are calculated
during the solution for both the inviscid regicn and the boundary layer
and arbitrery gases can be considered. |

As illustrated by the compariscns presented by Garrett (ref. 19),
there are discrepancies for the magnitude of radiative heating reduction
due to ablation effects even for the stagnation region. The existing

results are primarily for Earth reentry and calculations need to be
performed for other planetary entries. Anderson (ref. 5) states that
realistic calculations for radiative heating to entry vehicles should
definitely account for ablation effects and additional radiative coupled
analyses with ablation effects should be made in order to complement the

existing results.

Flow about Blunt Bodies

There have been a number of studies and numerical solutions for the
radiative heating with ablation effects at the blunt-body stagnation
region but solutions for the downstreem regions of the flow field are
not so edvanced. The few studies which have considered the radiating
flow about blunt bodies have shown that radiative heating at the flank
regions of hemisphere-conical bodies can be a large fraction and even
exceed the radiastive heating at the stagnation point (refs. 2, 3, 45,
and 46). These studies were for Earth reentry, used a step-model for the

radigtive transport, and did not include ableticon product effects,
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The study by Olstad (ref. 2) was for an inviscid shock layer with
the solution of the flow Tield by the method developed by Maslen (ref.
47} but modified for radiative transport. The method of Maslen is based
on the flow being perallel to the shock wave and uses a ven Mises trans-
formation. This method uncouples the y-momentum equation. However, the
method is not strictly valid st the stegnation region. The study by
Olstad was for the Earth reentry of blunted-conical bodies with cone
half angles of 30, 45, and 60 degrees. A step~model was used for the
radiaetive transport. The results showned that the radiative heating
along the cone flanks wes comparable to the stagnation region values for
the larger cone angles. Olstad slso presented some preliminary results
for air inJection into the shock layer. These solutions were performed
by using the Maslen method for an inner inviscid layer. The results
showed that the alr injection was more effective in reducing the radia-
tive heating at the stagnsetion region than st the downstream region. The
enthelpy profiles of the inner inviscid layer give the appearance of a
boundary layer but gre a result of absorption of the radiant energy emit-
ted by the outer inviscid layer.

Callis {ref. 3) investigated the radiating, inviscid flow about long
blunt bedies by using a time-asymptotic technique. A discussion of this
technique is given below. The study by Callis was for Earth reentry end
a step-model was used for the radiative transport. The body shapes were
spherically capped cones. The results showed that for larger cone angles
(60 degrees helf angle) thé inviscid radistive heating rates were in ex-

cess of the stagnation values over a lerge portion of the flank region.
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Callis states that this increase in heeting rates along the cone flanks
could pose & serious thermal protection problem.

Chou (ref. 46) presents an approximate method for the flow about
blunt bodies in which the entire layer is considered to be viscous., The
solution is based on an approximate method for nonsimilar terms, the
specie continuity equation is neglected, the density-viscosity product
is constant,.and the wall conditions are for constant mass injection and
temperature &long;the body. An equation is developed for the honsimilar-
ity of the tangentisl velocity ﬁnd Chou states that the validity cf the
equation cannot be defined rigorously and the physcial reason for the
successful epplication is not clear. The application of the method was
for Esrth reentry and the injected gas was mir. However, radistive
trensport was not considered for the sir injection cases. A comparison
was made with the method of Olstad (ref. 2) for inviscid radiating flow.
The check cases were supplied by Dr. Olstad and Chou states that his
nethod is velid when the results are compared. However, there is soﬁe
gquestion ebout the manner in which the results are being compared and
the comparison may not be as good as shown by Chou. The disagreement
over the compsrison of the results has not been resédlved.¥

Prior sclutions for the radiating flow sbout blunt bodies did not
include ablation product effects and were for Farth reentry. The need
for a fully-coupled solution with ablation products for arbitrary gases

can be 1llustrated by the studies of Tauber (refs. 48 and 49) and Tauber

#Personal communications with Dr. W. B. Olstad, Langley Research
Center, Hampton, Virginia
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and Wekefield (ref. 50). These studies were for planetary entry into
Jupiter, Saturn, Uranus, and Neptune with & nominal atmospheric combosi-
tion of 85 percent hydrogen and 15 percent helium (mole fraction). The
basis for the thermal analysis is presented in the paper by Tauber and
Wakefield. These studies had to rely on stagnation-point results for
the thermal anelysis at the downstream regions. Results from the solu-
tions for Earth reentry and the limited results by Wilson (ref. h4l) for
H2~He mixture were used, This recourse hed to be used because of the
lack of results for flow eround bodies with eblation product effects and
the lack of results for entry into planets other than Earth. Additional
discussion of this problem is given by Page (ref. 4).

There is no method which is generally accepted as being best, even
when radiative transpcrt is not ineluded, for the shock layer scluticn
around hypersconic blunt bodies (ref. 39). This point is shown in the
paper by Perry and Pasiuk (ref. 51) in which numercus solutions are
compared and are compered with experimental data. There is considerable
scatter between the different solutions even in the region of subsonic
flow. The solution used in the present study for the radiating, inviscid
layer is a numerical method of a time-ssymptotic technique.

Prior studies have used the time~asymptotic technique for the solu-
tion of an inviscid flow field (see, for example, refs. 3, 6, 52 and 53).
The time-asymptotic technique retains the time dependent terms in the
governing equations of the flow field and permits the time to incresase
until! steady-state conditions are reached. By retaining the time de-

pendent terms, the set of governing equations is hyperbolic and the same
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computationsl method can be used in both the subsonic and supersonic
regions of the flow along the body. The development of the technique is
due to the studies by Von Neumenn and Richtmyer (ref. 54%), by Lax (ref.
55), and by Lax and Wendroff (ref. 56). The present method for the solu-
tion of the radiating, inviscid flow field is based on the studies of
Moretti and Abbett (ref. 6), Callis (ref. 3), and MscCormack (refs, 57
and 58).

Moretti and Abbett {ref. 6) applied the time-asymptotic technique
to flow arcund blunt bodies without radiative transport. The advantsges
of the method over other methods are discussed briefly by Moretti and
Abbett (ref. 6) and more fully by Moretti and Abbett (ref. 59). A
comperison of their results with the date presented by Perry and Pasiuk
showed the method to be &s sccurate in matching the experimental data as
any other method. Also, it was shown that the shock wave can be treated
g5 8 discontinuity and thereby reduce the number of mesh points reguired
in an accurate numerical solution.

Callis (ref. T), applied the time-asymptotic technigue to stagnation-
point solutions and Caellis (ref. 3), applied the technique for flow about
long blunt bodies. The solutions were for radiating, inviscid flow and
showed the time-asymptotic technique to be valid for radiating flow
fields. Cellis stresses the need for treating the shock wave as a dis-
continuity. In addition to reducing the number of mesh points, the

property profiles are more accurstely defined for the radiative trans-

port.
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In the studies by Callis, and by Moretti and Abbett, a Taylor series
expansion with the first three terms retained was used for the advance-
ment of the flow field variables in time. Thus, the solutions are of
gecond-order accuracy in time and regquire first-order and second-order
time derivatives of the flow field variables. A method of second-order
accuracy has been developed by MecCormack (refs. 57 and 58) which re-
quires only the first-order time derivatives of the flow field variables.
Bagically, the method involves a two-step process for the advancement in
time with the spatial derivatives of the flow field wvariables taken in
alternate directions. The general methced of MecCormack is used in the
present study and is described further in the.section on Analysis,
Anderson (ref. €0) compared the two methods of time advancement in &
time-asymptotic technique for the steady-state, nonequilibrium, flow in
8 nozzle and states the method developed by MacCormack to reqﬁire fewer
computations and B30 percent less computer time for identical results.

The studies by Moretti and Abbett, by Callis, and by MacCormack
have shown the numerical methods for the time-asymptotic technique to
be convergent, stable, and insensitive to initial guesses. A numerical
method of second-order eccuracy for the time-asymptotic technique and
a discontinuous shock wave is used in the present study for the radiating,

inviscid flow field solution.

Thermal Anelyses for Venusian Entry

The fully-coupled solution for the radiating flow field with able-

tion produect effects has been investigated in severael studies for Earth
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reentry (refs. 19, 22, 28, 29, 43, and 44) and Wilson {ref. Lk) investi-
gated s solution for Jupiter entry. These solutions were for the stag-
nation region of the body. At present, there are no published results
for a fully-coupled solution with abletion product effects at either the
stagnation or downstream regions for Venusian entry. A good review of
the present state of technology of thermal snelyses and ablation analyses
for Venusian entry is given by Walberg and Sullivan (ref. 10}.

The primary emphasis at the present time is for unmanned exploration
of Venus. A description of the exploration and the scientific experi-
ments is presented in references 61 to 64, Additional information on
trajectories, body shepes, and body sizes for unmenned entries is given
in references 65 to 69. The entry velocities range from 10 to 15 km/s
with the velocities for pesk radistive heating being from 7 to 13 km/s.
The range of stagnation-point pressure on the body is 1 to 10 atmospheres,
The exploration of Venus ia a multi-probe, entry mission with one large
probe and three small probes. The nominal body for the probes is &
spherically capped, conical shepe with a .34 meter nose radius and a 60
degree helf angle for the large probe and & .14 meter nose radius and &
45 degree hslf angle for the small probes.

Models of the Venusian atmosphere are given in references 62, 63,
and TO0. The data for the models are primarily from the flights of
Mariner V and Venera L. Carbon dioxide is the maj]or gas component for
the Venusian stmosphere with up to 10 percent by volume of nitrogen.

Reviews of analytical and experimental studies of the radiastive

heating for Venusian entry and for gas compositions similar to Venuslan
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atmosphere are presented in references 10, 25, 39, and Tl. Therefore, &
complete review of the literature will not be given. The results of a
recent experimental study in a shock tube for the convective and radis-
tive heating in air and in a .90 002 - .10 NE mixture (mole fraction)
are presented by Livingston and Williard (ref. 72). A review of the
existing studies shows there is a difference in the radistive transport
between air and 002/1\12 mixtures. The 002/N2 mixtures begin to radiste
at & lower temperature than sir because of molecular band transitions,
primarily CN and CO. At velocities less than 10 km/s the radiative
heating can be as much as & factor of 10 greater than air. However, at
velocities above 10 km/s the radiative heating is comparsble in the two
types of gases hecause of the domination of the atomic processes present.
A detgiled study of redistive hesting in 002/N2 mixtures is pre-
sented in the thesis by Boughner {(ref. 25). However, atomic line
transitions were neglected end only flight velocities from 8.5 to 10.5
km/s were considered. Most of the study was for a mixture of 50 percent

CO,, and 50 percent N_, {mole fraction) and the results showed the emission

2 2
spectrum to be dominated by the CO{L+) band system and the red and violet
bands of CN,

Deacon and Rumpel {ref. Tl)} present results for the radiative
heating of a .80 CO, - .20 N, mixture {by mole fraction) at flight
velocities from 5 to 16.5 km/s. The important radiators were found to
be CO(4+) band system, continuum from carbon, end atomic transitions of

neutral carbon. This study was for a constant property layer. Deacon

and Rumpel states that to correct for a nonadisbatic layer the corrections
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from air studies would heve to be applied due to the lack of data for
002/N2 mixtures.

Spiegel et 8l. (ref. 69}, present results for the thermal protection
of a spacecraft during a Venusian entry. This investigation was for a
completely uncoupled solution. In the study it was assumed: +the shock
layer is isothermsal, no coupling between radiative and convective heating,
no radiastion absorption by ablation products, and no radiation cooling.
The study was for a spherically capped, conicel body with a .15 r nose
radius end & 60 degree cone half angle. The heat-shield material was
high-density phenclic nylon. The results show the radiastive heating at
& location on the cone flank to be greater by & factor of two than the
stagnation-point velue. Alsc, the abletion retes of the heat—shieid
material are comparable for the comne flank &nd the stagnation point.
These results need to be verified by s fully-coupled sclution,.

A recent, but unpublished, snelysis has been conducted by the
present author and R. A. Falanga for the fully-coupled, rediating, flow
field solution with ablation products injection at the stagnation point
of & blunt body for Venusisn entry.* The methcod of solution was similar
to the present method except the radiating, inviscid, flow field solution
was by the method of Falanga and Sulliven (ref. T3) and can only be ﬁsed
in the subsonic region of flow sbout & blunt body. The results of this
recent study were that the boundary lasyer with eblation products injec=-

tion will reduce the rasdiative hesting to the body by 35 percent at

¥Publication pending in Journal of Spacecraft and Rocket.
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" veldcities of 9.86 and 11.18 km/s; but, the reduction was oniy 14 percent
at a velocity of 8.11 km/s. The injection rates were for the steady-

state ablation of & high-density, phenolic-nylon, material.



2k
METHOD OF ANALYSIS

The radiating flow field about the entry body is separated into an
outer layer where the inviscid flow equations are applicable and an inner
viscous layer where the boundary layer equations are applicable. The
divergence of the radiative flux is included in the energy equation for
the solution of each layer and the boundary layer is coupled to the
inviseid shock layer by the radiative transport through both layers and
by the boundary layer displacement thickness. This coupling of the
boundary layer solution to the inviscid shock layer solution is illus-
trated by the temperature profile shown in Figure 1. The inviscid flow
field is displaced from the wall by the boundary-layer displacement
thickness and the boundary-layer profiles are used out to the point
where the boundary-layer edge values and their derivatives equal the
inviscid layer values. For the boundary-layer solution, the radia-
tive transport is caleulated from the mated profiles for the entire

layer. The total thickness of the flow field now becomes
8% =5+ o (1)

where & is the thickness of the inviscid shock layer (shock stand-off

distance) and &* is the boundary lasyer displacement thickness calculated

from

: Ya 8
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The first term on the RHS of the expression is the usual term for the
displacement thickness of a compressible boundary layer without mass

injection and is due to the retardation of the flow in the boundary
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layer. The second term is the increase in displecement thickness due to
mass injection at the wall for around the bédy.

The methods of solution of the inviscid flow field, the boundary
layer, and the radiative transport are presented in sub-secticns of the
Method of Analysis. The sclution for the radiating, inviscid flow field
about a blunt body was developed in the present study and the develop~
ment of the flow field equetions and the numericsl method is described
ir. detmil. A second-order, time-asymptétic technique 1s used for the
solution. The solution of the inner viscous layer is for a nonsimilar,
multicomponent boundary layer with mass injection, unequal diffusicn
coefficients, and arbitrary chemical species. An existing computer
program (BLIMP) is used for the boundary layer solution with modifice-
tions made in the present study for coupling the radiative transport
and mating the solution to the inviscid flow field. The radistive
transport solution is for a nongrey gas with molecular band, continuum,
and line transitions. An existing computer progrém (RAD/EQUIL) is used
for the solution. In addition to using RAD/EQUIL for coupling the radi-
ative transport through the entire layer, an extensive modification of
the program was mede in the present study so that it could be used ef-
fectively as & subroutine in the developed computer progrem for the
radiative, inviscid flow field.

The radiasting, inviscid flow field solution is calculated only once
for the fully coupled solution; but, an iteration is required to couple
the boundary lasyer sclution to the inviscld flow solution because of

inclusion of the radiative heat flux in the boundary layer and locating
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the boundary layer edge in the invisecid flow field. The boundary layer
solution is assumed not to affect the inviscid layer solution through
higher order effects such as recalculsting the inviscid solution for an
"effective" body composed of the original body plus the displacement
thickness. Also, the radiastive heat flux from the boundary layer toward
the invisecid layer is small compared to the filux from the lnviscid layer
toward the boundary lsyer. Thus, the inviscid layer sclution should be
only slightly affected by the boundary layer sclution. The boundary
conditions for the boundary layer edge are the appropriaste values and
their derivatives at the match point in the inviscid flow solution and
are not the values at the wall condition of the inviscid flow solution.

The calculation procedure for the fully-coupled solution is shown
in Figure 2. The steps in the procedure are:

l. An inviscid, rediaeting solution is celculated from trejectory data,

2. A boundary leyer solution with uncoupled radistive transport is
calculated using the inviscid wall values for the boundary lsyer
edge conditions. For steady~-state ablation, the radiastive heating
to the wall is taken as the inviscid wall value.

3. The profiles from the inviscid solution and the boundsry layer
solution are mated and the radistive transport is calculated for the
entire layer.

4. A boundary layer solution with coupled radiative transport is calcu-
lated using the values at the match point of the two layers for the
boundary layer edge values.

5. Steps 3 and 4 are repeated until the radiative transport through the
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layer, the match poiﬁt condition, and the ablation rates {for steady-

state ablation) converge.

The inviscid flow field and the boundary layer solutions are for the
flow around a body and the coupling of the two layers and the conver-
gence of the final solution is applied &t each location arcund the bedy.

The solutions of the radisting inviscid flow, the boundary layer,
and the radiative transport for the total layer are celculated by sep~-
arate computer programs which are coupled through the iteration procedure.
Approximately nine hours of total computer time are required for a fully
coupled solution about a body and the computer storage requirements for
the radiative transport program, the radiating inviscid flow program,
and the boundary layer program sare 560008, 1150008, and 2560008,
respectively. No attempt has been made to combine the progrems into &
single computer program because of the large storage requirements and the
large computational time.

The effect of the boundary-leyer displacement thickness on the ine
visecid flow sclution and subsequent effect on the boundery layer solution
could be accounted for by repeating the series of calculations as required
until convergence. The computationalrtime for such a procedure would be
excessive. Also, the shape of a body is changing during & high velocity
entry due to the ablation of the heatshield. Accounting for these shape
changes in a solution would require an extensive series of iterations.

In the present study, the body shape is the shape prior to entry.
The rate and elemental mess frections for the mass injection of the

ablation products into the boundary layer can be either prespecified or
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calculated during a sclution for steady-state ablation of a heatshield.
The equations for the wall boundary conditions in the boundary layer
solution irncludes the necessary mass and energy balances for steady-state
ablation. OSteady-state atlation is a good representafion of the ablation
phenomena st entry conditions where significant radistive heating is pre-
sent and is better than a specification of the mass injection rate.

Steady-state ablation is used for the representation of the sablation of

the heatshield for the Venusian entry solutions.

Radiating, Inviscid Flow Field Sclution

A time-ssymptotic technique is used for the solution of the radia-
ting inviscid flow field; therefore, the anmlysis is based on the equa-
tions of conservation cof mess, momentum, and energy for unsteady flow.
The conditions for which the present analysis is carried out are that
the flow is axisymmetric, inviscid, and nonconducting; the gas is in
local thermodynamic and chemical equilibrium; the tangent slab approxi-
mation is velid for the radiastive transport; and, the shock wave is g
discrete surface.

The conservetion equations expressed in vector notation are

Masgs:

(=]

20 4 V(o)) = (3)

Momentum:

(L)

+
<¥
=t
!
|
=3
i
o
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Energy:
p-g%+ p-‘;"Vh +V'€R-%%-?'Vp= 0 (5)

Equations 3 thru 5 are for a general, orthogonal, curvilinear coordinate
system. The coordinate system for high speed entries can be either body
oriented {direct method) or shock orientated (inverse method). The body-
orientated, coordinate system as shown in Figure 3 is used in the present
o analysis.

Equations 3 thru 5 are transformed to the present, body-orientsated,
cnordinate system by using relationships for vector operaticns as given
in reference T4, The necessary metric coefficients, ;> for the coordi-
aate transformation are determined from the length of a differentisl

iine element and the general expression is

2

(a0)? = g %(ax)® + g,%(ax)% + 8,7 (axy)? (6)

The expression for the present s, y, ¢ coordinate system is
2 2 2
(a2)? = ¥°(as)® + (ay)% + r*(a¢) (T)

Comparing this expression to the general expression, the required metric

coefficients are

g = A
g, =1 (8)
53 =r
where 5
r =y cos B +.[ gin 6 ds
0

A=1+ Ky (9)
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'K = 48 (9)(concl.)

ds

The angle 6 is a function of the coordinate s and the magnitude of the
angle and the functicnel relation to s is known from the specification
of the body shape.

By knowing the metric coefficients and using the relationships given
in reference T4, the vector operations in equations 3 thru 5 can be car-
ried out and the equations determined for the present coordinate system.
Applying the axisymmetric conditions that the velecity and all gradients

in the ¢ direction are zero, the conservation equations become

Mass:
%%-+ %-Q%EEL + %} sin 8 + E%gll + pv(§ + 99%—9) =0 (10)

s-momentum

du . udu du  Kuv 1 3p _

TR N TIA I Wy W P (11)
y-momentum:

2

ov . udv v _Ku _13p _

T Y PER 3y xF p Ay 0 (12)
Energy:

BerBevBoR-xRorgele s -
(13)

The bracketed term of equation 13 1s the divergence of the radiative

flux with the application of the tangent slab epproximation. 1In the

tangent slab approximation, the derivative of the radiative flux in the

y direction is considered in the solution but the derivative in the s
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direction is neglected. The parameters in this section of the report

are non-dimensionalized hy

S‘ ] R QR
® % Fn' P = 2 4 = 3
PoVa PasV oo
] . ht -t!
¥=L‘Rn. h = — t = ——— (1%)
'8A (Rn'/VE)
rl 1
T = P =L

where the subscript = refers to the free stream velue and the prime to
dimensionel quantities.

The velue of y at the shock wave will vary with the s location
around the body and will also vary with time because the shock wavé
is moving during the solution until a steady-state solution (final
solution) is obtained. It is convenient in the solution to fix the

location of the shock wave and this is accomplished by the transformation

=t
S =g (15)
4
v=3
where
§ = £(s, 1)

The quantity § is the shock stand~off distance end the transformation of
equations 15 gives Y=0 for y=0 and Y=1 for y=8. The inviscid flow field
is now a rectanguler coofdinate system of length one for the Y-coordinate
and 2 length for the S-coordinate as specified by the body shape. The

value of 8 is zero at the centerline of the body. The differentiael
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relationships to transform Eqﬁations 10 thru 13 from the s, y, t

coordinate system to the S, ¥, T system are

AL).,,A(_)__%.BGAL).

9t aT BT

() _(_!. X 3()

Bs 5 16 tan B T (16)
) _13a)

Yy § aY

The quantity AG is the value of A eveluated at y equals &§. Hereafter,
subscript notation is used to denocte partial differentiation with
respect to the variables S, ¥, and T.

Applying the transformation of equations 16, the conservation

'equations 10 thru 13 become

Mass:

p = ~(oy + % pg = By + §ug + §vy 4 ) ()
S-momentum:

uTz-(AuYi-%us—-;g-pY-ﬁp—lxpsi'D) (18)
Y-momentum:

vTa_(AvY+%vS+-6-lEpY-E) (19)
Energy

T

hT”'(AhY+Ths"5PT'EPY"EXPS+T) (20)

where
N TSy o

= PL
= & ;\6 ten B (22)
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C=%sin6+pv(%+coje) (23)
p=5Y (2h)
E =5{-'if- (25)
P b A (K2
A =1+ K8Y (27)
Ag =1+ K8 (28)

The maes equation, equation 17, is now changed from density as the de-
pendent veriasble to pressure as the dependent varisble. This is accom-
plished by using the state equation in the functional form

h = hip,p)

to obtain the differential relations

hg =(§%)p Pg +(%%)p Ps (29)

Using the differentisl relations of eguations 29 and combining egquations
17 and 20, a new equetion for the conservation of mass is obtseined in
the fornm

Mass:
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where
P =g- ('g%)p (31)
P, = % (-g-%) (32)
p

The velues for the thermodynamic varisbles of p, Pl’ and P3 are
determined by the conditions of chemical equilibrium for the gas with
the specification of the elemental mass fractions of the gas and the
two thermodynamic state variables of pressure and enthalpy. The depen-
dent varisble in the mass equation was changed from density to pressure
as the dependent variable becsuse density cannot be used as one of the
specified thermodynamic state varisbles in the chemical equilibrium
program used in the present study. Any two of the equations 1T, 20, or
30 can be used in the inviscid flow solution depending on the method
uged for the thermodynamic state.

The basic equations for the soclution of the rediating, inviscid

flow field are equations 18 thru 28 and equations 30 thru 32. The terms

pu 8in 8 v cos © gR cos 8
r ! r » and S

which appeér in equations 23 and 26 are indeterminant at the centerline,
8=0, and are evaluated by the L'Hospital rule.

The solution for the location of the shock wave and the flow field
variables along the shock wave {Y=l} is by & method using & quasi, one-
dimensional, unstesdy characteristic sclution and the Renkine-Hugoniot

‘equations for a moving shock, This method is discussed by Moretti and
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Abbett (ref. 6) and by Callis (ref. 7). A derivation of the equations
for the characteristic solution is presented in Appendix A. The eguation

for a right running characteristic is

/B
a -3
T A+ 3 (33)
and the compatibility equetion is
c
dv 1 dp 3
— e — =C. + (3]4)
ar pv'l;— aT 2 0B
3 3
where
= (1 -
C, = (l Vg E) (35)
__[u 3 JE
Cy = I:" pg + P3(A ug + c) 7o P3Bu.Y] (36)

The set of derived equetions for the radisting, invisecid flow
field about & blunt axjisymmetric body is sclved by the numerical methods
presented below. In addition to the complete body solution, a separate
solution for only the stagnation point of & blunt body was obtained
in the present study and the equations are presented in Appendix B.

The concept of the time-ssymptotic technique is to assume initial
values for the flow field variables and then to increment the varisbles
in time until the varisbles are invarient with time. Thus, the evolution
of the flow in time is followed until the flow obtaine a steady-state
condition. The numericel method used in the present study to obtain
8 solution is based on the two-step method of MacCormack end a description
.of the mmerical analyeis for the method is given in references 57 and

58.
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At time T the value of & variasble is known st all locations inmfhe
flow field. The advancement of & variable from time T to T+AT (one '

iteration) is given by

by
£(5,Y,T+AT = £{8,Y,T) + f,ar“"’eam- (37)
where
ave _ .1 2
fo o = (fT + fT)/E (38)

The symbol f represents the varisble p, u, v, or h and the superscripts
1 and 2 refer to the first and second step in the two-step process. The
time derivative, fT
equations {equations 18, 19, 20, or 30) with finite differences used

s, of the varimble is calculated from the unsteady

for the spatial derivatives. The calculation of f;"e and the advancement
from T to T+AT is a two-step process as follows:

1. Compute fl

p at time T from the unstesdy equations using forward

differences for the spatial derivatives. Advance f by

£ =%, * réa'r (39)

2. Compute fg at n+l from the unsteady equations using the variables

fn+l and backwvard differences for the spatial derivatives. Then,

ve

compute the eversge value of the time derivative, f;

38 and advance the variable, f, to time T+AT by equation 37.

» by equation

'Step 1l is applied to each variable p, u, v and h at all S, Y locations

‘before proceeding to step 2.

A modification to the basic method of MacCormack for the spatial

‘derivatives is used in the present study. In the basic method, two-

‘point, forward finite differences are used for the first step and two-
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point, backward differences are used for the second step along sll
coordinates. In the present method, three-point, central finite differ-
ences are used for the derivatives with respect to the S-coordinete for
both steps in the two-step process. Three-point, forward differences on
the first step and three-point, central differences on the second step
ere used for the derivatives of h and u with respect to the Y-coordinate.
The derivatives of p and v with respect to the Y=coordinate are the basic
method of two-point forward on the first step and two-point backward on
the second step. A Taylor series expansion is used for the derivation
of the finite difference equations for unequal spacing of the nodel
points along each coordinkte. The same equations ere also valid when
équally spaced points are specified.

The above numerical method is used for all nodal points except the
nodal points along the shock wave (Y=l). The flow field variables at
the nodal points slong the shock wave and the location of the shock
wave are calculated by a numericel method using the egquations from the
quasi, one-dimensionsl, characteristice enalysis and the Rankine-Hugoniot
equations for a moving shock wave. The numerical method is illustrated
by the disgram in Figure 4. At time T all the guantities are known
and the properties at D, &, end & are desired at time T+AT. The
:solution procedure is as follows:

i. Assume & GT at time T+AT and use trapezoidal integration to
determine § by

S{(T+AT) = &(T) + [esT(T) + GT(HAT)]%T# (40}
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The angle B is calculated by

Ad (41)

tan B{T+AT) = 3
T+AT

=
O.|>J|

2. The preoperties of p, u, v, and h at point D are calculated from the
Rankipne-Hugoniot egusetions for a moving shock with the known free-
stream properties, the assumed GT, and calculated B.

3. Point B is located from the characteristics equation (eq. 33) by

AY = A+—5—-3 AT (42)

where averaged properites of points P and D are used for the inte=-
gration. The properties at point B are averaged properties of points
A and C.

4. A value of v at point D is computed from the integration of the
compatability equation (eq. 34} from point B to point D using
averaged properties

vy = Vg + 02 + C3 AT - -
/b 7N

ave ave

(Py-By) (43)

The value for Pp is the value calculated by the Rankine-Hugoniot
equations in step 2. 4

5. The computed value of vp from the compatibility equation is compared
with the value calculeted from the Rankine-Hugoniot equations in
step 2. If the values for VD do not match, then & new wvsalue for

GT(T+AT) is assumed and steps 1-5 are cycled until convergence.

The numerical method 1s applied at each time step for each S=coordinate
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location beginning with the S=0 location. The method is converged at
each S location before proceeding to the next location around the body.
A Newton-Raphson method is used for succegsive guesses for GT after the
firset two guesses.

The value of the shock stand-off distance, §, at each S location is
checked by & mass balance, For the mass belance, the mass flow through
& plane in the flow field at the particular S location is equal to the
mass flow from the free stream through the shock wave up to the particular

S location. The expression for 6 from the mass balance is

s
§ = 2(8F - r, cos a8) (hb)
where
1
SF =J‘ (rpulay (4s)
0

To insure a mass balance for the converged solution, the shock stend-off
distance at each S location is adjusted 1f necessary to the value from
equation 44 as the solution approaches convergence,

The size of the time step for the advancement at each iteration
is calculated by the use of the characteristic equation (eq. 33) in
gthe form

ar ¢ —BL (16

A+ (45;76)
This stability eriterion is based on the Courant-Friedricks-Lewy
condition and insures that the net slope is less than the characteristics

;slope for hyperbolic equations (ref. 75, chap. 9). Equation L6 is a
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one-dimensional equation being used for a two-dimensicnal problem;
however, the AY is smaller than AS in the problem and no stability
Problem was encountered. A time step is calculated at each nodal point
in the flow field and the minimum velue for the nodal points along a
ray at a S-coordinate is used for all the points along that particuler
S-coordinate. There is a large varistion in time steps around the body
end using a varying time step srcund the body requires less iterations
for convergnece than using a minimum time step for the entire fiow
field. Having a different time plene through the flow field did not
affect the convefged steady-state solution.

The rediative heat flux, the thermodynamic properties, and the
soclutien of the Rankine-Hugoniot equations are calculated by using the
computer program of Nicolet (refs. 9 and 32). A modified version of
this program is used as subroutines to the computer program developed
for the radisting, inviscid flow field. A discussion of the method of
calculating the radiamtive heat flux and the modifications are presented
in the sub-secticn of Radiative Transport. Large computationsl times
are required for the calc¢ulation of the radiative heat flux and the
thermodynemic¢ properties; however, these parameters do not have tc be
updated at eac¢h iteration. A study was mede and it wag determined that
the thermodynamic properties and radiative heat flux ¢an be caleculated
every 50 to 100 iterstions without affecting the converged sclution but
greatly reducing the computationel time, For the iterations when the

thermodynamic subroutine is not used, the density is calculated by
(7 -5)
Ap = Ah +—=—=L/Ap (47)

P1P3
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with the thermodynemic properties Pl and P3 held constant. The properties

P, and P, are calculated by

1 3
Tcp (15}
P = 8
1 " [(aln n_a) ~ 1]
dln T
P
P. = a° (49)

3

where T is temperature, a is sonic velocity, M is melecular weight, and
cp is specific heat. The non-dimensionalization of the properties is

given by

; ¢ =——E—  (50)
* oo ,

I
m‘

L=1]
I

I
)
13

|

Il

where the subscript s refers tc the coﬁditions behind a normel shock.
The expressions are derived from equations 31 and 32 by using thermo-
dynamic relations. The necessary properties for calculating Pl and P3
by equations L8 and 49 are available from the thermodynemic subroutine.
Pressure and enthalpy which are calculated by the unsteady eguations are
used as the two specified, thermodynamic stete variables for the thermo-
dynamic subroutine and the radiative heet flux subroutine. The solution
of the Rankine-Hugoniot equetions for a moving shock wave is calculated
by the usual Rankine-Hugoniot equations with the velocities on either
side of the shock made relative to a fixed shock location. As mentioned,
s solution for the Rankine-Hugoniot equations is included in the program
of Nicolet.

The initial values to begin & solution are calculated by assuming

the shock wave is stationsry and the shock stand-off distances around
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the body are equal to the shock stand-off distance at the centerline
{5=0). The value at the centerline is caleculated by a correlation from
reference 76 of § = .78/05 where P, is the nondimensional density

behind a normal shock end 6 is the nondimensional stand-off distance. The

flow field variables for the nodal points along the shock wave are calcu-
lated from the Rankine-Hugoniot equations. The variables for the wall nodal
points are calculated by assuming an isentropic expansion along the body
with & Newtonian pressure distribution. Values for intermediate points

in the flow field are calculated by linear interpolation of the shock

and body values.

The convergence of a solution is determined by checking the change
in enthalpy between iterations. The percentage change in enthalpy
between two successive iterations must be less than a specified small
value and this criterion must be met for a specified number of iteratioms.
The enthalpy at the body, shock, and midpoint along a ray at each S
location is checked.

A computer program was developed for the numerical solution of the
radiating, inviscid flow field. The program is written in FORTRAN IV
language for CDC 6000 series computers. A listing of the progrem is

given in Appendix C.

Boundary Layer Solution

The boundary layer equations are for a nonsimilar, multicomponent
boundary layer with mass injection, unequal diffusion coefficients, and

arbitrary chemical species. The solution of the equations is by a
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numerical, integral matrix method and there is an existing computer
program for the solution called BLIMP., Many types of complex, reactive
boundary layer problems can be solved by the program and numercus pub-
lications are required for a complete description of the progrem and the
concepts and methods used in a solution. A brief discussion is presented
of the basic method and of the modifications to the program made in the
present study. A list of the significant publications is given after
the discussion of the basic method.

The present discussion of the basic method is from reference 8. The
boundary layer eguations for an 8, ¥y coordinate system of a blunt, axi-

symmetric body (see Figure 3) are

Mass:
3(pur. )
1 b aov) _
r, 9s + 3y =0 (51)
b
s-momentum:
w, u_ 3 n]_
SR v ay[(“ * "Em)ay] " e (52)
y-momentum:
3p _
3y = © (53)
Energy:
aH oH 9 C_ R
pu3—5+pvg=—-§;(q +q) (54)
where
u2
H=h+ > (55)
Bpecies:

3K 3K
L G N
ma oy Ty (a4 (56)
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The species' comservation equation is solved in terms of elemental mess
fraction, Ki, rather than the species' mole fraction by the application
of the Shvab-Zeldovich transformation. This transformation eliminates
the chemical source term for chemicsl equilibrium and reduces the number
of species' conservation equations from the number of species to the
number of elements. For & boundary layer with ablation products injec-
tion, the number of species is typically from 20 to S50 whereas the number
of elements is only 2 to 6.

The complexity of using unequel diffusion ccefficients for a
multicomponent mixture is reduced by e bifurcation epproximation for the

binary diffusion coefficients. The approximation is expressed as

D,, * D (57)

13 FI'F'"J
where D is the self-diffusion coefficient of a reference specie and
Fi’ FJ are the diffusion factors for species i and §. The Fi of a
specie for & given chemical system can be determined by finding the set
of diffusion factors that gives the minimum total system residuael error
and & method is presented in reference T7. The bifurcation epproximaticn
permits the diffusive flux of element i to be expressed explicitly in
terms of properties and gradients of element i and of the system as a
whole, but not of other elements. Also, the I{I-1)/2 binary diffusion
coefficients are replaced by I diffuaion factors where I is the number
of chemical species.

The diffusional mass flux of element i in the species' conservation

equation (eq. 56) can be expressed as
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J = %&

dln u2
i T u M |3y

(58)

by use of the bifurcation approximation end the definition of the new

quantities

ss1]

M. x
z, = 2 =Za Z
3Hs 153
(59)

M, %
M =ZxJFj 2 ;2_%?1

The subecript ] refers to species and the subscript i refers to elements.

The quantity oy is the mass fraction of element i1 in species ] and ZJ

J
is & quantity which for unequal diffusion lies between a mass fraction
and 8 mole fraction for species J.

The convective heat flux term qp in the energy equation (eq. 5L)
is the sum of heat flux due to conduction, diffusion, turbulence, and

dissipation of kinetic energy. Using the bifurcation epproximation for

the heat fiux due to diffusion, the convective heat flux can be ex-

pressed by
c 3(u?/2) i 3 8%\, PalaR
q” = -y {ee ) oo + (krpey ) 5o+ "Ed(ay - <, gf) + Wl oy
= | dln
- T, - Y f
Co 3y ¥ (b - h) 3y ] (60)
where
h =Ezjhj . =EZJCPJ {61)

The turbulent transport terms in the equeticns are expressed in

the Boussinesq form of eddy viscosity, eddy diffusion, and eddy
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conductivity. If turbulent transport is considered, the turbulent
transport properties amre included in the boundary layer equations when
e pregpecified Reynolds number ic exceeded. The Reynolds number is
based on edge properties and momentum thickness. A transition regilon
between laminar flow to turbulent flow is not included,

The boundary conditions at the boundary layer edge are the specifi-
cations of u, H, and Ki and their derivatives with respect to the y-
coordinate. The wall boundary conditions gllow for the possibility of
solving numerous types of problems and thus specification of different
variables. However, all the variations include zero slip et the wall,
uw=0, and involves in some form the assignment of values for mass in-
Jection rate, (pv)w; wall enthalpy or well temperature, hW or ﬁw-’ and
elemental mass fractions at the wall, Ei,w'

The equations of the wall boundary conditions for energy balance
and elemental mass balance allow a sclution for steady-state ablation

of & heatshield. The energy balance is

¢ =4 -
U (pv)whw * mghg *ube T Qong T O (62)

where the subscripts g and ¢ refer to the pyrolysis gas and char for
ablation and Uond is the hest conducted into the sblation meterial at
the wall surface. For steady-state ablation

m h° (63)

+ h - =
mghg mc qcond aa

c

where m, is the total sblation rate, mg plus m,s and h: is the heat of



formation of the undecomposed sblation material, Noting that

(pv), = m

then the surface energy balance for steady-state ablation is

¢ R =l o _
-, -4, - og T+ m, (ha - hw) =0
The elementel mass belance 1s

mgKi,g * ok c (pv)wKi,w - Ji,w

c i, =0

and, for steady-state ablation

- N -
mgKi,g mcKi,c maKi.a
thus, the elemental mass belance for steady-state ablation is

A P (Ki,a B Ki,w) “dyw 0

Rl

(64)

(65)

(66)

(67)

(68)

A solution for steady-state ablation does not require knowledge of

the in-depth response of the ablation materiel but only the surface

interactions between the boundary layer and the ablation material.

Fromn

equations 65 and 68, it is shown that the additional properties of the

elemental mass fractions and heat of formation of the undecomposed

‘sblation material and the wall emissivity are all that Is required for

-4 steady-state ablation solution. The solution of the surface balances

glves the basic boundary conditions of injection rate, enthelpy, and

.elemental mess fractions at the wall,
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An £, n coordinate system is used for the actual solution of the

boundary-layer equations by the transformations of

g

_ 2
L3 —'f uepeuerb ds
0 (69)
ru .y
be
n = w—— o dy
v 2F 0
and & stream function of
n
= u
f'fw‘f = an (70)
e
0

The transformed equations will not be presented.

The numericel procedure for the sclution of the boundary layer
equations ies an integral matrix method. The boundary layer is divided
into strips in the normal direction {n coordinate)} and the conservation
equations are integrated across the strips. Across & strip, the primary
dependent variables of velocity, totel enthalpy, end elemental muss
fractions and thelr derivatives with respect to n are related by Taylor
series expansions with cubic or quadratic fits. Implicit, finite dif-
ference expressions are used for the derivatives in the streamwise di-
rection {£ coordinate). The set of simulteneous equations which
includes the Taylor series, the conservetion equations, and the boundary
conditions are solved by general Newton-Rephson iteration using a matrix
inversion technique involving successive matrix reductions.

Many aspects of the BLIMP progriem have been left out in the above

discussion. Further informstion for the boundary layer method and the
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BLIMP computer program is presented in the following references. The
solution for the boundary layer equetions is given in references 8, 18,
78, and 79. The solution is for an arbitrary, multicomponent gas mix-
ture and the method for the thermodynamic properties for chemicel equi-
librium is given in reference 80 and the method for the mixture transport
properties is given in reference 81, A method for considering & boundary
layer for a blunt body solution with entropy layer is presented in
reference 82. Information on the turbulent transport model is glven in
references 79, 82, and 83, User's menuals for the BLIMP program are
references 84 to 86. The description of & companion analysis for in-
depth response of an ablative heatshield is given in reference 87.

Medifications to the BLIMP program were necessary in the present
study to clarify the coupling of radiative heating and to make the
boundary layer edge conditions compatible with the inviscid flow field,
The radiative heating was included in the formulation of the energy
equation and in the coding of the BLIMP program; however, the values
for the raedietive heating were set to zero in the program and no pro-
vision was made to input the values. The term (qc+ qR) wag considered
as being only convective heating, since qB was set to zero, and was used
in expressions in the progrem which are only epplicaeble for convective
heating, When the radiative heating, qR, is included in the term
(qc+ qR) these expressions are invelid. There was a provision for
inputing radiative heating to the wall, unattenuated by the boundary
layer, for use in the wall energy balance for steady-state ablastion.

The convective heating for the energy balance was represented by the
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term (qc+ qR) at the wall and if the radistive heating through the layer
is included in the term by qR then the radiastive heating at the wall is
accounted for twiceand the energy balance is invaelid, The BLIMP program
vas modified by re-defining certain expressions to clarify the difference
between convective and radiastive heating and to properly input the radi-~
ative heating at the nodal locstions.

The derivatives for the edge boundary conditions are set in the

BLIMP program as the usual boundary layer edge condition of

w) . () . aﬁi)-
(ay)'° (ay)‘o (‘ay‘ =0

e e e
These boundary conditions consider that u, H, and Ri are invarient with
¥ in the inviscid layer. The edge conditions of zero for the velocity
and total enthalpy gradients may not be of suffieient accuracy and may
give incorrect results for the boundary layer soluticn because of non-
adiabatic effects when radiative transport is present and when en en-
tropy layer is present in the inviscid flow field of a blunt body.
There are several methods in BLIMP for considering the effect of an
entropy leyer for a blunt body and for these methods the derivatives sare
specified by appropriaste values and not set to zero. However, the me-
thods did not consider the effect on the derivatives for & non-adisbatic
inviscid flow field from radietive transport and were not appropriate for
the present study. The BLIMP progrem was modified in the present study
'so that the derivatives of velocity and total enthalpy with respect to
the y coordinate can be specified by inputs and correctly transformed to

the n coordinate. Alsc, & modificetion was made for specifying the total
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enthalpy at the boundary layer edge around the body. These modifications
allow for equating the boundary layer edge values with the values of the

radiating, inviscid flow field at the match point in the flow field.

Radiative Transport Solution

The soluticn of the radiastive transport is for a nongray gas with
molecular band, continuum, and atomic line transitions. A detsiled
frequency dependence of the absorption coefficients is used in the in-
tegration over the radiaticn spectrum and the tangent slsb sepproximation
is used for integration over physical spece. An existing computer pro-
grem (RAD/EQUIL) by Nicolet (refs. 9 and 32) is used for the calculation
of the radistive transport. The present secticn presents a brief dis-
cussicn of the method and the modifications to the computer program when
used as subroutines for the redisting, inviscid flow field solution.

The tangent slab epproximation treats the radiative transport as a
one-dimensional problem in the direction normel to the body. Thus, the
equations for the radistive transport are derived for a gas confined
between two infinite parallel boundaries and the property gredients of
the gas are considered as zero except in the noermal direction between
the boundaries. For the present problem, the boundaries are the shock
and the body and fhe normed direction is perpendicular to the body. The
tangent sleb approximation is spplied locelly at each loesation around
the body. Note, the tangent slab approximaticn is used only for the
rediastive transport calculations and not for the gradients of the thermo-

dynamic state and flow properties for the flow field soluticn.
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The radistive heat flux across a surface at a point in the gas layer
is R
= 1
dqv Iv cos Yy df (71)
where IU is the intensity, Y is the angle between a ray and the normal,
and © is the solid angle. The basic equation for the intensity gradient

along a ray for a gas in local thermodynamic equilibrium is

dIv ‘
—Y =y, (B, - 1) (72)

df

where M, is the lineer ebsorption coefficient corrected for induced emis-
sion and BV is the Planck function. The solution of equations 71 and T2
at a peint y in the gas layer for the directional, radiative heat flux

iz given by Nicoclet in the form

#

+
“
q5’+(y) 'rrJ' B (e') ae.
(73}
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=
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where heat fluxes into the slab at the boundaries are neglected. The

net flux gt point ¥y is

-]

F) =f Fty) av f & (3) av (7h)
0 0

The plus sign in the superscripts referes to the heat flux in the direc-

tion towerd the shock and the negative sign for the flux toward the body.
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Nicolet solves the flux equetion in & Planck function, Bv’ and

emissivity, €y coordinate system where

y
Tv=J.OL\)dy (75)
NN £, t <
Ey 55 T ERT, 2 B, 2T,
(76)
e, =1- 2E3(Tv - tv), t, 2T,

where t,, are the dummy values of optical depth and En(z) is the exponen-
tial integral of order n. For the solution by Nicolet, the exponential

integrel of third order is approximated by

Eq(z) * exp(-2z) (77)

2

and the expressions for emissivity become

1
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The spectral absorption coefficient for a gas mixture is in general
C L
M, =Zui(\)) +ZUJ(V) (79}

where the first term is the continuum contribution with a summation over
all continuum transitions and the second term is the line contribution
with a summation over all line transitions. The msbsorption ccefficients

are celculated in the RAD/EQUIL program and the theoretical expressions,
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ppproximations, and experimental data of the varicus transitions for the

species are given in detail in the report of Nicolet {ref. 9). Transi-

tions of the species N, ¢, H, O, H , ¢ , N , 0 , H,, C

.’ 2! NOS CO!

2, NES 02!
+
2

In the computer program, the radiative heating is separated into

CN, and N are considered for the rmdiative transport.

heating due to continuum transitions and line transitiocns. The continuum
contribution is calculated by using only the first term of equation T9
for the spectral absorpticn ccefficient and then the line contribution

is calculated by

b oo

R

q,
where the total absorption coefficient is used for the qi value. The
molecular transitions are treated as an "equivealent” continuum process
by & bandless model in which the bands within each band system are

smeared by f
Ay M dv

o= T (82)

where the frequency incremenfs Av are selected so that Ib varies smoothly
over the frequency spectrum of the band system. The moleculsar transitions
are included in the continuum contribution to the radiative flux.

For the continuum calculations, the frequency spectrum in terms of
photon energy (h*v) is divided into 48 frequency nodal points over the
range 0 to 15 ev. The frequency nodal points are not equally spaced
over the specirum but are spaced to resclve the frequency variastion of

the absorption coefficient especially at photecionization edges. The
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number of node points, frequency range, and spacing are inputs to the

program and the above values were used in the present stuﬁy.

The line grouping technique is used for the atomic line transitionms.
In this technique, the line transitions near a specified frequency value
are grouped together and the radiative heating is given as that from the
line group. However, each line within the group is treated individually
and can assume unshifted Lorentz orlDoppler line shapes or a combination
of the two with the half widths including the Stark, resonance, and
Doppler effects. The frequency grid for each line is composed of 13
nodal points and the grid is dependent upon the characteristics of the
gas layer as well as the individual line. Twenty line groups with a
total of 134 lines are used in the present study. The line groups are
not connected over the frequency spectrum, but are spaced according to
the frequency locations of the line transitions.

- The thermodynamic properties and species concentrations reguired
for the calculation of the spectral absorption coefficients end Planck
functions are celculated in the computer program by a chemical eguili-
brium method from the specification across the spatial grid of the
enthalpy (or temperature), pressure, and elemental mass fractions. Only
the speciles ms given above are used for the radiative transport celcula-
tions; but, additional species can be included in the chemical equilibri-
um calewlation. A method for the solution of the Rankine-Hugoniot equa-
tions for shock waves is also included in the program. The methods for
the chemicel equilibrium solution and the Rankine-Hugoniot solution are
given in the report by Nicolet. The calculation of the thermodynamic

state is consistent throughout the fully-coupled soclution because the
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chemical equilibrium method is the seme in both the RAD/EQUIL and the
BLIMP programs.

Briefly, the solution procedure for the radistive transport is that
the chemical equilibrium calculations are made for the specified spatisl
grid. The spectral absorption coefficients, Planck functions and optical
depths are calculated., Then the emissgivities are calculated and the

transformation to the Bv’ £ coordinates 1s made by knowing 13\J and €

v v

as a function of y. The heat flux equations are then integrated. Cubic
integration formles are used for all integrations except for the fre-
quency integration of the continuum flux. These integrals are evaluated
by linesr formulas because of the discontinuity at photoionization
edges.

‘. The RAD/EQUIL computer program is used for the calculation of the
radiative transport through the total layer from the coupling of the
‘boundary layer to the inviscid layer. This is step 3 in the calculation
'procedure. Also, a modified version of the RAD/EQUIL program is used as a
.subroutine inm the computer program for the radiasting, inviscid flow
‘field solutiocn. The following comments refer to the modified version.
jA separatioh between the subroutines for the radiative transport calcu-
lations and the chemicel equilibriuﬁ calculations was made in order that
‘the chemical equilibrium calculations can be performed without calcu-
%lating the radiative transport. Thé chemical equilibrium subroutine

was modified by the addition of a rdutine to caleulate the necessary
‘thermodynamic properties for the evalustion of the P. and P, properties

1 3
irequired for the inviscld flow sclution. The required addition was
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taken from the chemical equilibrium version in the BLIMP compuier pro-
gram. The method for celculsting thermodynamic derivatives for the chem-
ical equilibrium version in BLIMP is given in reference 80. Also, the
storage redquirement was reduced by deleting options which were not re-
quired, by reducing the maximum number of spatisl nodal points, and by
reducing the maximum number of chemicael species in the chemical equili-
brium solution. The modified version of the RAD/EQUIL program was then
mated to the computer program for the radieting, inviscid flow field

solution.
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RESULTS AND DISCUSSION

A computational method has been developed for the fully-coupled
solution of nongray, radiating gas flow with ablation product effects
about blunt bodies during planetary entries. Application of the devel-
oped method is shown by results for Venusian entries. There are no
published results for a fully-coupled solution of the radiating flow
about ablating, planetary entry bodies; therefore, the validity of the
present method is shown by comparing the results from solutions to sub-
components of the method with published results of corresponding
solutions.

The present method for the solution of an inviscid flew field is
compared with existing methods for both non-~radiating and radiating gas
flows about blunt bodies during Earth reentry. Results from solutiens
by the present method for the radiating, inviscid flow about blunt
bodies are also presented for planetary entries. The present method
for a fully-coupled solution with ablation product effects is compared
with an gxisting method for the stagnation point of blunt bodies for
Earth reentry. Results from the present method are then presented for
the fully-coupied solution about blunt bodies for Venusian entries.

Several comments are given about the presentaticn of the results.
In the present coordinate system, the radiative heating directed toward
the shock wave is positive and the radiative heating directed toward the
body is negative, However, the radiative heating rates at the wall are

given by positive values in the presentation of results. As stated in
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the section of Radiative Trahsport Solution, the radiation contributions
by molecular band transitions are included in the continuum contribution
to the radiative heating. The total contributions of molecular band
transitions and continuum transitions are referred to by continuum
processes. The line grouping technique is used for the atomic line
transitions and the spectral distributions for the line transitions are
given by the contribution of the line group and not by the individual

lines.

Non-Radiating, Inviscid Air Solution

The present method for an inviscid flow field has been used to
obtain a solution for the nonradiating flow about a spherically capped,
conical body during an Earth reentry. The results are presented in
Figure 5 and are compared with results by the method of Inouye et al.
(ref. 88). The method of reference 88 is considered to be one of the
more accurate methods and provides a good means of evaluating the accu-
racy of the present method for an invisecid flow field solution.

The scolution is for the free-stream conditions and body shape
given in Figure 5(a). The results for the shock shape at the forward
region of the body and the location‘of the sonic line are presented in
Figure 5(b). Figure 5(c} presents the results for the shock shape at
the downstream region of the body. Because the thickness of the shock
layer is much smaller than the dimensions of the body, a better means

of comparing the shock shape is the shock stand-off distance and these
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results are presented in Figure 5(d). The results for the shock stand-
off distance illustrate the inflection points in the shock shape around
the body. The results from the present method are in good agreement
with the results by the method of reference 88 for the shock shape,
especially considering the inflection points, and for the sonic line
location.

The results for the distribution of tangential velocity and pres-
sure along the body are presented in Figures 5(e) and 5(f), respectively.
The results from the present method are in good agreement with the
results by the method of reference 88 even in the region of the over-
expansion of the flow at the sphere~cone junction.

The good agreement between the present results and those by the
method of reference 88 indicates the present method provides a good
solution for the inviscid flow about a blunt body. Radiating flow is

not treated by the method of reference 88,

Radiating, Inviscid Solutions About Blunt Bodies

Results are presented from solutions of the radiating, inviscid gas
flow about blunt bodies during planetary entry. The present results for
solutions of entries into the Earth's atmeosphere are compared with
existing methods.

The present method is compared with the method of Callis (ref. 3)
for an Earth reentry and the results are presented in Figure 6. The

free-stream conditions and body shape are given in Figure 6(5). The



61

distributions of the wall pressure and the shock stand-off distance are
presented in Figures 6(b) and 6(c), respectively. The two methods are
in good agreement for these parameters. The distribution of wall, ra-
diative heating rate is presented in Figure 6{d). The results by the
two methods are in reasonable agreement at the forward region of the
body; however, there is a considerable difference between the methods
at the downstream region of the body. The results by Callis are greater
by a factor of two than the present results at the downstream region.

An analysis was done to explain the difference between the methods.
The thermodynamic profiles of temperature and pressure and the shock
stand-off distances from the results by Callis were used as inputs to
the radiative transport program, (RAD/EQUIL), used in the present
method. The résults of this calculation are compared with the present
results in Figure 6(e)., As shown by the data, the distributions of wall,
radiative heating rate is now in good agreement at the downstream region.
A similar tyﬁe of analysis had to be used by Suttles (ref. 89) in com-
paring his results with Callis for large stand-off distances at the
stagnation point of blunt bodies. The radiative heating rates by Callis
were greater than those of Suttles for larger stand-off distances.

Resultf from the present method and the method of Callis are in
good agreement for nonradiating flow solutions. The difference between
the methods for radiating flow is attributed to the radiation models.
The radiation model used by Callis (refs. 3 and 7) was developed by
Olstad (refs. 2 and 26) and is based on a "step-model" approximation

for the frequency dependence of the absorption coefficient. It is
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possible that this radiation model by Olstad treats the radiating gas as
being too transparent.* Thus, more radiation is transmitted to the body
and this effect would be more noticeable the greater the shock stand-off
distance.

The present method was used to calculate the radiative heating rate
to the stagnation point of a blunt body for a range of nose radii and
the results are compared with the method of Callis (ref. 7) in Figure 7.
The same radiation model was used by Callis in references 3 and 7. The
results by Callis are greater than the present results and the difference
inereases with the shock stand-off distance (nose radius).

A solution was obtained for the same conditions as pfeviously given
in Figure 6(a), except the nose radius was increased to 2.0 meters. The
distribution of radiative heating rate is presented in Figure 8. The
results of Callis are 50 percent greater than the present rdsults at the
forward region of the body as well as the downstream region.

The stagnation-point heating rates from solutions by the present
method and the method of Callis are cowpared with the methods of ref-
erences 73 and 89 in Table I for two nose radii. The methods of ref-
erences 73 and 89 can only be used for the flow in the subsonic region
of a blunt boedy. For the smaller nose radius, the results agree within
15 percent. For the larger nose radius, the present results and those
by references 78 and 89 agree within 5 percent; but, the result by Callis

is 50 percent grédater. The radiation model (RATRAP, ref. 30) used by

*Personal Communications with Dr. W. B. Olstad, Langley Research
Center, Hampton, Virginia.
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references 73 and 89 treats the frequency dependence of absorption co-
efficient in detail as does the present radiation model (RAD/EQUIL, ref.
9). As stated in the section Radiation Tfansport Modeling, Suttles (ref.
32) made a comparison of these radiation models and concluded that the
RAD/EQUIL program was the better model. The present method is in agree-
ment with other methods which use a detailed radiation model.

The previously available results for the radiating, invisecid flow
about blunt bodies have been provided by the analysis of Callis (ref. 3)
and Qlstad (ref. 2). The step-model approximation developed by Olstad
was used in both methods for the treatment of radiation. Olstad uses
an approximate method for the solution of the flow field and the method
is inverse, shock shape specified, rather than direct, body shape speci-
fied, as the present method. For these reasons, the present method was
not compared with the method of Olstad. Since the same radiation model
was used by Olstad and Callis, the results of Olstad should not agree
with results by the present method.

The difference in the results between the present method and the
method of Callis (ref. 3) for the radiative heating rates is attributed
to the different radiation models used in the methods. The radiation
model used in the present method treats the frequency dependence of the
absorption coefficient in detail and is-a more accurate model than the
step model used by Callis. From the above analysis, it is concluded
that the present method provides a good solution for the radiating,
inviscid gas flow about blunt bodies.

Callis (ref. 3) and Olstad (ref. 2) state that the nondimensional,

radiative heating rate distributions along blunt bodies are nonsimilar
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with respect to body angle and nose radius. Suttles (ref. 89) states
that the nondimensional, radiative heating rate distribution along the
body at the subsonic region of flow for hemispheres to be relatively
insensitive to the size of the nose radius. These results are based on
entries into an air atmosphere. The heating rates along the body are
nondimensionalized by the stagnation-peoint wvalue, qi/qi,o, and the dis-
tance along the body is nondimensionalized by the nose radius, s/Rn.

The present method was used to investigate the above mentioned
trends. The results presented are for spherically-capped, conical
bodies since this is the body shape presently being considered for plan-
etary entries. However, the present method is not restricted to this
type of body shape. Results from staguatich—point solutions are also
presented.

Results of radiative heating distributioné from solutions for
entries into different atmospheres and different entry conditions are
presented in Figure 9. The results for the two entry conditions of the
C0,-N, mixture are representative of entry tdé Venus and the results for

272

the H -He mixture are representative of entry to Jupiter. Note that the

2
distributions are highly nonsimilar for the different cases. The results
for case C and D are for the same atmosphere but different entry condi-
tions; but, the distributions are nonsimilar. The present method can

be readily used for entries into atmospheres other than air.

A comparison of the stagnation-point, radiative heating rates for

entries in air and in a .90002—.10N2 mixture (by volume)} is presented
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in Figure 10. The radiative heating in the COZ—N2 mixture is much
greater than in air at the lower velocities; but, the results are com-
parable at the higher velocities. The difference at the lower veloc-
ities is due to the molecular band radiation from the red and vieolet
bands of cynrogen, CN(R) and CN(V), and the fourth positive band of
carbon dioxide, CO (4+), in the COZ_NZ mixture. The atomic species are
dominant at the higher velocities, greater temperature behind the shock
wave, and the radiation from the continuum and line transitions is great-
er than from the molecular band systems.

As the radiating gas flows around a body there are two effects which
can influence the radiative heating to the body. The volume of radiating
gas increases, increased shock stand-off distance, which will increase
the radiative heating. This effect is offset by the decrease in temper-
ature as the gas expands around the body. The distributions of radia-
tive heating along spherically-capped, conical bodies for entry in an
air atmosphere are presented in Figure 1l for different body angles.

The distributions are nonsimilar and the nondimensional radiative heat-
ing is greatest for the largest body angle. The shock stand-off dig-
tances and temperatures at a location on the conical pertion of the body
are also presented. Both the temperature and shock stand-off distance
are greater for the larger body angle; thus, the greater the radiative
heating. Note that the dimensional, stagnation-point heating rate is
insensitive to the downstream body angle for spherically-capped, conical

bodies. These results are in agreement with the trends presented by

Callis {(3) and Olstad {4&).
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The effect of body angle on the nondimensional, radiative heating
distribution for entries to Venus is presented in Figure 12 for two
entry conditions. As for air entry, the radiative heating rates along
the conical region of the body are greater for the larger cone angle.
Also, the stagnation~point, radiative heating rate is insensitive to
the cone angle. As previously stated, the nondimensional, radiative
heating distribution is nonsimilar with respect to entry conditions.
For the 60° body, the radiative heating rates along the downstream re-—
gion of the body exceed the stagnation-point value at the lower velocity
entry. At the higher velocity entry, the raﬂiative heating rate in-
creases along the downstream region but does not exceed the stagnation-
point value.

The effect of nose radius on the nendimensional, radiative heating
distributions for an entry in air is presented in Figure 13. The dis-
tributions are slightly nonsimilar for the downstream region of the |
body. Callils (ref. 3) and Olstad (ref. 2) state the distributions to
be ﬁonsimilar and the present results are in agreement. However, the
results of Callis and Olstad indicate a greater nonsimilarity than shown
by the present results for an air entry. The reason is probably due to
the radiation model used by Callls and Olstad which might be too trans-
parent as previously discussed. In which case, the nose radius would
have a greater effect tham shown by the present results. Su;tles (ref,
89) states the distributions along the subsonic flow region of the body

to be similar with respect to nose radius. The present results are in

agreement with Suttles since the distributions are similar for the

forward region of the body, s/Rn<0.4.



67

The effect of nose radius on the nondimensional, radiative heating
distributions for entries to Venus is presented in Figure 14. The dis-
tributions are slightly nonsimilar for the downstream region of the body
for the lower velocity entry. However, the distributions are highly non-
similar for the higher velocity entry. For both entries, the distribut
tions are similar at the forward region of the body up to approximately
the sphere-cone junction. |

The present results are based on a limited range of entry conditions
and body shapes. This same situation applies to the studies by Callis
(ref. 3), Olstad (ref. 2), and Suttles (ref. 89} for entries only in an
air atmosphere. Based on the present results, the following trends seem
to be generally prevalent. The nondimensional, radiative heating dis-
tributions (qi/qi’o versus s/Rn) are nonsimilar with respect té entries
in different atmospheres and with respect to entries in the same atmos-
phere at different entry conditions. The distributions are also non-
similar with respect to body angle and nose radius. Extreme caution
should be exercised in attempting to extrapclate the results from known
distributions to other entry conditions or body shapes for which solu-
tions have not yet been obtained, For large body angles, the radiative
heating rates to the downétream region of a body can exceed the stagna-
tion point value for certain entry conditioms.

The exact composition of the Venusian atmosphere is unknown at
present. The most recent data indicates the composition ﬁo be predomi-
nately CO

with up to 10 percent by volume of W The effect of gas

2 2’
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compoaition for 002-N mixtures on the radiative heating to the stagna-

2
tion-point of a body is presented in Figure 15 for two entry conditions.
For the higher velocity entry, the radiative heating rate varies by only
25 percent over the range of 002 content with the higher values occurring
for the greater percentage of COz. For the lower velocity entry, the
radiative heating rate can vary by a factor of 6 over the range of 002
content. This 1s due to the domination of radiation by the molecular
band transitions of CO(4+), CN(V), and CN(R) at the lower velocity. For
the composition of present interest for Venusian entry (less than 10
percent NZ), the effect of composition on the stagnation—point, radia-

tive heating rate is negligible at the higher velocity; but, a 22 per-

cent difference occurs with composition at the lower velocity.

Fully-Coupled, Stagnation Point, Solutions for Earth Reentry

The present method has been used to obtain fully~-coupled solutions
at the stagnation point of blunt bodies for Earth Reentry. The solutions
are for mass injection at the wall of air and ablation products. The
results from the present method are compared with the results given by
Garrett (ref. 19).

The solutions were obtained for the free-stream conditions and mass
injection rates presented in Table II. These conditions are representa-
tive of a manned spacecraft eeentering the Earth's atmosphere after ex-
ploration of Mars., For rhe solutions, the wall conditions of the tem-
perature and the rate and composition of the injected gas were prespeci-

fied. This procedure was used to be consistent with the method of
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Garrett. The results from the present method and the results given by
Garrett are presented in Table II.

The present results agree with the results of Garrett within 5 per-
cent for the mass injection of ablation products and within 10 percent
for the mass injection of air. This good agreement is better than has
been previcusly shown in comparing any two methods (see ref. 19). As
shown by the results, the mass injection of azblation products is twice
as effective as the mass injection of air in reducing the radiative heat-
inging to the wall., The mass injection of ablation products reduced the
radiative heating to the wall by 40 percent at the larger blowing rate.

The present results for the temperature profile and the radiative
flux profile through the gas layer for a solution are compared with the
results of Garrett in Figure 16. The specified conditions are given in
Figure 16(a) and the temperature profile and radiative flux profile are
given in Figure 16(b) and 16(c), respectively. The present results are
in good agreement with the results of Garrett. For the present solution,
spectral distributions of radiative heating toward the wall due to con-
tinuum processes and due to line processes are presented in Figures 16
(d) and 16(e))respectively. Spectral distributions were not given in the
thesis by Garrett.

For the continuum processes, practically all radiation beyond 11 eV
is absorbed within the boundary layer and is attributed to the atomic
species being at a lower temperature in the boundary layer than in the
inviscid layer. There is a slight absorption of radiation within the

boundary layer between the spectral range of 4 to 10 eV but the effect
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is offset by increased radiation emission in the spectral range of 1 to
4 eV, For the line processes, the radiation is sharply reduced in the
spectral region of 7 to 11 eV. Part of this reduction for the line
groups at 7.1, 8.4 and 9.4 eV is due to the absorption by the fourth
positive band system of carbon monoxide, C0(4+). The carbon monoxide is
present in the boundary layer from the mass injection of ablation prod-
ucts. The present results for the spectral regions of absorption, or
increased emigsion, within the boundary layer are in agreement with the
results glven in reference 28.

The good agreement of the present results with those given by
Garrett (ref. 19) shows that the present method for a fully-coupled solu-
tion with ablation product effect provides a good solution at the stag-
nation point of a blunt body for Earth reentry. The method by Garrett
can only be used at the stagnation point of a blunt body and has not

been used for entries in atmospheres other than air.

Fullv-Coupled Solutions for Venusian Entry

The present method was used to obtain solutions at typical condi-
tions for unmanned, scientific probes during Venusian entry. One mission
currently under study is a multi-probe entry with one large probe and
three small probes which are spherically-capped, conical bodies. A
description of this type of mission is presented in references 61 to 64.
The entry probes are released from a spacecraft and are targeted to

different locations on Venus.
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The entry parameters and body shapes listed below were used to
calculate nominal trajectories for use in the present analysis. The
only small probe considered hetrein is the one entering at the steepest

entry angle.

Large Probe Small Probe

Entry velocity, km/s 11.06 11.06
Entry angle, degrees ~42 ~56
W/CA, kg/m’ 78.5 125.7
Weight, kg 158.8 22.7
Nose radius, m . 3429 .1397
Body half-angle, degrees 60 45

Base diameter, m 1.3716 4064

The atmospheric model used for the Venusian atmosphere is that presented
in reference 62 and the gas composition is 97 percent carbon dioxide and
3 percent nitrogen by volume. The calculated entry trajectories are
presented in Figure 17.

The radiative heating rates at the stagnation point of the bodies
were calculated along the trajectories to determine the location of peak
radiative heating. The "stagnation-point' version of the developed,
radiating inviscid flow program was used for these calculations. The
results are presented in Figure 18 for the large and small probes. Even
though the nose radius is smaller, the radiative heating to the small
probe is preater due to the deeper penetration in the denser regions of
the atmosphere at higher velocities. Solutions for the radiating, in-
viscid flow around the bodies were then obtained at the peak heating
conditions and the stagnation-point values of radiative heating rates
from these solutions are also presented in Figure 18. It is at thesge

conditions for peak radiating heating that fully-coupled soclutions with
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ablation product effects were obtained for the radiating gas flow around
the large and small probes. Hereafter, the solutions are referred to as
large and small probes.

The ablation of the heatshield for the fully-coupled solution is
represented by steady-state ablation of a carbon-phenolic material with
elemental mass fractions of carbon, 0.851; oxygen, 0.110; hydrogen,
0.035; and nitrogen, 0.004. The ablation rates are solved for as part
of the fully-coupled solution and are not prespecified.

The results from the fully-coupled solutions for the large and
small probes are presented in Figures 19 and 20, respectively. The dis-
tribution along the body of radiative heating, convective heating, abla-
tion rate, aercdynamic shear, and momentum thickness Reynolds number are
presented. The spectral distribution of radiative heat flux due to
continuum processes ig also presented for two body locations.

For the large probe, the ablation rate decreases along the body in
the nose region and reaches a nearly constant value along the afterbody
(Figure 19(d)). As shown in Figure 19(c), the convective heating rate
decreases along the afterbody but the radiative heating rate increases
to values which exceed the stagnation-point value. The radiative heat-
ing to the wall is greater than the convective heating along the entire
body. The total heating rate, radiative plus convective, along the
afterbody is 30 to 40 percent less than the stagnation-point value.
Thus, the decrease in convective heating rate along the afterbody ne-
gates the effect of the increase in radiative heating rate. .The wall
temperature resulting from the steady-state ablation is 3600°K, within

2 percent, along the body.
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For the small probe, there is a decrease in the ablation rate alomng
the afterbody (Figure 20(d)) and both the convective and radiative heat-
ing rates decrease along the afterbody (Figure 20{c¢)). The convective
heating rate is greater than the radiative heating rate along the entire
body. This result is opposite to the result obtained for the large
probe. The total heating rate along the afterbody of the small probe
is 40 to 60 percent less than the stagnation-ﬁoint value. The wall
temperature resulting from the steady-state ablation is 37000K, within
72 percent, along the body.

The radiative heating rates from inviscid, radiating solutions are
compared with the results for the fully-coupled sclutions with steady-
state ablation in Figures 19(b) and 20(b) for the large and small probes,
respectively. The radiative heating rates from the fully-coupled sclu-
tions are less than the values from the inviscid, radiating solutions
by 9 and 17 percent, respectively, for the large and small probes at
the stagnation point of the bodies. These percent reductions are nearly
constant along the bodies, The reduction in radiative heating ig due
to absorption of radiation within the boundary layer.

Spectral distributions of radiative heating toward the body due to
continuum processes are presented in Figures 19(g) and 20(g), respective~-
ly, for the large and small probes. The spectral distributions are pre-
sented for the stagnation point and an afterbody location. As shown by
the results, the absorption of radiation within the boundary layer

occurs in the spectral range of 5 to 10 eV and ig due to self absorption
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of the fourth positive band system of carbon monoxide, CO(4+). At the
stagnation point of the small probe there is a slight increasé in radi-
ative heating within the boundary layer at 2.5 eV and is due to the

Swan band system of diatomic carbon, CZ(S)' A similar effect was noted
at the other body locations for both the large and small probes, but the
effect was too small to be presented in the figures. The radiative
heating due to line processes was less than ten percent-of the total
radiative heating at these entry conditions and spectral distributions
are not presented,

The fully-coupled solutions assumed laminar flow in the boundary
layer. Shown in Figures 19(f) and 20(f) are the distributions of mo-
mentum thickness Reynolds number around the bodies. If the critical
value for transition to turbulent flow is about 200, then the boundary
layer would be turbulent along the afterbody for both the large and
small probes. This could have an appreciable effect on the distribution
of convective heating, ablation rate, and aerodynamic shear.

A fully~coupled solution for the large probe with a turbulent
boundary layer was obtained and the results are compared with the lami-
nar case in Figure 21. A critical value of 200 for the momentum thick-
ness Reynolds number was used for transition to turbulent flow. As
expected, the convective heating rates, ablaticon rates, and aerodynamic
shears increased with transition to turbulent flow. The distribution
along the body of radiative heating was essentially the same for both
laminar and turbulent flow; thus, the turbulent boundary laygr did mot

appear to further attenuate the radiative heating even though the
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boundary-layer thickness was 80 percent greater than for laminar flow.
This phencmenon can be explained with the wall spectral distributions
presented in Figure 21(d) for the turbulent and laminar sclutions. For
the turbulent boundary layer, there is an increase in the self absorp-
tion of the CO(4+) band system in the spectral range of 5 to 8 eV but
this effect is offset by an increased emission of the C2(S) band system
at 2.5 eV and the red band system of cynrogen, CN(R), at .6 to 2 eV.

The spectral distribution at the boundary layer edge is essentially the
same for both the turbulent and laminar boundary layers and was presen-
ted in Figure 19(g). While the radiative heating rates along the after-
body of the large probe are the same for a turbulent or a laminar boun-
dary layer, the wall spectral distribution of the radiation is different.
for the two cases. It should not be inferred that the radiative heating
to the body will be the same for a laminar or turbulent boundary layer
for other entry conditions or body shapes.

A fully-coupled solution was obtained for free-stream conditions
representative of a higher entry velocity than the nominal trajectoriles
and the results are presented in Figure 22, The free-stream conditions
and body shape are given in Figure 22(a). The body shape is the same
as the large probe except the nose radius is slightly smaller. Herew
after, this case is referred to as the high velocity entry.

As shown in Figure 22(c), the radiative heating rate is greater
than the convective heating rate along the entire body. Unlike the
large probe, there is only a slight increase in the radiative heating

along the afterbedy. The convective heating rate at the stagnation
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peint is slightly less than the values just downstream of the stagnation
point and is due to an increased effect of blockage of convective heat-
ing by the mass injection of the ablation products. As shown in Figure
22(d), the ablation rate decreases along the body in the nese region.
The ablation rate and total heating rate are nearly constant along the
afterbody. The wall temperature resulting from the steady-state abla-
tion 1is 3750°K, within 1 percent, along the body.

There is significant absorption of radiation within the boundary
layer for the high velocity entry as shown by a comparison of results
between the fully-coupled sclution and an inviscid, radiating solution
in Figure 22(b). The reduction in radiative heating rate is 25 percent
at the stagnation peint and 25 to 30 percent along the afterbody. Spec-
tral distributions of radiative heating toward the body due to continuum
processes are presented in Figure 22(g) for the stagnation point and an
afterbody location. For the continuum processes, most of the absorption
within the boundary layer occurs in the spectral region of 5 to 10 eV
and is due mainly to self absorption of the CO(4+) band. There is an
increase in radiative flux at 2.5 eV and is due to the CZ(S) band. At
the stagnation point there is absorption at photon energies greater than
10 eV and this absorption is attributed to atomic species within the
cooler regions of the boundary layer. There is also absorption at the
photoicnization edge of carbon at 8.5 eV.

The radiative flux due to line processes is 50 percent of the total
radiative flux at the nose region of the body and decreases to only 20

percent along the afterbody. Spectral distributions of the radiative
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heating due to line processes for two locations at the nose region are
presented in Figure 22(h). Absorption of line radiation within the
boundary layer occurs only for the line groups in the ultraviolet at
7.1, B.4, and 9.4 eV. The line radiation in the visible and infrared
regions of the spectral, less than 2 eV, is not attenuated within the
boundary layer.

The present results have shown that the radiative heating toward
the body is attenuated in the boundary layer for Venusian entries. This
attenuation will reduce the radiative heating to the body by 10 to 20
percent at entry conditions and body shapes which are presently consid-
ered as nominal. The reduction can be as large as 30 percent at higher
velocity entries. The radiative heating toward the body is attenuated

in the boundary layer at the downstream region of the body as well as

at the stagnation point of the body.
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SUMMARY AND CONCLUSIONS

A method is presented for the solution of the fully-coupled, nongray
radiating gas flow about an ablating, planetary entry body. The solu-
tion is for a gas in chemical equilibrium and arbitrary gas mixtures
can be considered. The treatment of radiation accounts for molecular
band, continuum, and atomic line transitijons with a detailed frequency
dependence of the absorption coefficient. The ablation of the entry
body is solved as part of the solution for a steady-state ablation
process.

Application of the developed method is shown by results at typical
conditions for unmanned, scientific probes during entry to Venus. The
radiative heating toward the body is attenuated in the boundary layer
for Venusian entries. This attenuation will reduce the radiative heat-
ing to the body by 10 to 20 percent at entry conditions and body shapes
which are presently considered as nomiﬁal. The reduction can be as
large as 30 percent at higher velcocity entries. The attenuation of ra-
diation within the boundary layer is primarily due to the self absorp-
tion of the fourth positive band system of carbon monoxide, CO(4+), in
the radiation spectral region of 5 to 10 eV. At high velocity entry,
the attenuation of radiation also occurs for line transitions in the
radiation spectral region of 7 to 10 eV.

Prior studies of fully-coupled solutions with ablation product
effects have been for the stagnation point of a body for Earth reentry
and have shown that the boundary layer with injection of ablation prod-

ucts is effective in reducing the radiative heating to the body. The
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present results show that the boundary layer over an ablating body will
reduce the radiative heating to the body for entries to Venus. Further-
more, the attenuation of radiation within the boundary layer occurs at
downstream regions of the body as well as the stagnation point of the
body.

Present results from a study of the radiating, inviscid flow about
spherically~capped, conical bodies during planetary entries show that
the nondimensional, radiative heating distributions (qﬁ/qi,o versus
s/Rn) to be nonsimilar with respect to entries in different atmospheres
and with respect to entfies in the same atmosphere at different entry
conditions. The distributions are also nonsimilar with respect to nose
'radius and downstream body angle. Therefore, extreme caution should be
exercised in attempting to extrapolate the results from known distribu-
tions to other entry conditions for which solutions have not yet been
ocbtained. The radiative heating rates to the downstream region of the
body can exceed the stagnation-point value for certain entry conditions

and body shapes.
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EXTENSION OF PRESENT RESEARCH

An immediate extension of the present research can be made in the
following areas:

1. Additional fully-coupled solutions are needed for a better
evaluation of the thermal environment for Venusian entries. Sclutions
with a turbulent boundary layer are needed for the small probe and for
higher velocity entries.

2. Solutions are needed for body shapes other than spherically-
capped, conical bodies for Venusian entries. Future design may dictate
a different shape and the results would be useful in evaluating the
effects of such a change in shape.

3. A study is needed for the effect of composition for CO

27Ny

mixtures on the radiative heating distribution along a body for Venusian
entries.

4. Use the present results and results from additional solutions
to develop correlations which can be easily used in parametric design
studies for Venusian entries.

5. The present computational method needs to be extended to include
a transient ablation analysis.

6. Use the present method to begin studies of entries to Saturn.
Saturn is characteristic of the gilant planets (Jupiter, Saturn, Uranus,
and Neptune) and probably will be the first chosen for exploration by

entry probes.



TABLE I. - STAGNATION-POINT, RADIATIVE HEATING

RATES FOR AIR ENTRY.

81

V_ = 14.55 km/s

o_ = 2.252 x 107" kg/m>

p_ = 16.16 N/m’

qi,o’ MW/m2
Method
Rn = .3427 m Rn = 3.427 m

Present method 16.17 28.80
Callis, Ref. 3 18.71 45,47
Suttles, Ref. 89 18.38 27.26
Falanga and Sullivan, Ref. 73 18.73 28. 44
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TABLE II. — RESULTS FROM FULLY-CQUPLED, STAGNATION-POINT

SOLUTIONS WITH MASS INJECTION FOR AIR ENTRIES.

(a) V, = 15.25 km/s ; p_ = 2.72 x 107" kg/m> ; p_ = 17.76 N/m’
Ro = 3.048m; T = 3600° ¥
Injected gas qg o0’ MW/m2
(pv)w, kg/mz-s Composition Present method Garrett, Ref. 19
0 - 3980 4150
L415 air 3375 3740
.830 air 3090 3490
.415 ablation products¥® 2870 2770
.830 ablation products¥* 2560 2460
* K = . 14 = ¢ X = . 1" =
KC .9207; ho 0491 KH .0216; KN . 0086
_ N _ -4 3 2
{(b) vV = 15.25 km/s ; p_ = 1.77 x 10 ~ kg/m” ; p, = 12.26 N/m
Rn = 2.56m; T = 3840° K
. R 2
Injected gas qw,o’ MW/m
(pv)w, kg/mz-s Composition Present method Garrett, Ref. 19

0

205 .

ablation products*

2307

1710

2540

1620

* K =.923; E0=.058; EH=.018; EN=.001

C
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Figure 1. - Illustration of the mating of the boundary layer
solution te the inviscid layer sclution.



34

Trajectory data.

f

Inviscid, radiative,

flow field solution. '

4

(Eoundary layer solution with

1
{ uncoupled radiative transport.

o
— 1

4

Inviscid and boundary layer profiles
mated. Radiative tramsport calculation

for entire layer.

3
Boundary layer solution with !

coupled radiative transport.‘

f‘
Radiative transport, match point

condition, and ablation rates —

convergel No

Yes

Y

qully-coupled solution.

Figure 2. - Calculation procedurc for the fully-coupled,
radiating, flow field solution.
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Shock

Body
surface

axis of symmetry

Coordinates
s - Distance along body surface from axis of symmetry.
y - Distance perpendicular to body surface.

¢ - Angle measured in plane normal te axis of symmetry.

Figure 3. - Flow field coordinate system for axisymmetric blunt body.
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5.33 Rn

Gas composition by volidae

.79 N2 - .21 02 {air)

Vo= 12.192 km/s

o = 3.15 x 107" ke/u®
b, = 22.6 N/n°

h_ = 0.0 J/kg
Rn=2.0m

6c = LoP

(a) Free-stream conditions and body shape.

Figure 5. - Nonradiating, inviscid flow solution around a
blunt body. Present method is compared with
the method of Inouye et al. ( ref. 88). ‘
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Figure 5., - Continued.
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(¢) Shock shape at downstream region of body.

Figure 5. - Continued.
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Figure 5. - Gontinued.

06



O
O

C) Present method

—— Inouye et al., Ref. 88

1 l | l

0 1 2 3 4
s/Rn
(e} Velocity distribution along body.

Figure 5. - Continued,
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5.24 Rn

Gas composition by wvolume
.79 N, - .21 0, {air)

V_=12.20 km/s

o_ = 2.7k x 107" ke/m3
P, = 20.0 N/m2

h, = 0.0 J/kg

Rn = 0.20 m

Be = 60°

(a) Free-stream conditions and body shape.

Figure 6. - Radiating, inviscid flow solution about & biunt
body during Earth reentry. Present method is
compared with the method of Callis (rer. 3).
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(¢) Shock stand-off distance around body.

Figure 6. - Continued.
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(d) Radiative heating along body.

Figure 6. - Continued.
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{e) Radiative heating along body.
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Figure 6. - Concluded.
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Figure 7. - Stagnation-point, radiative heating rates in an air
atmosphere as a function of nose radius. Present
results are compared with the method of Callis (ref. 7).
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Figure 8. - Radiative heating distribution for free-stream

conditions and body shape given in Figure 6(a)
except Rn=2.0 m. Present results are compared
with the method of Callis {ref. 3)}.
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A .T9 N, - .21 0, 12,200 [2.7hk x 107" 20.01 5.78
B .85 H, - .15 He 50.000 |5.700 x 10°3 o] 0 9668.00
c .90 €O, - .10 N, 8.7% |3.204 x 1073 | 130.59 -8.43 s
D .90 O, ~ .10 N, 11.175 |2.850 x 1073 117.30 -8.43 35.70
*
by volume Case
- C
— ”-
’—F‘
Fn = .3048 m _ -
8C=6O° -'”
A
o
<
ot
! |
0 1 2 4 5
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Figure 9. - Radiative heating distributions along a spherically-capped,

conical body from radiating, inviscid flow solutions for

entries in different atmospheres and different free-stream
conditions.
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Figure 10. - A comparison of the stagnation-point, radiative

heating rates for entries in air and in a
.90 CO, - .10 N, (by volume) gas mixture.
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Figure 11. - The distribution of radiative heating along spherically-
capped, conical bodies for entry in air.
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Figure 12. - The distribution of radiative heating along

spherically-capped, conical bodies for entry
in a .90 CO2 - .10 N2 (by volume) gas mixture.
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Figure 13. - The effect of nose radius on the distribution of radiative
heating along a sphericelly-capped, conical body for entry
in air.
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(a) v, = 8.740 km/s ; o = 3.204 x 1073 kg/n® ; p_ = 130.6 w/m®

h, = -8.43 MI/kg ; 8, = 60°

Figure 14. - The effect of nose radius on the distribution of radiative
heating along a spherically-capped, conical body for entry
in a .90 CO, - .10 N, {by volume) gas mixture.
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(a) Free-stream conditions and specified wall conditions.

Figure 16. - Fully-coupled, stagnation-point solution for
Earth reentry. Present method is compared
with the method of Garrett (ref, 19).
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entry to Venus.
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(b) Comparison of radiative heating.

Figure 19. - Fully-coupled, radiating flow solution with
steady-state ablation of carbon-phenolic
heatshield for large probe.
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APPENDIX A
UNSTEADY CHARACTERISTICS SOLUTION

A gquasi, one-dimensionel unsteady characteristics solution is used

for the shock peints in the radisting, inviscid flow field solution.
The present method for this solution is similar te the methods given by
Callis (ref. 7) and by Moretti and Abbett (ref., €). A brief development
of the equations is given below and further details are available in the
above mentioned reports.

In the analysis, the pertinent quantities considered are the normal
component of the velocity and the Y-coordinate. Since the tangential
velocity is unchanged across a shock wave, the tangential velocity is
not considered & pertinent guantity and the S-momentum eguation is
neglected., Conseguentially, the equations for mass, Y-momentum, and
energy are considered as quasi, one-dimensionsal equations modified by
forcing terms on the RHS of the equations. The forcing terms sre the
terms in the equations which do not contain derivatives, which contain
derivatives with respect to the S-ccordinate, and which contain the
tangential velocity.

The mass equation (eq. 17) is written as

1
Pp APy +T vy =G - (A1)

where the asterisk refers to the natural logarithm of p that is

differentiated. The Y-momentum equation (eq. 19) is written as
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1
v, + AV + — =
pt Ay s Py <0 (42)

In the inviscid flow field analysis, the mass equation in terms of
density and the energy equation in terms of enthalpy were combined to
form a new equation in terms of pressure. This combined equation re-
placed the mass equation; however, in the characteristics development,
the combined equation is used for the energy equaticn., Thus, the energy

equation (eq. 30) is written as

)4

pT + ApY + ~E§'VY = C3 (A3)
The forcing terms are
(3ot by ot d)
¢, = - (%vs- E) (45)
¢y = - [% Py + Py (% ug + C) —f—;p ~ PBBuY:I (46)

The forcing terms are considered as known quantities end the character-
istics equetions and the competibility equations are solved for by
standard procedure.

The differential relations for the variables p, p, and v of the

independent wvarigebles Y and T are

Il

p% aT + p§ dy = dp* (A7)

v,

T av (a8)

dT + VY day

pp 4T + p, dY = dp (A9)
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The equations Al to A3 and AT to A9 written in matrix form are

ol ar 4y o0 0 0 0 ap*
0% 0 0 4ar 4y o 0 av
Voo 0 0 0 0 4r 4y dp
x -
i (a10)
vY 1l A o ; 0 0 Cl
1

Pry 0 0 vy A 0 5 c,
P o o o fP3 1 4 c

Y v 3

The characteristics equations are found by setting the associated co-

efficient determinant equal to zero.

daT 4Y 0 0 G 0

0 0 aT 4y 0 0

¢ 0 © ¢ 4r ay
N =0 {A11)
1 A 0 T 0 0
&
1
0 0 VT A 0 E
o o o 3 1 a
3

The solution of equation A1l is & cubic in dY/4T and the characteristics

equaticns are
& -4 (a12)

(A13)

Equation Al2 is a trivial solution and is neglected. The compatibility
equations are found by substituting a column of the associated coeffici-

ent determinant by the RHS of equation Al0 and the determinant is set
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equal tc zero.

dT d¥ 0 dp* 0 0

=0 (A1h)
1 A 0 C1 o) 0
1
0 0 v, ¢ 0 &
0 0 0 C 1 A
3
The solution of equation All is
ay dv . 1 dp _{aY °3
(B-0)+ 5B (%-2)c,+ 2 (a25)
and substituting for %% from equation A13, the compatibility equations
are c
dv 1 dap 3
=+ ——=k =, % (A16)
aT pn}P_3 4aT 2 pJP—B'

From equations A13 and Al6, the right running characteristic is used in

the solution for the shock points and the equations are

B

ay _ 3

ar ~ A * % (A7)
dv . 1 a €5 (A18)
=Xy EL ¢+

aT pfﬁ;‘dT 2 VP




APPENDIX B

STAGNATION-POINT SOLUTION FOR RADIATING,

INVISCID FLOW FIELD

The equations for the radiating, inviscid flow field around an
axisymmetric blunt body are reduced so that they are applicable for

only & stagnation-point solution. Note, the equations presented in

141

this section are not used for the stagnation point of the complete body

solution but are used in & separate program vwhen only a stagnation~

point solution is required.

The following conditions, from symmetry of the body, exist at the

stagnation line.

u==4a Vg = 0 B =20
uy = 4} hS =0 8 =mn/2
Pg = 0 Pg = 0 K=1

{Bl)

With these conditions, the equations for mass, Y-momentum, and energy

(eqs. 30, 19, and 20) become

mass:
= -lAp, + P (gg u, + Ly + 2E!) - —EE—
Pp Yy 3\A % TX VYT A PP
Y-momentun:
- 2
Vp = "(AVY 08 PY)
energy:

hT

1l

1
F

[}
hel iy
=l
=]
el o
o)
[

+
o|
S

(B2)

(B3)

(BL)
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The equation for S-momentum (eq. 18) is degenerate at the stagnation
line; but, by differentiation of eguation 18 with respect to S and

applying the symmetry conditions the following equation is obtained

S-momentum:

_ 12,v, .1
Ugy = (A“sr Pt I% tox pss) (85

The 5 derivative of the tangential velocity, u., is used in the stag-

S

nation-point solution rather than the tangential velceity. The parame-

ters in the egquations are

=¥y _1X
A= 3" 3 GT (B6)
R_1 R_2 R
A =1+ 8Y {B8)

In order to solve the set of equation an expressicn is needed for Pyg-
An approximation for this parameter is taken from Newtonian theory

Pog = -2 (B9}

The characteristic equation and the compatibility equation for the

unsteady characteristic solution at the shock location become

A
ay _ 3
T = At (B10)}
av, 1 ap_° 3 (B11)
ar

where
C., = _[_?_E P3 (u, +v) = %F;l {B12)
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The equations presented in this section are non-dimensionalized by
the expression given in equation 14. Indeterminate terms were evaluated

by the L'Hospital rule.
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APPENDIX C

COMPUTER PROGRAM FOR RADTATING, INVISCID

FLOW FIELD SOLUTION

A prograem listing and a description of inputs are given for the
computer program developed for the redisting, inviscid flow field solu-
tion., The program is written in FORTRAN IV language for CDC 6000 series
computers. In order to run the program, all variasbles have to be initi-
ally set.to zero by means external to the program. A system subroutine
called by & SETCCRE control card is used for this external initializetion
for the computer system used in the present study.

The inputs and printed outputs for a sample case are also given.

The sample case is & radisting solution for a .97 CO, - .03 N, (by
volume) gas composition. The body shape is a hemisphericsl nose,

.3048 meter radius, with & 60° half-angle, conical afterbody.



145

PROGRAM LISTING

POGKA  SUTFLOLINFUT LQUTFUT , TAPES=ANPUT 3 RAPEROUTRUT o FLINCH]

1

IEAI. " z

IO SUT 2/ "uhuui.lu'u.ml A1, BETALLS)ABILS] 3

mnuusl.m - -

COMMON/SUT 87 ! l 1 ns.nhnu 1oPEAT RLbaMiES 10 b [

|rus.ll|.nlls.n!.ﬂn!.ui.vulu.nl 5 L) olit 195 K1Ee .

AN 19, 7

CONMONS suu! umulll!.ul.ul 5. 1E1,NBT0 LB, L10, +

LHRTA1 5,111, DELS| DELL .

FBELTLILEY OELYEC "

DINEASION DELTE 1
CTMEMSION OELF&I 40, 08L57113120ELSH0131

COMEON/ SUTSS AMOT LS 19, ll-I‘T!lhllic.flI’pllluiﬂ‘(l!.ll! 1

comnun.rimu vl Bell3, 0048500 11

Ak Gt [L

r.nmm qut1s VELZEIBH,Sa22ELY s

COMNDN/ARD) AHYEBYY  BHVLE 25D (SKIBESS !l.l.l-!uwl- i

1EHYI 29D FHUCH 3D}, cqun.rwvnﬂ.ﬂulul b FLE ALY, 1

L1 &3 AZLL4T 3001 WIC RIENILL 19

»MHVLNUI 2! M"IIESHII."EIlll-ﬂl.lllhllﬂ.clﬂlfuIll.l’l’ll.!

4.nuu.ustu!l THENLIOL, THSHLEZAY o190 1

COMRONSLEHESHYL {5000 4 REAZa FLONG LY e TLEP{ ALY, K0NE LA, L LN MEE L PAIRE 2z

Lo M1 IMOLE 300N o GURI 1000 2

G ommN/ RATCOR/FRLE .IIJ.ln ELL WM RLE MR g 3 Le 1181 2

»pTHETR S 1 3P L, SEL.HSS - 2%

LOARONT 1T LOMTERY 201, By B Y

:nmnlsn#mnscu ul.n:onu.suﬂzu.rl:unl.ls. ar

1BE2CATT  SFECHL 249)  (FRLCITARYE n

z Iu:!nl.ﬁsﬂ.lstl\-'ull Gut, IBAR, FARDAT 31H, FANDSLS1E ze

S0y HTCRFSCHETS TN KDUT L REATID N FEETE Y »

:nmuurcmlus.n-c.uuu.ulhls.u-s.lms.:wls.:snl.n.rl:!. M

SBETHRSpGAMILS, TEL o $AZ . KT »n

] n

34

¥

5

b

n

MANEL1STAMAMELS FE 40P MHDF  HE R KTS ALE,T b

WAREL IST/MAMERS TIERAC, ERIC.CUHELF, BEC, NRSF . {OUTM, [QUTF, [¥E,IRC, [t

11 X84, ITTU, TAEU,MET: oLCY sl

QEAPES, P00 KOSITH K5 21 oRGSI 11 A0S CRERO%1S) EATE o

940 FOAMATESE] L343} s

T wDNAD = KQNL3F 4%

MDEL = mQS(2) 48

AEADY 5y NARELL A%

SEABTSaGLEID ETHETASRS b, SCKS P MBIAS) ,RBIKE 2, KIKSN, el HEF1 at

" ﬁnnnuuus " “»

- - 1l

”

st

N 32

"

“

5

"

¥

L1

v

W

L]}

R i [+

a

"

I3

el

(34

-

ey

M

L

"

EOCUial = FRC
RRCPIST = IRC
nLAy » D .
TEARQSILL .
AERD| 3y Aat
CONTINUE .
1KSUERl = IKEF

Al m” Ill.;lﬂ'-!l‘lgtll,ﬂ!.ﬂ
lSlBliQmﬂ EBETAIREY . ls-l ltiﬂ
READES, G041 EOELTAIKSY, K1E
FEADL. 9004 | umw'um. li-hll“l

-

¥
014, 9agy! S YL .mus.ﬂl-uus.u [FULLA M LI T3 3 4 39
ur.uu.-vl. Dlus.:vl.muuul

(LI LN LA A L)) “

L] " hdd

DEL €001 "o 10 L . .

n - nsmi LIATENbt . . "
|u||:s.ﬂ,uc AND, LAECCSS L3mD . .
%] CONT . "
lI‘SIoIYl—I . L]
KSEL » KSE-) . el
XYL = ARSI . 108
ACLL = 1.0KSE R m
TO0T » fouTE . BT
1L =0 [1:}]
CALL T - 184
1 F INGRAD . n.m %0 T AL . s
L) 108
AL = W 307
WL - oY . Kop
DY &3 felaNy [T
CLLTLIEN] e
FYETS & Y1) i,
B3 CONTI [TH
[¢1]

(183

] s
11

nr

s

e

134

12t

11z

1 11
_ S¥L = WES, A0 1
§P1 = PsI01378, 1%

REPRODUCIBILITY OF THE
ORIGINAL PAGE IS POOR_

SRL = RNOFFle.0l0063
HIE = HF‘(I.DJQII‘-I

att
APZK MCASE = 41 5AS)

&y
AT UAHY »,
MELTE B 949) VERNOF, PF o HF RN

%, FYELOCITY = !-l'll.-hllp
AN SLC MR S 70K S FRESLURE
T = 02l "Jllcn!tll-'ﬂﬁ! WABT

AL By mORE KADLUL#,
Bl ¥ 50y B2, ABODS 3 TR, STEOTS .

LI

IU“?"I

nokis

2] lllll i HII'SIII
OELSZ4L) = OELER4ND

DELIIE
DEL Sa1 L.
DELESCAF o L SORLIEAL)
DELELINSED « llnn sl“tn
DELSTINEE} » Ml!"
DELSMELE]
OF SA{ASE} =
DEI.!!II!H - l-l’ﬂlllll!!l
E5uZ, A

nlulln! - stl!ou 1LH3)
DELI2KSH = SERYI-$IU5-L)
afLspEsE = lnuuulmusulsnuunuuu-oﬂ.iﬂun
DELS4fN5} = DELEME%4-
oﬂﬂutl - |.urm.!lun-mﬂnluuunszusnl

CHT | U

TiRysy-v I‘YSII
BELTIARNS)

ll'l' 34}
Hay)-riKY=-11
lnﬂ.'lunmuunnlnnnvzl LYISOELYZIRY 1}

Y1~

GO TA At
1 & DELTLIRYe )}
RGN0 DI CRLYLI KV FSRERY LEXY I}
AFD = DEAYAAEYD = (.
KEF = Lo fG-TOELYRIRYFSOELYTANTTNY
0 m s

ORY T

B = DELYR{NYE » DELYMRY-))
SELTRCAY ] = AG190) N LOELTFIAT beNEL Y 2L
DELYFTARYT = DELYSINYY - 1.

Diml:ﬂlll'l - l.um-1mn|ul-uun(nn

0 e 14mse
I'Ili.if !l G0 T3 49
SI o GELSTERLL & DELETARSEsL
DL S MREY o illW"llul‘lll!l'l\llill‘llI
‘DELSTARSD « BFLI4ERST 1.
5[[5'(‘!. * L.AIGE~ I'UII.EH'IU'B!I xS

'll - DELS2{R3P » IIEIJIII!—
SELLSTNEL = IGI‘H|lful.l!l‘§l'ﬂﬂ.!l"~!\l
DELEPIES) » QELSHINS]
BELIENSEY » L. P1GE- anSi(tilﬂlll!ilﬂll
o

- l=lng

Catd BOUILERQ3¢ ) PREE(LN)
WELZUL = YR, NimASYF
lliﬂll - .
AYSH = [RMRRS L8443 ) I HOF
Oﬂ-'l'llll - B 70N KYS

-“‘SI - “.“'.I‘KVFCW'I

AEYSF = INRSHEEEIRE, I/ tRHOFRYFEVE)
WLl !lmllul‘ L L
UA14KYS] =

MELLLY S5 wid l?!l # AVTL BRIV L RTED
Pilel) = ‘ihl\"l LR L I.'!l'l'"qll'! '"Ill‘i"’-i
Glelh a 0.
I'l!;li LT

&GO T 1
TTIEY = kR
PRASITN aPx$
THETR = L. 5TOTO4) - THETA(ESEH
CALL EQOILENDS, 1, PRESALYE
VELIESE = VEL&,30MB/VF -
SEZHNS) = SaF .
HIKSLUYRT = (NIPASRAE 86,17 IVRWYE)
PIESRYIE » (PLIBLOLDZS. D P AHGE e W BYF)
ﬂx:,nsl » =yELoCOS LSRN AL J0ARSVF
" VELALIMESAZES, 304D/ VE
ETHETRY BCOL 1 T
Hing=1.01® Il!lli»l!”ll!-l-lll.‘&mll
- ‘mn: B HE L, LI~MEKS, 10 1)




00 L& svaf,xvs
PIKS.KY] = FiRE, 1) + ll'lli.“ll-?ll!
"NISUK'I * HINS 13 ® ({H]

FISYIRYIF

HHEKY ) = FHIKS, RY TSV OYF | /2324, dhas

PRES(KY) = {P{KS KTI#RHOFSYEOYE] /101325,

CALL EQUILIRQS4XY FMESETH)

TFEKY €0, k1 Eams-] ., brGamcy

WHIHYS = L

TEEIKY) = TKS

RUOERS, KT] = TAHRRIST 0.1 84430 SRHOF

TIN5 (RYS  «

SHANS,KY] = ulluuus. 1% O VYT

VEIKSHY] = SOAT4 0304, AWOANREEIK S /WRES) SYF

WRIKS KV = S

£3 = LUTKS, YV RUIKEcxYRI= vl v nwtns, v

VAMIKS KT SOMTIGY /¥ ALK San¥ b

33+ 1TRSACIMEERELINL 118 YFbOR]

PLERS KT 1= §0/1 MHOEXT,KP)SYA IK5,EYIEUA (HELAV)
LD ZOWTEINUE

TF{K5.EQ.1F BO O 22

C1 = ®BINRH + {DELTAINSISLOLITHETRINSIFL

€1 5 ROIKS FOANDIKS, 1) dtns 1

+ CEPRMNIES KYSWU(KS, RY5}
Ch = ICL » CHidp.

= 4C1 - {RBIMLESCOS|FRETRIKS)
KSNeABINS ) /L 2

ALFRE= 1,3}

lnmun.ln OI sty

DELTR = DELTA{K&IwkN4L00,

LALL AADICAL

UCEKSH = {FLELILIAIG000. |/ 1R aviavE wyr b

FHLINS] = ITHE 0B0. 1 2 {NHNE sy Fo ik av |

Suiens) - puCiRgy - SWLIESE

099 L9 A¥a ] KPS

BPERS av ImidR I L ENY Lo TLCANRYN) P G000, ) ¢

GRESS IR IPITAY I TLCPEnT #10390.0 ¢

AMAKS KTYs  QF(RS.KYE-QRintu¥E
(LR

AOMUS,N) = NQNIRS,Z)eGMEES, LNV /DFLYLILE

DDIRS, NTS) = QWIS LYSI-GM IKS 45 ) F/DEL YERUYE]

90 2 eye2ardy

QDIKS mr) & {ORARSET 411+ ETEL TALP 1 V0% 1K S, KT

LY -1 eDEL Yl NN

HOF&¥F SYERYT )
HOFSYRSTReYrF §

DELYS{HYIDNIKE,

29 CIOMTEMJE
1FIRE.GT.1) GO TN %
N 2T avel, Ky

Chom KELEAULOv il L ERP bRy PopEY TRILIEL
DN T Y]« (IOLILAYISOELTAENIE + 12, "GIo0N{L KT}
IT CANT LML
LIRLE ]
4 CONT NP
GF v CNSITHRETAINSN}

B 42 Aval,nrs
3 s AEIESE + (YIETIOGIE
B1 = KARSIFALAvIREUSInviny poneL fnqns)
ALY MNP » (RS MY IFOFELTAINSID + IdCI+ICI/L I OgmIEY KT PE
2E CONTEMUE
28 CouTymye
13 COWT Puf
oD 24 mSed,SEL

N o= 1.0+ THCHSIAGEL TA(NGER
S0 =IDELTAMRSA1E SEQELSAIRSIPORLTALRSE] - I DELETIRS) SOEL TRINS-1 0N )
1DELES RS}
28 BETAINS] = ATANISLIGIE
EY = 0.0 ¢ {MINSEFSDELTAIRSEN}
S w C-LQELSTIRSENVDELFAIRSEDF odNBL SatnyFIoDELVALRSE-L1) =
LVAARSE-2 1 b

ETAIRSE) o

9492 I:ﬂlll'lh.li

£

cr - lunr

€3 « Crocy

4w £3w0)

C% = Chbf]

L& = 1D

CT = CIY0

(4] L]

£n » LASC]
MOOTR :\.u.c-.c .u.n.:v
60 FOANATISS2 L -]
14A¥F =, EIZ-S-EN '“S-JTI
26K HOF F12.5.8H lGl“u”l-
ITHVERVE < E13.%, SH J/RG.IPE,
AUIHNROE MERVE = E1T.%,5H NPATL SR,
ALIHAHOP SYFAVF ewF = . f312.%,%n w/inp,/hzx,
BAHTS w TL2, %2

.09
FAERS | DMy (FARITNL/TA,

™,
TSI ING-A) TRy
e, .

QIMANIUF 4y E12.54 7H 8)
WRETETS 31 PLAyRYSE (WHOLL (K051 8BTS0 YL STS bWl Lo RWSH,
LHTEaRYS 1o SXIL KPS ]a whki 1 RYSH

%48 FORMATAZFZR, eMORMAL SWICK PROFERTTES = NONGIAENS | OMAL®,PTY l'lusn

t..'?!.IOIN!I“' ab Fla By FTZyeENTHALPY Fhodyd

1R oML ECIS AR lﬂ" - n r.nl

zrune TN SVELOCTTY = &,85,

ln'El"” FA- 8. FTE,#50MIC VELOCINT w8, Phake /P17 }
MATTE (& ndnE

L CONTLMUE

DUT = JOUT = 1
1FLIOUT-TOURNE 431,430,400
410 CouTNE

15Ut = &

ALl QUTPUTINKS, TaUT (ESF ,K¥ED
431 CONFINUE

1k = 45 5 0

BO 08 K

GL o+ €ho@ & FRIKSISDFLTRINSHRIOTANIBEFAAKS D]

N0 O N¥E1.KYS

GF w 1a0 ¢ IKTKEISY(KYFADELTARRS 1Y

GY = (VIS AY) - TPIETIPNELTATINSY) - [UIRS,0Y

TVEENS XY 1]/ OELTRIRED )

TALIKS,xYl + DELYLIRYIIGY

Gé = DEL¥ZINYISED

TFARS LT, TRUERSARTE  TAUIRS Y Fatia

TAUIKS, K¥ I = FROIRS, KV ETIFAAL

TAULKS,E¥) = ABSHPAUIRE EY )Y
Toa CDNTYRUE

Thums Fhucl,fl

0D TL1  wSsbeK5E

TAUNSHKS) v FAYINS. LY

DO TLD  KV=LlK¥S

IFITAUIRS EY D LT TAUNSIKSVE
TId CORTINUE

AFITAYMS IS | A T Taunp
TL1 CONTiwUE

IFIRCTS .EQ.DF GO To 170] .

B0 LTOD KSmLyKSE
1700 CAMSIES] » TAUM
1100 GONTINUE

TAUT » TAUT + TAUM
uv¢1 a

T) - llDELfl(ll'Vrlglll -Iﬂflvll‘illvllcfll +¥E L, NI SDELTYRILY

PeviEYIng LGl &

TAUMS{W S =TAULLE, kYD

TayAw FAUMSIES )

REPRODUCIBILITY OF THE

ORIGINAL PAGE IS POOR

1 32 - un.nn(n
252 LN vad WAL L1 SRUOE Ls Lawd FRwREP oLy 8 DL TALIRIH)
%2 [ lunu 1w VHERHN L Y
254 qF{kekl = APIrde10- QDL L) RSRHBI R, L}
233 REOTAL L] = 4HVIL A b TLPL D g 10=d Lo MO, TINEORT LT A DD 2ERTIR D be
236 LYREL hiovATL LI
[344 on NYu 2. KYS5E
198 THASAZY
2%y iFiE su.usu w0
YA = ERLR KERLE=VA L RTE ) ZDELY LAY
el T4 = (PI1inrsli-si Lyl H/DECYIIRY)
242 Y3 = (EOELYTERFIOHITLNYS | —AELTAIRYITH I T AYSLI) i1, EVEZET
283 TDELTHIKYH
e A0 10 9107
s FEOL COMTTMIE
20k Y1 8 AVEL KT+ NI AAOELTAIETION] 1, NP8 | DFL VI KN EOWI Laky~101 04
wr ln!uunn
:u n1.lwn1l-to:x.fuxn-u:.un TOE1TICKT FOPI1,RE=1 01 b0
59
1T :nturunmu.un SADELYAIRYISHI L U -0} —HL | KY=F1 b0
m Lo
2z oz ConTiva

G mIVEL Y- (VRN IOBEL AN 1N ) I/DELTAN LY
GL = Lol « ERERIONERY PROELTACLYE

4TPLekYE = O

YTULKT} ~IE4ev ) ¥EsDELTANL I}

TULOKND @ = {GROTAE ~IWAT] Y] SVAI LRy 112 RHOEL 47 o201 )8
TERAOU LY | 4vyPBELTARL 1 P07, ST MRONL KV OVCLKYVIGTY D
nlul..qvw:nu.xn-unnu.:
HEIT07) = AdrSE Al LkEd l.nn:ﬁ-nn- QOELLRFIIFAHATT YT E
-mn EP3 m fHF{ER¥ o4 SAAMCEL4RTNHE®R T L KT ES
IR

Ivdsimend|

1
e, Hh
" :ﬂhlllli

D& 40 KEeT XIF

3 IDELYZULb LTS LIL —4BEV TAILIPVIEYL 2 S¥KS, 31 IADELNSE L)
TF(R5.E2. K50 GO T
A MR- ot PN -IRELS IR N1, L

104
S m (FIRSANALT FDELSALRSIOFIRSLNT ~CNEL STAASIBPIRL-1,11104
LELES RS
§5 m (NEESH]L L) sTEL et b wsiw Sall | —1NELSANRTIPHIEY -], 11120
INELES re%)
°h T 7w
- b8l Comthmet
res $2 w 1= 1OELS IATTRMMNY, N1 ) +IBELAGIRTISUTRS=E, D 1) ~ulKE~Z2olk]s
19 0RLSARE)
m Sh s (- AMLSIREIRAIRS, L)1 A EDELSAIASIAPIRS~1, 110 ~PIRS-Z,1H1%
m 1DRN 3ACKSE
™ A= (DELSTANS IOHIE S k1) «i DELERd LI =uIRE—L, 1)) —HIRS§-2,1HIW
I DAL Sadns )
Wt 41 LORTtad
Bh o (RMOERS, PPPUIRS. LIRSINETHETATLS FD | ARBIRS)
ULLRSaL) = <{UEKS.LERS21 - IS4/RADERS, L)1

l'".i-ll - O

IS 3 BOSAT «EVATHS, 1TaVAIRS , 1 Far19M0I 04, L) @52 H

! nntn.u-ruwu KL 1ieGe)) r4QOINSa Ll HOLOG, H I MES(RE,

Bor dUlRGL LIRSS IATINS, L) AHDIRS L)) ulus.utsunnm

. AGDIRES T PRI TEL, |3 )

T i1y . IHTIRS LI (I RPLERS, L= 1L JUHDIRS, LU ) ISPTERS, 1 1P
IPLEES LA L evAons. L1

0 AT
Go 1Q1 Eyez msr
on 1061 xysd
TFLLS . EO.&SER
BT 4 PERRE] LAY

A0 Y
PIGELSCICS I LR KN by i DELEMERE FRUFES-1, B¥0I 18

IDELSSinL )

Bhou AVIESSN AFE A EBEL AT I IR, AP BE ~AOELSIUAS FEVIKE=Y kYd b
ADRY 3S4KLE

44« arges STOELS44u G )oP IRt MP ) ~4OELSIIRSI#PIRE=1 . KTI RS

55 & PHINSHR,EV] FIQELSAIRSIPHEOS, KYT] -AOELSBINE Ioid RY -] kYD) B0

G
119t COMriE
52 o - {OELATIRSPOHKSRYI] s INFLSaINSI MU S| EVD] ~\HLS~2 RF DTS
10ELARERSY
§3 = (-JOELETIREERVAKE, ATTE CINFLISIRIPSY{ES- 1KV FD -visi-p,K¥I10
TAELSA L) -
4 = - {DRLETRIIOMINL, RTT] #ANELSALRSESPERL-LaRVBD - PIRS-Z.K¥ IR
10ILSHIESH
45w {-{OELSPRLIY CABELSBANE FAMIRS - | KFFD ~HERS-2, KV IS

tafLsaicss
ZLOL COMTHwrF
AT .20.4Y53E) GO 11 kDNt
" - (UGKS-I\'IID ~¥IRI VI EDELYTIEY)
MER G K3 RYHIFDELYLMeY
- ““l"ll'}l\“!!.l")l cIDELYS IR Y hdidm s, n

1 -ulu.:"ﬂln

lﬂLTHKI’I‘ﬂIISN"II ~LAEL TANEY ) PHIRS ET41T ) 'NIBS-‘V'III.

1DELYREET)
G0 10 1912
bt LOLD CiMeTimd
l):.! PI 2 I-IDELFTOUY RO RTHI v LAELYSA KY 140IASKY -1 D0 LA RY=2 13
L
e TY w IWIEL RV L) DL VALKY E RN (N30T ) 3~ [DEL FRARY PO VIKS S KY=2 F3 &
e 100LYTLAYY
Huy TH-{RELYIIKT ) RAKS KY-LIF1A
e L3
ne TH & d-{ALTPERYISHIKSLET Y «UDEKYEKY I SHERSAT-1}) -HIKS, AT-F]
s J0FLYSIRYE
L1 1912 CONTVIWAF
153 Gl |.osuun-ﬂln-uuuuh
3 Ele |G 1K(REIOELTA
1 Lo RBHUSY 4 uuvl-uﬂruuumumsulunn
15 E¥= IVIRFIeGITANTRER ACKS TN I/GT
e e ARIASKRI-APIRYISBEL PATIRSY b= I RS, KT ISCIP I 7D, FA KLY
" 5w {NHOUKS, LYISCIN/DEL Tava )
L Fhu  ARUIEESL V) MUEKS ¥ B8 LMITUETA NS 1170000 GUMOER S0 Y I OYIRS MDY
e LY AnARESOLN+{COS I FHETREKREF/NRTY
i STe AL MHES AV IOy iES (53]
s Gan uuul-mlt! KYBAUARR v | b/
W2 o lﬂulu.nﬂ'smu ~11GS®Y41 FIRMNLES  K¥) BANDIKS,,
3y . KTIGLIY + 67
e nl:su:n-—llu-uum«u.unsmn-trumnnu!l-lnu:u.ﬂll|-
137 1
s vv:n.qn TEEARPA R4 UIES KX DS AIG L1 LI FARKS KV I BYAIR S, XY 104 ERHDT
wr 128, KX 0 52/GLE-153e MRS oKX POV N FDELTAIRS FI+GHY )= | ODINE kY1 1
TPV ERS Y RANITL
HIEES KT he~(EROTT | o (UIRS  KY FH53/01 3-LOT I NS KT bANHDUK SRV P <1 GAE YA
:::J ;:l.llﬂotl!'liII-!“NI!-I.I"IIMIIIINNKS.“HEIllllnull.:,:'n FOMDLRS, XY
b EMDTINE(KY ) » GHETLE 8N VAR, MY E+ 0] o PRROEKS Y
b1 BN ARLELE (MF PPVRI LS, ENFFYY v
T4 101 CONTIwul
ary TFUAOELLEGLO1 GO TG 4240
3T YEALYE 4200, 430D. MDD
art 4200 CONTImpE
T J3T0P » 8
ate Faus = PAUMNSELE
ng CGE = AW 1, K¥S)
L €52 = ¥IL,BY5)
n2 CE} »
m Coh = Wy
e 54 = OELYA(LD
H113 Ch v aRTaTil)

e e 3



o
DO 149  ETsKYSIeKrs
rey

Gl = 1.0 & (KCLISYERYINDELTALE))
Gh = (VUL KYE- [YLAYESOEL 1ATE L) FDELTANL)
CHIT LD = Ghob AYAILWRYISDELPALLY)
EMiIZ,T) = I.Hml'l(l.u"'r“lmval
52 = uiz.er
CHITLTE VALLLRY VAL L KX ) AGEIRISEr RALIRNT),
ARTAITE & 1GACT MY I EPLEL RYIHRND0T1 a3 1}
CHI3e b v CHINLTIOCME, )
49 CONTINUE
239 LONT e
ISTAP » pitor &
TF1J3T0P.60,29) 30 0 470
30OTH wYe
4TG X3 = 1
STL WRITEL&493F K4, 1KY, J5TOF
493 CORRANFIHLL£2 /2477100  8SHOL R PROPERTIES 81D 4T COMYERGE W H ITE
44 /7L MM, OB0BY LOCATANY o, 1,35, $140uE |TERATIONE 2w, |
23R SSHOCK ATERATIONS =9, [ %p
h |. TUTPUF I1RS, TAUT . KEF TS

ATs r,rlnnlu!
GELTAG = DEETACLT & {ACGASOECTRIITN )V, SoF ayny
TFastor, EQ. 11 ™ T4
S¥L = ALk DELTATINNER{WRS  Fwm)

A

]
TREGFSYESYE | 4031328,
r1aWRESCYE)
< WELS.IM4BLYF
uzzln - §k2
= -AVELR, A3ensvEl + DELTATI Y
C&l T RMRKESLA.018843) /RunE
€G3 = [PESEI0LIAS, | FERHDFOYFaVE |
COA = (HIPCIBLEDA. ]/ wroyn)
250 CONTEmgF
CY¥ = L.d # IKTKS]ISDELTA
Fed) = JCGi-tLY unul! K¥3137DEL Pag
1.0ika1w L1}
142.1 ﬂ'ﬂll’llll.l:v\l'nll.llslfﬁllll!lllltll'ﬂﬁ!lll
u

a3 b M
YL o= (4. 0—I‘|l‘§lll‘l|2 ITRML e CAT LpWR=CHAL, L FD b & [AALLTRL]
UCN“-!'-EN“-“ 13

- !n'll D-I'll"llh"ilrl" * CHULLR) - £y

m -y

Y2 o= rv)- v vsln“:.u—rwrun
4« wrg

; . et

+ ACAATAuN) - IC&'(CG!—L&II
cio ABSL ICEP=CRISEG2}
TEACIO- 000 23ap2U6423%
235 CONTINUE
PFLASTAR.ETLAF Ao TD Z3s
ERRT « €62 - €9
ITALZ - NELTATIAN
DELTATIIN L ZeDELTATEY
rllu!Llul:l.Fu.n.r GD TR 7
o 23y
E4L] Uﬂ.'l'lilll = -.00F

ki £ o
s r.mnwu
€AR| = EFAZ
DY&NL o OFAYZ
ERRZ o $GF - [
OTATZ = BELVAT(E)
JELTATEL? = DIATZ - {4ERAF®INTATZ-DIATINI/{ERNZ- kY)Y
“n rg gye
2M DELTRIL) = DE:tag
THOMIELLLNED = £G]
UBLERK¥S By
valflae¥il ~ €62
PAITI. AP = CBY
HACEL,IYS) = Coa
N 5o ESaXiniE
J5INP - o
THUM = TaUNSINS)
£6% = DELPAIKSI
GA = DELTATIn)
1.0 4 [WCHS 1aDE)

ESIVFSTaNCmETa NS )}

a
a0 e AT=E¥SI,h¥S
tsl

JFARS.EQ.K36) €0 TO Z2HDO
31 - TUTKS oL YD IDELSATKS LIRS XY 13- (DEL S B4RS DU AL X e

1DELSs1xs)

54 = II(I‘ihl!’i-I'D!l.!‘ll!l.vll!-i\'ll-l“l!!lll""li—l.(l!l!!
10ELSKS

i v AR IKSOLLY ) HDELSAICL b #F IR S XY= iHL S Y a s MKE=L RTHiFS
LDEL S3(KY)

60 TO Z20L
2200 STe4-tDELSTINSES=UIKSELCYI] $40ERSHIKTEICULKIEL ATII ~DINSE-2,KY]
TH4DELSAIKSE}
-l-lb!u’ms!llﬁ!!!.nn *IDELSSCRSENOVINSERXYH1 ~FINSE-F, 09}
DELSHIRSE
=1~ rnEt.sNxsEu-rll:!."n SIDELSSINSEImR IRSFLLEYI ) - 4RSE- 2 ¥}
DEL38IKSE S
2701 COMF Inur
TFOKY.EQ.RYS) GO Ta #1190
Y2 w (UIKSRTEI] o DELWRINY ) SUCKS KV H |- DEL KR ERUIRS a Pm L) ba
IUEU'!IK\'I

221k
zw ll-‘-ln!lIT(KVH'\JIIE.II’SII CIOELY& (NTS o iR ,ENE) RCLLETIS A TR
LESDELYBINYS
2200 CONTIWUE
FE o LaQ + [KIKEIPTINY)SDEL TALRSID
R = RBEKS) + lrllrlcuaululu:nilmlurltilﬂ
G = A¥IKYIeG2IIG)
G& = EVERA MY - IVEKYLoDEL FAYVIRS)] - CUAES KT | SERIFDELPAIKS)
B3 = [RWIEKS, KTIOCYI FDELTAIKS )
G& = (RHOIKS AYDPLIRS.KV IS INIPHFYAIKSE IR + (RHOURS JKT I WERS kY )
TACIRIRSHGINSICOSITHEYATR S| 1 /R1 18
KIESIMMRS, KT FRES, KY] /GY
04+ IVALXS,RY)DELYAINE))
’

A/GIE = (VAIKS, RV} OVALLY 407 ) % 4RNDINS
LGN ) ‘(00'!‘.!"illllKSql\'l‘lHDll!.l\'lll * LVALKS KT
X

Y 1852763+
FAIRS, irhe

CHENL N = GY & (GIREHEZ, I
IS CONTIMUE
33V CONTIRUE *
JITOP = JLTOP &)
[FIJSYOP.GT.3%) GO TO 471
BELFAG = DELTALLE) 'l(ﬁﬂ’ﬂﬂ.l’l"ll"‘ AeTagn)
Sl = 1.0 & [RIKSI+DEL
LFIKS.GTZ) GO T 40
3= Iﬂﬁlle‘NLflllll'l!.f’l!ll
ED TO
a0 51 = (- lD'ELSTll!I'D!LTlﬁI FIOSCINSIPOEL TRIKS=}) ¥ ~DELTAIKS-3) )0

REPROD
ORIGINAL P

Cr31LITY OF THE
D, PAGE IS POOR.

T0ELSRIRSN
ABL METAIRS) » -nmnmu
|- 2. SDELTATANS LS INETNETAIES 1N} » ek TATINS )8

!GI.I'(SHIN'U‘FJ-IMI
AORLRAY(ES)ELASH THETATRSN 3 b7 €L, FADELTAT RS b g TMT

l"l“'llls!lll
HETR = e STOTRRS ~PHETAMKTI-BETLIRS 1= AT AMIGaMWAS
[}

ui.nvu-m
PRESIN) v PUxS,n¥s whtl-w—nuus.
CALL EQUELKKOS D, PRESTLIH

VELZEKS] o wEL®, BOdbsve
SAIZIKS | = 3A2

GAMBA = IAP ¢ DETAUKS)
LGP = —IWEL SO | GAMMLES .luuvn *OELTATIRSY
VELASENLGARRAPS. J048,
RHARIAL6-01 N R3sANTY |

CE} - inuuunl

bh = (R -nﬂ.nnul- (CET#43N PDELTAG
.1 = CGLeUR/ONL VA
= dts) -mn!n-rlu!uusntn + IGGLALGIo (KRS IFGEba
|l:nuﬂlnr-$n-rl
I u-csnu‘nu‘m‘-
CHILLRY = Q4 ¥ (FATKY.NYSIZBELTAG)
CHIZi B « 17 TERLWYAI RE.RYSHI
GY = —(LLFRLIEN beg
SeKNEIRIICOLAS2/ELE404N) +
PUISCAINE VS| oGIaYD |

RLERVAR T 5 LIRS LR E ST T ivinyses
FELEISIAUNE & €11, 2E ~twin, 0}

1-vinvsyy fll4¢-lll'5I.|l
VERIHYE Ly WELS (Y| -WKSpaYS ()}
LR LI R ML LT NTH
L & qSPIRcewg ) - CKII“HIIIIII

CL o= rCWen, Y0 alHi 3,0 HCIVRRICHIT,

€9 = €4 4 dCESTAUM]- 1“'1€=!~($|l

C10 = aRSLICGILARACET]

TEICID-.0001] 334,338,348
13 CDmir

4n fn 338
!

e YT
BELTATCNS] = |.nnnurns|
t!lnﬂrnrllsl Bd-0. )} GO 0 338

m

™ n|lh1usn = -.002

EREL = gAE]

alaTy = ATAt2

FRAY = €62 - €
DL

T - ATEREZOTAT2-0TATI) HAlEsm-Emri )

Tag
dmnu.lnl . ccl
URICRS,RYSE w
YBIIKL,AYE] » :Gz
FAIIES, AYS) « g3
Ml

fK5 a5
L1535 .
b 21001
AYRl = PALIRS, A¥S)
L AYE) = HaYiny,uvs)
37 cowT

1
L1 = ABSADELTarrLI}
llllli.“.l“.“ﬂ CLadFiCC3?  LSwp

100 l'.nlf[“

Vil sbae

TuETR = g,
nnam-l »

RYS| SRUDESVESYE / Lo L3S,

faLy !mum.hnnuu

FALHE v tai.muvr ,

nmu =

1878L - -mllil

uu.u\'il .0

[

| RN by FeyE)
Vi = ﬂllﬂ.l'QIILlllVFlﬂl

JH (LI LI it

"T 'I||!ll + 1DECTACKS FAEDLY PHETACKS )
[I " Q.

(13 Illilﬂnl!l-ll‘\"‘!-ll

Df' llu EY4l.K

K31+ |““’I‘|’Cl-!lllll”

BRMOLES % | madxy,

Irlltn = EITRaC3In. lmtullhl « SPimY-13

¥ SCOLITHETAIKYD) 9 02,
oﬂ.l llll . uulunn-usun
LLERLE Ty
af lll u-t.lti
€1 & 1,0 v EXIKEPODELTAIRS S
SE DAL TATMEONT »EDRLEINS bonEL TAIKLI S ~IDELSTUKSY SOEL TRAKE =) ba ke
NDEL$3IRS |
108 RETR{RSE - APAWISIZG]Y
CF = E.0 + IRAKSEPSORLYNKSY}
o ruuuunnumnnluun SEORLSHIKSE FODRLTRIRSE-11)
| -DRLTAIRLE-20 L o0ELSRINSE
BETAIKSE] = &Tamifasci? .
bO 1% ni-z.u!
ROSHS) -
1rl - V'! 1as
THEFE = 1.4TOPWR) = THETAIKE) - SEFATRS)
TTIL) » TiRS TooE 0
BLEEEID = PARY, Ky IIR wt-\uualln.
CALL EQUILIKDSy L PaRIILIN
VELTINE) o yELW. ;uuf*
SAZIINE) o S
ML = R4Z ¢ DETAIRSD
$4KVSE v —WELZUREHACOS tGRRmAL
HABLETTE = YELZARYFoS INIGAMMA}
lmihs.lm - lrull:lvu.olunnuur
(RS, KYS) = {Pugeloldss, ),
Nlll. b= IHIPS |3
1% CONE)
|n|.s.u.o|| o0 TI 500
(£ 3]

147




WAS FWITCHE

»¥130)
slie FDI TAIMLSFEF TP F TP 20Ky
10 TD RA35 BALANCE DWIOH‘.IH’ZDK.IHM“
CALL OUTPUTLIRS, FAYT  KIELKY 3]
4500 CONTIMUE
05 103 K=l 58
TAUM = TaumS{Nsd
0O 103 L¥=1,KF3L
RHOUKT,HT R

= MU, KT)
= HER,K¥Y
2 AHDBTERS, AT + 1 PHOT IS HITAOME
UBTERA LTS & (UT{KS.AY)STAUNS
= VBILKS, YD + {VTAKT. XTI TAMD
PANS.KY) = PRITKS A¥N & {PT{KY, ATAOTAUN|
MURSLKYD = HOIERS YD & IMICKS AT beraimy
103 CONT IMVE
TV e (COELYTI LSV
utzonnr

LEY -IDELWSELE*niRe2h) +w{ L 30 FPOELTRIL}

3T

I 1P RAL L KV IRFDE La L3R D205 R ¥RLDEL TRILY N 1D
+BVPRHOI L A0 00

TS
RTINS
s = (T4-QO1N, KL IFRHNYE, LY
THow FSed POy Lief L AReME S 1N R G B ERT I T LIWAT S Y DSWALL L HI
RAQTIL.I} = {RHOTALLLE+TLIF2,
FI140) o LPTAL,LISRAILE,
HELE, 1) = WL, LI4TS0/2,
DO #5  wrsd,avip
32 = GLRAYISEEIN
= EVOLKVD =LYk - L) RSDERVREK Y
—#{1 F/GELYEIRY)
Y3 = CHELLKPSLES4OELYAMKY | HL 1 oKV ) Ee =COELYR{RN OHE Lo RN~ 0] 08
ELYSINT L
DFUNY.EQ. 2 ¥ = (OOELPZ4ZIOHNL, 211 ~(OELTALZI®HC Ly B} smilyalan
IDELY#IZ)
UEIRYLEQ.LYSL] ¥3 = -lnﬂrrlnr|ul|.nn-lmn|lnu||,".||.
[=VE LyEY-7) ] ROELTHIK
TFExy.BQ.TEL) ¥4 o -lDEL\'HIU’I'OIl.ﬂll-lul."li\‘l"lloll-lll
1=PLLewr~21 140EL V(KT
4 m{YdLaRYi- wlln-uhnnnnmunul
* (RALESY IRy hDELTRER)
= -AGARNID ~1¥aS
= = iGASTAN i ke
U NHOE L RT | TTS/DEL TA 2o WK{LESRAOA LakYE br L)
ALODELAKTIZ CRIE1LEN PR (L, E¥DH]
T 4 cIGANYSE ALIR4S{CAVPAN-QOA L ¥ ] |/ RHOTLaKY b}
TL o ATESECPTIRaRr i of LA 0r 1L KT 1E 9185 H/ I PRA L AV RS
IVEL1, ATROVAT T RYTE
Retif 1,73 « 1RHOTY
WELLMYE & £YTEL RYE4TID
FEALLEY - urll.."h-uul.
ATALanYb = (MT{LAFEs D
3 COATINUE
20 #6 £3a7, 88
IF (S EQ.ESEF GO
57w AGIESHIND '(OELSNISIIU(!S;IH ~IBEL AR bRUE RS—L, LI ERN
10FLES ISy
4 m [RURARl 10 DB IRLISPINS NV8 ~IOELSMETIOP UG- L LI 00e
Inll.sll!sl
33w ARIKSel U SAOELASEES) oINS, bbb -0EL SRILFIRcIs- L 10008
10EL §8 fx st
GD 10 v&b)
2640 CONTIMIE
$2 @ I-SDELITIATISURS 110 ¢ DELISINSISURHE-)  L}} —UHES~T

lﬂll!!l 3

- EOELSTIRS)OPINA L E) +TOFLSKIES)® R RN SRR T E
I.D!I.!Ill!l
33 = ¢-(OELLTINEI®HIRS (011 +EOFLSRIES)SMERS~Re LB ~HERSZ 0118
LDEL 38IKS )

TRA1 CONTTWIE
YU ow L{DELTTELIOVINS, MY -mn.unl-n-s.:n I %11
u & ARMOIKE, 1Y PUIAS, LIRS INITHET RIS Y] 1)
. ~LUiRS 1 RS2y - (Sasmanitrs l
= =(UIKS, TEoSab -ivaiul, 1im 5. 11¥IIRKNIRY,
I‘H!Jll! ll"’)IDEL'AllS Veeb ) = {DDERSLIFIPaINL, d2mm
" 3 Nl'!llH"ll‘.'lll LRI R PRIRR LY, L T1 T TR U I
OrEs, L
l(l‘y\!"I-IIN'HIS.III|"illl"“ls-ll‘"lllvll'

I'Hi-l

1 |Mll5-ll
1 = tise
IVACKS LD
RHOTARS, 0 = (RHATINS, AMnTLR/2,
UTIKS, L} = (UTINS2L)sT2Ir4.
F‘lll.ll o [PHKSLIrTaIFT,
o HTIRS, | H4TS127,

(3L
[ L L34 31
|=|:s.u.:sn :a To 1021
43 4 IUIKS+1,XFE FIPELSAICT I OUINS,EYY) ~IPELSIKS I 4ULKS=1, kY] 138
tDELSSERS ¥
51 = llﬂ.’lhl'l(ﬂ SUOELSAIr S IoNEnSYED ~ENEL SRIRSIPYIRS=) ,EY) I I0
LOEL5STR
$4 - trluu.nl SEDELSS T ISFIRS KV EE I DELERIKS baR{ ki) V)V }¥
LAELSSMES)
RS & (HEKE#1KY] #A0ELSANRY IR K8, ETIE - IDELSTIRE oM KS=L k¥ 13 1%
10EL 355
GO T Jatp
1021 CONTINGE
Z = {=4{DE
10ELSa (NS
£ + (-{DELEVERS)ITVIES,K
18 $pixt1 N
= A=A DELETAKSIRAEKS,RY1E #1DELL4 (KENSPERS—1, AN B) ~PIRE~T, £VH)S

54
T0ELESIKS)
OELSTERSIAHIKS e n¥2 ] +iDFLia{RSEoMIRL= | E¥ )} ~HIKS~F, kY] )

I.SI

LEPAKSISUMKS,AY) Y s IDELSRINSINUERE-0,RY I —U{AS-2, KT D

*IDELSBINSISRIRS-L AT 0L ~w{mt~Fin¥ 0w

1DEL304K
WY ComyiNgE
v * JUIKS YR II R ICELYRIRPITUIRS,RTI] - DELTRARY DSMRE, KV-L}

1

» VIKELAYS Y
& (PIKS4RYI-P .
= CHERE sRYR kD eROELTS
LEPRDELY3IKY]

IFEEYLEQ.21 Y2 » TADELY7I2FSUMKS. 231 ~{DELvatDivinns, 1)
LEULKS, & 8 ISDELYNE2]

PECKV.EQ.2) Y5 = C(DELYTI2T4HIKY, ZY] ~ADELVSNZISHINS, 13]
1+HEKS 4 F I #DEL YdL 22

IFERY (EQKYSLY  ¥¥ai~IDELTIIRFISWIRS,
1-¥IKS KY-21 ) SDELYBINY 1

IFERY  EQKYSL) u-l-m!unuI-Mu.lvl:ﬂutuu!tlnl:s.ﬂ-lu
N=PIRE4KT-2V ) PDELYBIKT] :

Gla L.OstkdNSI4VINY IODELTAIRS D

G2a L.O+(KEREIROEL TAINS )}

R = BBIKE] + YUY )ROELYSCKSHOCASATHETAIKSEID

G3= LYIKYISGIeTANEBETAIRG+1)r Al

Bam A VARSaKYI={ FIKYFOOEL TATAKSHI=EUERE 4NN 1903 ) 3 FDEL R {ELY

GSw (RHOURS.KYI8E3)FDELTAIRSH

Ghe  ARHDEKS, E¥IBLKS AV IS STNATHETAEKS FL/RE+ L IAMG RS, KY 19VIRS KV Y
LY LARARS I FGLI4(CASE THEVATKS | Y /A1)

470 ARINSEPUIRS  RYIPVERLS (KT3I /GI

GEn AKIXIE RS KT I RS, KT G

oA LEASEZIs I UINS P KY DOL2SE1) - (ECATTAIF ARKALKS (KY I4AHO LML AY 17}
Lod SASTRHOIKS RYISERIF » 1Y

FUo—d (GARTIIe{ UIKS MY FISTSGLT o 1V 4/ A DELVA U K4 ) PHD 48, K¥) bi~ GO}
TR IGASTAROLULRS KY 105875 LYo 8 | VAARSSAY | ovada T, kuk kot RHOIKS , ¥ 3

A UY-L)EFDELY24RY D
T- 17DeL "

I ORLYTART FOHAKS s 4 Y= LS

THRHIRS K

HIDELTHAY IO IAS LY~ 1]1

REPRODUCIBILITY OF THE

ORIGIN

AL PAGE IS POOR .

lumls-:r.strzummn.ul-"mauusnp“n|-(unu1.:rmuln.

T KRt s

I!’S--Nm\‘llHll'l:‘osvll”ﬂ‘-l;-lltfmlli Y3 | =G4V ANHOIE S, AT 1)
100

LULRSRT I EADFE Th FRMOCKS KY11)
Low TS & (IPRIRS.RPI-CL. JANAIKS, KY 11197811/ 0PLIRS KTIAVAIES A NYD
LYVA(RE AT}
ot es,ry|

HOTEE S, KYB¢TLI 2.
RY1+723)

FTIRS Y]
HTIE3 A7)
102 comTImE
00 108 Kiel R3E
Thyms Il

5 -
VTIMS YD »

(L LM Sy Ial Iy

* turins, v
« A¥Td i.ulutwq;
* APTANL ur ) T aym)
* {HTARI purhataym)

I'lllﬂ-ll!“lﬂll 709, Jtm, roe
Ten o« ITC
180 = IICINJ'I
Tl i |
TV CONTImE
L » E¥) + )
.

Landd
RE=LUES TR, FLD, TS
TR ATH = O
k=8

L4
& CONTIRE
IFCITI) T90,790493%
bl

.l')"‘ﬂll?l“.m&

4 Y [4RMOF T bef 2 /101329,
LaLL ‘mlllﬂl-ll’-ﬂl“l\'ll

WHLEYES |, 0% WY

TEEIAYD » Tuy

RHOINELEY] = IIHIIUI‘.CIJOI'II!‘”
TARS.EY) = TxisP

nrnmnq. ‘ll’ﬂ'lm’ll

w - mr . ¥ b Tl I TR
E} = lulll."lﬂlll’-"il'll Luk¥ioving, xmy)

FAMIRS AYE=  SOATIGRI /PR RS RY}

Y = (TRSBCIPNAMAL B4 hFIVFORE)

FLIREEFY » GI/ARADINE 1Y) WA (RS, APIOFA TS NY1 okl FRE-1.01
% Cimt e

EF {mORAD.EQ.0)

FECIND) #f0,
a4 L"?ﬂ N

0 TO #ld
m

[LE]
DIL LIl D!I." LLRA L T gt -]
(ML e
Quei 4 00006 ) F ERHOS SV S VFayF |
DL {nE] = |ERLRrY BOOG . 3 7 (RNOE Y5 sy avi )
CUTINS] = Quitndl + guarxy)
o ATS  E¥al.HY5
I’lﬂl-l'lll‘Fllll!l'”.l.tlll\'llllﬂono IS ARHOFRYFBYPRYR y

- IF['I

URIEL AV I={{FEFEixTinnLLl 910000, 3 /iRHDE eV EATRwYF |
RNIKLATI=  QFIK3KYE-QNE ]
% CONTIw
Feb) o (HORLYTERDAEGNIRS oA F) —IDELTONLISONIRS, 0] +OMCKY, 301w
100LYd IR
QOINE AYLI » NYER] srDEL t 1] 2143 ]

N-ONIRE A VS~ 2F ) et Y4 YY)
0 120 ¥, xril
CIRS LY} = lMl“."tllﬂnll"llﬂlﬂulhl\'ll =0 YIUKY) vOmENS,
L I T
120 COMTI
o T 12+

TavtewpeaiLTadl
FORLEAdLIY » a2, 15|ln~[|'l'||

61 o COSINAETAINGN}

b 422 avsi,EVvY

R+ mB(AS) « LYERY 4G

BL = x{N§BPE).08 IR{K5IOVIRY JODELT &

FORESLRNE = {Q0IRS, KYIOELTAINSY
L2r taNFIngF

aut |aue

wGzim

Ll L2110 )]

CONT )

IF{NORAD.ED.OF IRAOCK = [RS
$3% COATIME

[LARL SELLITIET TR VYIS % )

OWT I NUOF

lsnlctn.tll
VIZEEI2ar st
i, ll.nrcl-::ll.lsnn::u.un

s
1 lnilttﬂ.llll-L!-CCI! KEL = ZCL ¢ 1.

143 CONPimst
370 CONThia
A0 = ACOrmCCL
l'[“:-{('l 4 1THIN
1M o
l! L
I’III:-H'.CI 31500800
10 [ owi wy
R RkADEE . EQ. RN GO ¥D 361
Ll Sl 144
ARASER- [WIECE B4Ls MoLo 301
CONTImUE

K3=k,R%E
Cc".‘ll = HIKS.E]
CCURES ) » HIKILETS)
ECENES) = MIK.KYE)

&2 LONT gk

00T LWIE
TFLIES= [£5F) 1901, 1900, 1940
Comt

LALL QUTPUTEIRS, TAUT REF cuvSI
PUNCH 2909, IS, TAUTITE, 1AL, TD, 9
FUNEM S904, IBETAIRS Dy RE=kyRSFF
PURCH $IDh, {OELTA{A), K3=],R8E)
PUNGH W44, (DELTATERS |, ESel R3Ed

L 1"5-!”v"l!l»l\'hulls‘l'ﬂ
LA E i1 1 s PLS T

LET

IVATKS kY)

148




9940 CONYEMUE
Sros

1901 CONTIMUE
&0 o |

pLl) IONHM.IE

1KS =
CllL wrrul FENSy TAUTuKSELRFE]

END
SUBROUTIRE OUTPUTHIKS, TauT, KiF,Ev3}
mEAL X

COnmomy/3uT R 11 |.s(l'n.I:Iul.mslln!u.aenuﬂ.lulul.
msl.nllsl.uiuuu Y

COMMCH/SUTE/  RHO[LS |ll.uul.ul.\vll!.un.nu BLYLHELS, B0,
ATELE LY b3 EaIN, LA b AT LR N1 ) VAT, 121 P LL LS, L1} J0RE L5 40
2TUC LS, I

COMRONYS SUT 4/ umlllu.ln.ulllll.ul.vanls-ul PBIf13a1
LHETNLS, LSLEL3, DELS 21835, OELEIEAL)  DELSA T e peLsAL,
IBELYLER NN DELTZAR LY (DELYIIT11.DELYACLLI wDELYSE 1N

CONMOMSUY S/ RHOF[359 LUFUTNIS R LEa¥TE]Sa h.?ﬂll.lll,uru;."p

:u--u!-rsuuf

COmmom FEQPCOMS ABR3L.2)
.

PR ON, TOI 03,

l.l.z.l.:.lrn.nn.u:n.ucv.

WM WTHILLS  PADLT, TUISTE ISP, FAMDLILLLFARDOEILY,

F5P.M M 38 KN, KOUT KRN 203

COWRDN FEQICAMS SEPLHIPLEL | EWLy FL I CPE, |l|,|5|.u,ng.|u.u "
-nol.msu.sunr.u

O

H

e

|Rll be
IV.CIF.EH 12+ 9%

-

T3 ML, JIN N
COMA0NS ST LONSTNS (PR S (MRS, HEPKS s SEPKS aRHRR S CPFR S, £4PRS ALFES,
IDE THNS+ BAHAS, WEL S a0 05
OIMENSIDN €144 Slales VEEL)
DIRERS DN ucnsul

full‘ﬂ“!l'l" l!l-"l»lll‘l.hl:l.'l
11 M), BATITH, MPTITI, TAUia,1),

AAmpmanA

! TP ENTEN LT MY
" L k153 I:l PholIm B, 0}
_ml-umsurrf v:l.zusi.snnu'

nluﬂulnn IFLIE

J.
IF(Il!I I‘ol!.l)

4

3020 FORw; HIn!l?.!.\‘w.t.ﬂ|.t-|!llmul.!.nﬂ AeFil.ay12)
303 FORRAT (ki JLit )

304 FORNATIT3, 344, F 4.3, TEA. 20

Y04 FORNATATSFI 0, Lbke A2 Od4l
°5°' 1KS, TauY oura :n-.n.uu;ucnn.w £
1,/ /28, ¥AOK-CONVFRGED UTAUFS 10X, %I TERATIONS. o9, 18, 10Ky
€lo. 840

RITF 15410910 IKSaVAuT
lﬂ!l Fnlll' IR /7 2R PUOMYRRGED QUESUTE, ROR, wITENSI1ONS »o, 1%, (08,
L= LILIS PP RS

L33t ily
CLuRBEKS )« IDELTAIRS) = §(mi PHETaqRYNI}
C2eXNCRS )¢ LDELTAIRS Y & COSCFRFIalxib)i
(FIES.EQ.L1 GO 70 LI9&

Il .

3 = .!llﬁl“m(l‘.]lﬂ}lll.[l

an 174 aYe2,RNS

W o RRAKSE 4 QPAXYIeiL2-EMERSINL

Ch = RBRROIRS.KYIMHKS v 7Y

AFIRFY v (4CHeCI | W, BOFIYIIAYIN » SFlrY-|)
13 = Ca

1299 COWT Il
AWE o RCISLEN M2, PDELTAILS] )
£3 = ASFIRYS) ~FRALREFVCNSH THETIAESN V) 07,
DELEAR = RRUAS)ORBERTNICH
6010 LIWT

129 [ONY b
30 VIvE EYep,avd

L% SEix¥E = 0.

EF {AS=181 Bi1ad1a,.39%
313 RFADIKEMeDOME ENAT{I1, aTa(J0, ATRIJY, AVCEJN, WATEJN, ETH4Ja01,
+

ARF = O
DELT4R « DELT&I1) l-l.l.no-ruu.llnuvul
1191 convimze 40 to 132

£ 5 'A-vhllu.:i-\ulu!

(] KpaquP 2% E10.1,3
IlI"EIt "el WELZINS )y 3aZ2(nE)
2ET, LT =BG Y WL SAT R EY 0.0, 000
MRITE(R, L1010 t2F,

=4
VAT NEAOEEIN, S ALK § o JATAR 1, K | Ty STRCE  ANIAgdMOL
IFPALFTARIE B4dy 450, 0
QN WS EeYadS
o

TUIKE v} sl¥mladl
1VILS, ¢ ¥y Nymladb
[YARLLG, K¥D  (E¥s],J)

itins,cvy +E¥al a8 348 Cim
Tmdns 0¥k v 1]
(RIS Y3 3] oareh,ay IFigaviy JITTL S 1YY
{waeng,nv| E¥ula b Bad DO AT maf, Rt
irLens, nyl TFLIATITICKRTENTY 34T, Bad, T
MRTTE(A 3104 1 WP Lourlmyr
Hllflltnll Ll READI% 1N, 300)

LR s
LA TLAll A CREIEMPTI]R
(nuftEnsymyr

A LO0NTIRuE
LT R wTel,
ARG Y L=t
4B AFFIESKY ) AYul, 00 LMK
WAITEda, L A%E Y=l 41 Uﬂ e I'I 14
wa[TE{aa LLS1D 1 131 Te 38T

WRITETGLLTITE [EPERYD

w unu-\ Ty
LI3T FORMATIZE, THEF L --mcm - WTED
WEITE R, STE] ANE, T8 LTI
ST FORMATIZZL%E, viL3s RALA CEVO. B, 0T, FEHO0E LATE |!u-|s| 340, MO 349
L) E10, 0,32, FDEL T4 RASY %0 Ana
L4004 FORMATE 2X, fOHKY N N m L=1,11
112 FORRATAEX, Tir sLUfLD. Y, 02 el CIJIL-JI-CllI
1103 FORNATL2X, THE aLIELS. B30 R4l - Lamx
1104 FORRATAZX, THAND SLMELBLY, Dabd l' uﬂ 520, 3 414
1103 £ORMATAZE, THH PLIEIO, N 1R0E [
1104 CORNATAIX, Ty TSELD, 3,1T0)
(LAF FORMATAZX, FHY AFRQ. 1, 1K b

VLOM FONMRT(ZE, PR

tha
llﬁlll ISJ.N‘.]!I

" un Y s

343 yMl Fadp Wl'.ll-{.ll-l'l'l‘“

LLLT FORMAY[ 2V, FH¥h In.l.ll” OO 394 I-im 0%
LALY FORNAYL X, THR L W% CANIaC] T E= WAL T L b
Lils FoRmarizs, Qe JELIELB P AXIR 114 UAGSL beds
5 FORMAT{#x, hugin LLIELD. ¥, 1210 0 Dﬂ 3é JeloEs
& FORMAT | 2K, THOW shlifip. 3,120 ACT130=aDOLI 124, Y4B, 317
IN1Y FORMATA 2K, THRD sLI{ELD. B AXDD N
1191 FORNAT{2X, THENDT wlTELB. Y EXTD
1L FORMATEZX, THUT pLI4F10.3, 120 (1)
1L3Y FORMATIZN, PHwl HE Vv

THT ¥imt i, [in0,
LAMERTE pal iy

THH xr
NSl FOSMATZE, THTAY fIEIFLOL B LNM1

40 TO ¥
1304 CONTImy T
RETURN
L4 ]
LR N T TR
SUBNDUTINES FOR CHEMECAL EQUELE&AIUM CALGINATIONS AMD SOLLTION DF
RANK [ME-HUGOMOLY EQUATIOMS .
dudwl
L N N N N YRR 1F{ =15 JT2,372,329
339 00 M Lel2.1% .
SUBROUTINE [MAUT Sum Py,
AMOB, L HAA, AL Lex Tnja Mt dweq b

B0 3139 Ke=l, 8
UGH=TAUL IMS A1
00 YW Eel,i3

Ao, AR
:num:uncm:nui.: D3 NTUSLRe WA LLE 2] 10D 500 A LD o 8D
THETA, S¥1, SPL(8F)HE




330 UMCL RN alM | K] -UGHSUMI 1, p4aly
an 313 e, 7%
137 [mi=fwin)
TEIEMI=E1 336,333,134
334 00 3n8 Kai,[5
Iy
L LT T )
338 Umcr,idey
LI RESLITCNT)
THCIME)mtut
GD TQ 337
133 CONTEuE
“Tre=ELEMEME -- MASE GaS CouAF{anNRENCE
TNETEALIZE AN AND COLLNY Sy
1G=t%
PO 4D) [+1,15
e jany
*a1 IEfPE=-
4 EVALUATE INIFIAL Mg
Ldsg=y
N 432 [a,1s
At 433 re1,08
LAAC I J ) ak00i LM L2/ e, 7|
TCII0 = (CEAN & Limit, g1
403 INIT3a WMEN) o LiMiE, 02
402 L AND~LANDSL4AD
CHECH FOR PRADS
A7y Ereg
0% D 02 [al, 0
EECICUNP-12) 4a8.%0%, 500
405 0D 404 v, 1%
FRILIMES D 1Y 407, 408, k07
404 COMTENUE
“BT IS )any

~a

-

TRILTMELI) 428, 45T, 424
25 TLIKIwif(x -]
NLFIET
ITE AZZ k20405

IREKIIRIK -]
A2 CONTEMUE
GO TD ALY
408 TE{IOIN-LI1 417,404,417
#A9 M A0 JukliE
FESLIMCE )] &lL abDal
4LL ICiar
LLANELLE]
LiN{T. 010
L0 19 a1my
4140 COMT(MUE
4101 70 % k.1, 18
LEISLILIRINEY IS T IS 1
424 TACLI=IACRI-)
(A LILTY
S22 AFELIMTE,RYD 423,410, 871
A2Y LImMi,xbag
(47 J7¥
430 TDNT IMUE
IR LIYE]
S12 EOmTENUF

a

TFOIGr Al ela,028
AL0 LEIRACIN-3Y 972,372,445
15 FAMGATES)vanma
EAMOR(4£]n annp
ST TS ML
L LN
(CH p=Franagx )
ALE 1ML BN At AR
LR Y H
369 A0 361 el g5
YHUTIT,L)=D,
1

an o s&n e
LI LT TN Al LI S I P ETTI T
LAMILYEpe) pumR
370 Kxalg
Tieplak

L= 0.

372 NEADIMIN, 3025 CRRIRI (RO, K), RLlEn RY, SOFEC Ky REGRR 1,
TRFIEKel by FIGEPSERD, TULKN, K LB K, 2y
PEAXPRACL | +kEHACIIE ITAY, 478y, 171

AP DETRPHALY ) onPHAL 2)-81 4. 3717, 47)4

3134 SRITECANUT, ITIS) ANAK, dmnn

ATIT EORMATS #2757 290 A0 PUASE NusREA|AL FAR pag)

ne

3736 IF[RPHALLL MLarnater
ATIT TUIRRLl=-FiiREL b
ATET LONTINUE
WEZT FAMOALHK | xhuDk
FAMOBIKK)admiB
HTMINE | anr
Ré{%n RRLKK, b o BA7))
ARIKK y 21 = RAINK,Z] + 413}
Wy
TFIRPHAEI = LH3T34, 302, Dba
364 IFCIRRbn-y
WNIXKpap,
VIRE)BYE
ARK)-TERAXT IAT, 842,17
373 VERATLTFixN}
a0 TH 342
182 TFCIKKYag
YHiRE Y [T

A9 IONTENUE
DO 379 Lal,a
DO 373 fat, 1t

378 FQdn. ToTQUe L heymizniarrin, ¢
IS WNEMsL) e,
TECAWE] ] umg
MTWINSdbac],
FANDA (KL ) aCrebl
FARDBAN L) nBL ANK

SUBRDUTINE FQILI0Q, [, PRE)

THTEGER Fu

TNYEGEA FANOR,FaARSH
'DN!‘IN!I!DCBI"FM]I.‘III.IH'I[I.U“III.’;NH‘lll."!I.II-BJ

1 wTHETAa SW Lo 4P Ly SRE 48

COMMON fEQPTHF CHIBL 21, lFI:"!I.l.A'lllI.A'!llhll”ul.
L ‘l'll!.lllﬁl.li-l‘lﬂul.ll!l(EllsDnﬂcl!Io

7 Iﬂl!l.!l.lfllluflnlﬂ31|2lol'yfl“I.I|.IDI

1 lUI'lh?l.V"I!IP-INUI1!»llhlZ.th“‘-Kl?.Nﬂ»-HCV.

REPRODUCIBILITY OF THE

ORIGINAL PAGE I5 POOR,,..

130

. MRAWTMISL L XERE) o YRI 3L, 0502, FANGAI 31, FAHGRT3L),
15PN MEYY L T KOUT KRN E20 |, ATEEE Y
SERGHIPLF LY ENL  FLID IO\ ERE, 1ER oAy £TS, Ny [Ls Te
HODE WAFL T+ SHEL Ty 7480, THINSE L T, SUMM, SIImL o (A 1915
EBISEAEBLIRY &1 24 183, BELG3 FPUINFo ALAA A1 S FNU (B s
CARHINY GARFIR], 10, He,, €PG0YII11ACRIILT,
HAALE EOTSTEATCEALY v MK I T, ET3E), TENIN, TTHRX,
PNUS 1) 43 NS5, 1580, ACERY, ALARCRI (BYCHE, TOCIE)
TLakK Iy 8¥d, $¥ B, SWC, Sy, SUNC, Ry, CHE ER, IFCIE,
TG HTL s 1 8, RELBY (LEF TR
CDNMAN/SUTEDm /RS, s.ul'ts.ntPns.il-:s.ﬂnk\(s.wrls.r.sus.luu.‘-.
ERETHKS , GAMKS | VEL , Sa7,K¥S
FOUIYALEMCESTUL 3Z1.TF 1, 1v80,CLa)
BIMEHSION L334 3be1baTr1yy
TIMERSIOR APEC34. |41, 851101
DIMERSTON T1L4F,KGLY D)
EQUIVALENCE(B,K)
L FNRMATLIO1Y, 381D, )
A FORMEIL (BTH  SBECIES  pam.pofy, f-t nG-rp g
16-np FLAG  Eneqn CF  S1IHFR4, ALY, %413, ZELY.51 |
FOFOARATI I3 A2 LTEIG. MOLA 3610, 12
D FORMAT 10K I THFRACT 10N L1GuLD ~5a,4)
42 SONWATOAE LD, 4)
nTy=30a,
nTnepry
TTainesg,

LOmmON FEQTCOMS

P AL e

Lo

182 1m0
1z (niliegaery
seang
THIRRCSTE 306, 304068
ALIIETTI T
SHI=HS/ 1.8
<

KE[Efu2

SYATI1. VTG RYLRIMSYASCAL(Sa2 01 047 sap s,
A¥R=wvasy,J|, 9880

b i St IS T R L T LT T
SWDSIPACSVRIT | ML hbesA] )

Pulvl

YOS mWUDEedRy |

~k
LG UIETY
FE O I%R{VI. G101 JGuq
Hiraty
IF IRLTIFGF F2, 990 yuPnggay
b CLA TR
EereeennuNDIAY | avER
M2 ALPiltEen,
]

el
LTI
AL PINSPIeL, G

MaAli3L}
1

PMEINTHEL
PEMSRE-SREI, 1L, 02
LRUNAP FuTu NP

o Meiidial T L 1T IO

FOARERM- 0BADIVAREHRL 1T, YT, v
LR FEHTCITY
Ve ConFinge
UE L1E-TE1 Tea, 500,050
JROPASAMELALL STONEN VALUES DF Mhnawy § svTh SOLUTION AND
4 ME-IWITIALELFG ANIFFeD §off fre
Y48 FleliiG

FIMLeALOGIPTHE
DO I8k far,w
TFOIFCOEI- 0 bad, 142, T4t
ST IFCHL b uECtn) -y
30 rn 14
A2 PFIEFCIITI0T Yad, dad, bt
A3 EFCIAE=LFEaINe]
Y IF LLECIENY 18
144 FuL|)aF
1FCEENeY
THiep,
TEOVMELT) 37,547, vas
AT AFC TN
LRI
LTI
50 T 154
JAN TFIRRIL1101387,387, 087
YIT NLISAg LevNE [1ed T
TRCTI=ET NYS, 331,391
S YR TRPIM
LB
ISP WNOkiaRNin, 0}
ML TR P AR T
Y58 CONTNuF
TofTqITI/1.0
SECT-TI0M) 333,318, 198
YA EF KNSR ) Ju- ARG IE BF insa ey by
VMUY
[
1% ANDOE.£A.00 1sRTr) D)7y, 0
RIS
0% MCVel
e 3000,
=gl
393 Lkngm
TFCWODE, Y00 Farviaris
LI TN

ELLPS LY S THY

%4 DO 39s

TFTAABSAIFCND Ir e, 3n0, yag
329 (FIMODILASIII/LANDL2)] 395,300, )
IS NS bn

1=,
PFCIMnIFCiai-3
396 CONTINUE
CEFIKILABLELEF ()Y
Ju

[LY]
TEEtFCiay-1) IReL, 39e 1) dar
396L TFEAJIANFC( Jhed N
397 LANDsLANDH AND
I3 IFEMRIZ)=1F 21,21,1902
CRHEedEVALULTE PROPERTIES
110 asin],




r.u-crnn
A1TO2 How
H

WrL g,

I LTO3 tay,n

LTI uuz.:r«.lms
17as ”G-PIBI\'NIJ

1103 m-momu!mtu
¥TLmxTy eymy AT gy
1703 CONTimye
HIPe{HGAHE ) f 4
YRA{E] b=nd P
f'tllu[ll l
00 1ws gs
198 ‘ll.!-lllﬂ"llnf‘
HU LM st )y g
JLALLYE T SE8,8F0, 801
s Ill.l. l!llrllslha-o.t;o.n.Ir-.lu
T2, 100001,
nl.llun
:e.n-nl.n-n-n-l-

1 ESF-ES"I

ANICEBrCaMen)

csrxsucar
MEKnaLF
anms-aéln
GAMKEag AN
LIT annnnuc
Su-y
cnumnvmr LIT4 714
Lt
1abz 'ﬂNHM
K3aT
-x;--
WRES suRn
SR Famgn
SEikagin
HIRag
51Pap,
00 20 jaf,i
HlRam| mur-sw“wul rag,n)
3 Sk add LTI b L]
nlhmt!-vhﬂﬂlltﬂln HEY 1180
H [YE: I K1 gesmEL run

SIFRS 5 0

EHRES wiim

TFinmrs1y LILTLTLICTTS

F1& VELSQs (50 ‘Slultilll"? R L LT T TS PR,
¥iLs SOATivEL
l!- Asnusvuunuuwnun

13 cony

[ uvl auhinl.tm
204 .ﬂ”ﬂlﬂu'.lﬂ)

F t1oq)

«¥ (ramgar

m ' M Il.u‘ﬂllIl.'ﬁllh(‘lllh'!l"nn-tlhl’('"-!
ThaM)

»i
ll('ll-ttl"'l
TOI Cpw

1021, 101

AU I TEARTIVE Lo
R I‘llf!l 1o% 10, m
109 1P rmuaDsy LAY S TINET S
LOSL yesafrgey
1te cany 'Hlllk
i -nus—ntu

‘l. IB'G-
a

TROKRIYI-10 2104.210, 2102
ng lu°~

L Fiy SGMELLEETR, Iv1, 1)
Set  xaurL ex LLEY TR ) SCALE veqy,

i %
2 l’!-!’!-l
IPiETS-30) 2215, 2200, 272
lTl-“‘n 12222202121
1} l!l.r?l"-!))$
?Z!! llll"!llﬂll

0 FORMAY U‘Ilﬂ' !0“-- ~=FMLLAWING futpuT ml‘“‘ﬁlﬂ.' -

17 106 li"I’E'l'll.ll?i.l"!-l’m-lllil"'ll 'Ylllll“’ll.fl"lll

!IFIII i
Il'f:ltl.l’-)ﬂl’!ISS-I'I'IU'||.11‘i."’l.lﬁ»‘lllh"l’nli’-"’lll‘l

SRITEICOUT, 10

Illf!llﬂ“" !ﬂ!" Ler

o
mmr 'U“l"(fl’¢2!l’l!l)
bt 'Ulll"llll'l!)!l
EORINY I2ay

LS
208 I Tga=]
Iﬁ"ltvﬂl

V=200 1T, 70,2820
220 -l'rs-lno
0 o im0

H.ltl.lvl.lu

o to 2z

22 130Qefnery -y
ICr=39
ﬂllll'ﬂ

D 2343 1eg r15Pg
20y GSIIIUH 1
G

2200 Ja i, [5M
1200 Av:u.n-nu..n
10-2) 2704,2204,3204
t201 1 lm:u-n-u 1204,2204, 1202
2201 »r
o nn) R LT

F THE
EPRODUCIBILITY O
%RLGMAL PAGE IS POOR.

1737

1139

1730

CaLe lmmm,»sm.nl.o.uul.u.a.m.(u 1140
[CT=zEr-p 1741
Iercf-lam 222.220%, 2210 L1742
1209 {Que-2 L1743
210 Hllal FIL2, 2280, 22) L1744
212 ulluul aau.nn.zn 1748
LI 1344
I1l¢rIl.l‘- 1182

A8 Ia,n 178y
IFinECinyy Ill!plllhlll'a 1T8a

214 nul-nu 1?3
ul-mnﬂlnl 15y

s cnlﬂl itaz
||| 1753

rzLe cnu"wt 175w
e rts-m LT9%
To 1y : L7348
rumn JEYING 10 PUSH THAGUGH fa1w s THAR -~ REANYERE aNO OF 1 zeeg iTseT
(5343 lnl hmu I22%. 22T, 228 Lt
oy Lise
oo tow 1180

2T I¥ (l!l 1v 21w, 20,200 1rsL
223 1¥ ll-l‘"Ali 220, 2100 1782
224 YeTAy ArBY
..u rn %9 [

¥, Clﬂlll l!i.l}!.!ll M 1Pas
:n-nu Miw CONOENSED Was wg CORRECYIN, NELETE afTER RETMYERT 1754
213 1240EN) 230,207,228 iTer
276 $FiRe (nul.s-tn LI TTS 1758
223 BILLER)ac L £5 1Tk
llu---un-l.!ln (23]

ul] To x; irrg
.t. rnm NG EIARECT 19N oy ¢ gy CONFLICTING SIGH,RESNYERT 1772

ﬂz lrlmu B 224, Hpary . tTry
N clunu-.ﬂnnnu ul.zu.eu LTS

c-u-m- oot it o, e s RN LY JOFL Ve (%45
218 ltlulul|n-a.uno.zzc.zzl

! CONENGED excrat 'u TONHG S eTigns .. NOW Eowrgrgeny
4 15 HeODE-13 2amy,
TRy -], £~ ol Ht-!u.!ul

N T CowfLicrym TARDEICONRECTION OR F pusa
Au-tu llunv!u BOZ. SEL T 1O Tm{mrtmaz ag 8 Exnon
" UIF ¥ AAFADY TMERE . SMCONVERGEY FLSE OT o ZEMD
!I& Il'llllllll Nw.’l‘!k’!‘" LI L ITY

%)

LT T l7ﬂ|l'ﬂ.'lll
l’-llll'lt'-Dl’ﬂ-lllﬂ'
THma

ulu-mw:.

40 T joey
Inr lll'—lll.ll LTI
nn lllrul:.r-lﬂ'm

BT

1

B¥ospru/y,

o m
AZPL WRLQny,

e 18 3
214 l'lllilo! Dll!iﬁn}h.;l#“
FH0 B3t 2pag
€23

™ §2
Ty f..l. cucnmt

Fl-19 21,2
lllllhs-r L

1£ tIlC'""Q'
lITtﬁ{l ANCN
.n-wnnuu I
) l"t!l-l'l Ll
Conmoe nﬂﬂ:n-u

vtulll!,nnllll.t'll.l *8)
g

P WEW,

A -

T
Comanm rEqvCONy l'-ll.l'i

Ry

l"l.-.ljlli.llllhll‘lll
REmERy Crdy ll-l.l iy

wlw.munn nl vn.lvw.cul
- ROy 4, g

nlllusmu Mn .|

CIRENS IO Xq1a}

PL.E-7

W
awl-ﬁz E—
:uu-n o M)

-2y
IllJ‘lIlJI

ﬂn
LLE lilJlllﬁDﬂ
T ANE

II My 38,34,9
Ee IIIISOIIIIDM
bt LLIY

Lley
Llnensancgy -
D rag Iﬂllflll .

1epet

-
44 lll"lﬂ lﬂnlﬂ-‘!
M. Lony omye

1!5”'-]“5“

PALEAE ) a0, B
LU 4 {0 TFPe N T



35 oTIeN[142)
T€ (IFEATI*1E FT5,4D. 80
D IF

an &5 Jgml,
¢
&0 YA=YREYNUL [
LE] CONTE
DYI=va
GO0 T 95
70 [F (1K-1RF} 75,80, 1%
EES oYt=o.
GO Ta 2rs
an IFCiTI=|
O¥[=xclFa)
GO TO 23
L] LrLk]

1F 1L-3€8) %a,n
an OrtexiLE
GO0 Tn 21n

5 NTGROMTG+¥HIT) 8N FawTHE |1

I£ CirIEN 100,194,100
0% 1F rik-m) §a%,143,10%

105 IF CVALTE-0uMPE (LD, 140,140

[R5 IF 140EF 195,193,118
LIS IF Ioves 120,275,12%

124 TE dWHI 1) 7RUMP-, 39909951 yFenvE) EELTT AL ST Y
125 IF 18usPsvncin-1, -Cateay )y g31,
T30 CAFIVNIT | JRUMB-, 9539043 | snvi

GO *n 77s
K35 LMEecauNRsvNELE-L, brYT
GO o oars
(11 IF IMOEL y 78,173,130
143 LIELI TS}
LaLLICTEY
isn IF oYL 159,275, Le0

155 IF {OYI®CMFe,990) 1849,7
Ll IR 4DYIsCaF-a.) 178,775
165 CHFa=.999/071

070, 2T
170 CHF=a, /DYl

G ta zrs
EYS  [F roeircee-z2, 3011 1EO,
(3.1 LF (DYTPCNF+e 9091 Se

L85  CwFu-a.309s07(
[ D 275

I#a  fwF=2.303/DY]
S0 TD z7e

195

o LUSIFLTEYY. 1T

c MOM-PRELENT RALE

209 CONYINIE

75,275
i

120, yea
215,21

¥

PAATRAL]

“RURPLABTINTI ENCHF ) 275, 30D, 2o
1

LS LF AYEL I CMFROTI -0, 1) 278, 220,770

20 DUMLA L, LY (LR 20V

IF (DUWE-,QOLY 2744274,
223 CHFeDya |

Ln To 3T
731 OWTL=OWIL DY sNEAE |}

IFotOvil 215,295,240
238 IE LYHITI) 280.,2%0, 244
40 FE Cvnit1oDyeecmr) zus,
245 [MFe-¥NI1|JDYle]| _pgoa|

350 CONTEMUE

283 IF CABSACNESDY|p~W} 275,218,710

270 CMEsRzaRSinvIY
275 LRFFIEIaCNF
M0 DT4INI=DYT

5

2%0. 2%0

290 IF (RAITI-11 313, Mp%, 300

295 FORMET [1X2(RA2MYMIALHTARY

1A T3 1200y 4%, 810,74 13
WO wgmy .

L1201

SOV IR ALETII MBS RRHEFL 171 1 Kas, SET 0,

WRLTE TRALT L2941 EFRNDALI L WL Y LS DAL L LU E W d 41 ag) e

LLTR TR ey

WRITE 4KDUT, 3103 E8111

waITF (KT, 3100

SRTTE (KOUT, Na%)
W3 FoRmAT |(0l3)
MO FO®wAY tME]Z.4)
ns LMY | NUE

TFOIXE11) 320,780,320
D WLaTAL)eONF

ABK=aRS(XITH)

TE TABSING b-.51 330,470
125 CMEs.3/aRX

TLeCMFéRI11
30 MF A1) 340,380,33%
IIF fuerasx
NIwARINEA, 20K )

145

Gn o
30 THaTmin
YLadMankl=0,2, 0L}
4% OTHs i In-TIrrTHERL)

TF 10TH 130,359, 3%5

kLl CAF=DTROINE

GD TO 349
ELL I FTY T TY
1e0

1
M lAdhd
HTL=D.

Liw
Rl

O IaCHF e0T 1 |
1F IDYL) 395,390, 3%3
NG FE (HECIEIL 495,435,405
3% IF AIECIIIb 453,500,400
CIPLTRL 405, 0304804
3% 1F fa B k13 al0
418 [F (MOE? 430,430,420
"5 hibde ]
EILILIY]
AT YMCIFeVNCTISLE. *DY |}
IF CWNIELY 430,430,425
2% WOTd=dLOGEvR 171
GN TO %1%
430 vidjetilisny]
WHETR=EXRIYI]a}
435 YReNTHI] ) eviiD)
HIGeuTGeYa
IF (16-151 440s480.44%
440 PHUSILIsvNIT)
50 TQ +9%
443 00 430 K=1.08
FASYNUL | K mvNLL Y
Phusix

C NOM-PAELFNT QASE CARRECTENNS AND TESTS

53 LARRELINNYS- 1)

- QDUCIBILI
ORIGINAL PAGE I8 B

(REAFS Y]

NTEY

TY OF THE
00K

e

A€ I¥TTF) 493, %80, 440

Bl TRrE.A],

152

BAEEELTLITY A

1311,

O HE CIFCINIaL) 495 463,465
445 CONTINUE
Ats Yirrag,
1FCE]) pus
GO TR 49%
A0 WALThah (] ) eDrr
16 IVHIIN] 490,490,405
A8% WTLAWTL+WNG | oM Tadl)
CI 10 Aes
490 ¥HIT)eO.L
(31
SUBROUTIRE THENH
IMTEGER Fa
INTEGEW FAMGHE, FANNA
SOMNON/RADCON RIS L1 T LR, W6 L1 L aMHE L1 SPY 1y TEaf)
1THE TR Y1, 50 1SR 05
CINMIN SEQRLANS B I YL.21, TECUILIATA(RI NTRIBI AT RS,
Kl KATIAL, 280130, U5 R00000, LAMI (3L, R,ACET1,21,
? RO 21, FEE3L, P L0FIT1,2),7, TRd
1 TUERE W21 VHOLL) VRICBL, A1, L2, L 30 FTFF, KR 2, HOH WLV,
4 MMAMPRIELLLYOAL) YU 1312, ISP2, A AMOAL 31 1 FARDRT AT ),
+ T5PoN,WANY, f N T, KE2 (201, ATC(A
CRHNOM FEQRCARS SIP HIPFL, ENI LFLI [eF, I ER
1 MODEL 11t Ty GUFL T 20RN, M1, MFLT, SUMM, SUNL, IR @),
2 E Tldbalametn) (PU3LE, ALOER) FNLTA),
1 1 A) (GRNE (N3, U0 HE, CPG.OYI311,
[ ERIMLL TCIRIS W Ml Y10 F O] 1, TTHI N, TrMax,
. PNUSTAL w5 ML ISP, ALI AL, BLVE 1N 1 BY10F,[BCIAI,
) AL URES A VR SVA, S, C R¥e CMF, FP, [FCIC,
1 AL LT TN PN
DIRENSION CLIE 81,1k, 7F01}
FOUTVELERCET UL 320, TFb, fvnuar t 1
. MARERAFTI
1F 4rrs) <2,10,%)
te W16
wii=a.
TF ARRINEY w040, 1%
1% (F CIFLEae -1 39,20,34
] TE 1Tw.001=WIkekl) 25,2%, 0
tal TFLiNetbn-]
10
»
1
A0 CONTINgE
Subied.
" o41 15
PRUACL)eD,
&% CONTEMYF
S umfLreg,
FLIgeo,
SHELTal,
ELTa)
FuiMatTYAr N
Toazs frian
TEwaANen00,
A+ ALOGETr 3000, 1
LLT
VeI FEMID0, 147,
YOaTa3pa3,
WEo¥C A vihe
o1 et
te
DA 208 [ielw
et
LN L R TRTNINTE P THEYY
L5 TF 1TFCIE: 95,95, 120
ap TE ENPIE- 1L N8, 180, | 8%
oy TE 41130 Le%0 100, 189
190 SusseSumue ywd sy
TAMEs T L) v E g
ICepTGsNum
TE ANN-15) 16%, 19%, 110
1 ENUSEY Fevmg ]
GO T 1w
118 ob LN KA, T
LI R LTI T T N
PUULIK e RuL{€ 140N )
TES CONTEmuE
1
150 TF ImODE-L] k4,15, E45
15%  THTM-NREN]CTMINLTFE )3}
140 TEMANSAMEETUTE axy
by ET-SBSERUL L ALHL 10,178,115
Lta
175 VIMRCUL d0alenar | aheed g, Jifilur)
BUYadbaWROERENL L J1o@DI0, S] weCnFaT, 1) sy}
SEELIaRRE o) vRC1E e JIwWAE VRO IR T, S1eRE T,y loyE)
[F ImOOE-2) 210,184,140
tRa IR (FLr)-
s
3]
198 m
SMPLTm~SRIfI-SMELT
mELTeT
IF 1a-2) 2a0uito, 212
V0 TEaXed AW CTALE =PI |4 1)
a0 1 2o
0% T INeAMALLITRIN, -Tuls,1))
210 TCAL =Ml t 1R
VEMCHIIRTC LI ESBLLE/L, %R0 1
TF LIR-(51 215, 78,220
1% ALMKE IR LNKT )
IRCinI=IFLI gy
BCITI=TCiEY
LD TD 235
720 PO 73O del,rs
[F LIRCIEI«E) 2va, 223,223
PR MENRA | oYL HEE Y -VRL LK | oA 1k | .
FCUIN=TCUTH-VRUE] (KD ¥AL {KE
730 CONTEWUE
235 1aisl .
17 (WODI-L1 250,240,250
240 EF (TFRAX~TY 205,750,250
743 Foteusy

TFE1-500, ) Zaa,#48,5

260 WRTTEIRDYY 2489
e

73D

55
18

3
2% FORMATI/A/30H MO AVAILABLE S0
"

LE [ITS1 388, 29%,3m
L)

SUMH= SR P
SUNL mhd DG { SYMN)
WIGRW1G/1MN

FACE SPFLEFS, . L5TOR)



0
Lt]

]

(1)
a3

ra

130
Iﬂ§
uv

an

130

288
s
7%
%
W0
308

Ma
m

0

Enn

SUHROUY [NE WATER
FHTEGER FAWOA,F %0
NIMENS [ DN ECD!![I;EESN“I
DINENSIDN EASIk4

Ehmkfllbtﬂlllll!l,lllﬂ" lth"\l( [LIRLLISTY IS TR M

L THETA, S¥LaSP L 40 ;
ARON IEU'l:ﬂltf SHEBL,21,

ROI3 20,5603

ER "L

TSP, HoME3 1L K TN, KT

MODE, HRELT , SMEL

AAELA) L IRER I, 15 REELOT, LRALTY

MR UTHEIEY VIR D YR ) . 15P2, FAMOAI )Y, Flllﬂll)ll.

COARIN FEQTCNe str.nv.rl..ENL.Fuu.n-r,llhllu.n.ﬂs.|u.u.1r,
T, THLA, TEL T SUMN SUME L 1R EY)

a
LHE]
80
L]
lF(I‘ll.ll’AlIl.l‘ll '3
330
ZMQ‘GIMJI Te I'l !l 0
VAU UIT AR LB L 8 TRE K NN 353

wRERAZONLATCIO)

CPFulAFeLA{[-2) bunl1-20
Lant ixpe

aE{
arcip=renl
1E%=0
IREag
EER=Q.
= v = MUY NOM-B4SE SPECIES 100P
LiMaNeeR 8]
EFE ILEM-TSPI TI0s38%, 388
Jeisr
OR P25 dR=Esa,L Y
1F TTK-RE 365, 365, 140
Edar=l E-L0
TE CIFETORY 4hDaT2%, %48

T
2 - IF L1FCEJNet) T25.308,310
1 rIC e HE, LR, EYd I13,EP 31D, g IF [(eFi1 3190, 375,300
“ CI1, VLRERVT R F {310, TR IN, FIRAK, 4% UNCJieumi s rsuny
41 PR B) W55 Sy | SPE AL LB AEL8) BYEG) , IRCinE, TE 1RFCLII D 190, 389,80
& a!.ua.m.svn.sn:.svn.su-c. WY LNFLER EFCIG, D VNESNWNE I SURD
7 MG NTL s J2IMLLAFIR) (LEF {8 S0 T 3w
DINEASIH VLARITL 13, X141 A% TAUTeYISb- S,
DIMFMSEON CESC N1albo TFILE 190 EEJ avLdai-Te 0y
FOUIVALENCEETUL $21,7F ) EvNLL 1) 00 403 F*k.l%
uSTaWS IF 11BLTTH) 400408, 194
DO 4 I 13 P lheg,
1actibalecey) O TE 404
AVeWSS-uTL Julc 488 FNUY ] =vieutd,
fF (RRITI-L) T,e8,50 n.ll-!u:-nluln-ulll
IF 11T4s 1,640,700 40% Okt
CONT IWU A0 EABE il.‘!-l,l
KEITImkR(7] TF ITFCEIFD NLGH 990,44
IF RITH-1} 28,88,%0 [ CONDENSED SPEC16S
MAIYE (RAAUT, 058 dLal=dsist X B0 EaBeErid
FORWAY 4SANLATS TEMP  PAFSumu]  £QUIL FF  wASMAL EN SEALE 7011, 2% IF (EIfI-E6RF 331,538,430
17 MASEALY SSOXV 19, TH WASARLI Y 490 EEMaE(J] .
INTTIALTEE TFOITEAT 493437 ,480
- 433 1irgesege L
1EAvIIPD
)
Lot
15PD=14e2 «0
“e  op Gl! 1=3,. 1500
z M EENaD.
lll.!i-n- 47 adIE. | 1a0.
Aty 2i-g, .IS
L1}
] 1" Iuclll-n SFTATTARG
- ---mlruurr CONTRIBUTINN NF wrist SIGMEF ICANT SPECIES IN FacH m +To RN | evigd
% 13 [el.1S c-z.!!l-ou-l ~UTRRIRRRIS 14 ) oG AE [ ) AT GY
FRiting, AFCR el N ) -Ya
FillehamazPint IF JARSIVAE-ERINID A00y4m 1 4TS
15P2=tska Ty Elr!ll Islll
=== AN BISE SPELIFS 1Nhor
l' g I'.Blllilll!
bt i1 E
[F k4T ul -9%) 45, 00.03 18 Llnam) $0%, 409,408
L L YNET) s
ZFaD lllT!‘ll
a0 50 x=1,1500
ARy ] =D 48

1F 41942 §1dy 1t
NARMALL2E oW SSURF T FIR4S mady
YH{T=2Fnynii-Zistuen

1F IK-23) llG.lD@-lUi
¥ifr= tlIY”-ﬂ S
w0 Ty

SEY FLAS IKDICATIMNG SIGHMIFICance OF

BALAMLE(S) #MD (SCREWENT CAUMT M S10NIf (CANT SPECIES

EF AWNCI-Ty-EBLAT=201 130,120,808
iet-7a

1
TREAT BASE SPECTES COMTAIWIW; Al wnt AF

ELEMENFS {N SAME WAYNER 45 N
TF ATBCAT-ZFeE) 325,033,124
15 {fBLIL-2F0 18D, 215,100
Atlalt
Yanvhti-n

TE (IABSIEOC] I-20-97-1% V1,708, 14D
42,310
fio 10 29p

IF TEMEr-33-,
Rl I-23mamSrvat
TRI1=Z
FI-21eE01-20-va

IF twmnE-1y zun.\rn.:ln
ruuu»nn.:|lr-|u e
T-F11-224,0413 |1!.l15.1|n
bl 0FelB

(ARUL LIEFIETCL I INT ]

TVREY 149,190,050

aot =g
F oAsnot-13 L85, 179,185
LF IKEEBE1 2dd, 200,
1=7] 325,148,100
o

IF {TE(1-115.90
IF AJCh 268,305, 2
19 C¥AL-20-DIGH 325,32%, 701
BJCaYdl2)

LS gC

THANRTR (1)
dCEug

*CJt= 8L 0-21

IF Lamigy| zloqﬂoqhn
Sty JCSER)n

Milglhe=t, ﬂ

D70 AR

‘-’-‘-EIS PHASE

I:PGnI:movuca(r—zl
AL Th=va
eI
EFeER-¥Y
ERIT-2beaBSAVAL
1Bed-Thmt-2
EA1=27=8(0-Z0-VA
TE {M0DE-T) 320,30D.28%
16 CIBCEI-21) 32%,293,2%0
pitot 2l
¥n Tn
s-sul ~21-EaABBHNL I-21- 1. omaw
G010 1

nll.-?]
IF T1BCIN-ZH 325,310,105
At ] T1aH0S
D 10 31%
Al ) amgryy =2
AU1a21501 1, 2)0-H034WL 1 -

APFLIFY Tn mAdL

530
FLFNT NG an-PRESERT 1y
AT LEME CONNEMSED SREC (FS e

a8
a8s

B0
e

&Th
4T3

L1
L1

0]

[kl
mo

W-*PRODUCIBILHY OF THE

QPICH\TAL

PAGE I8 BOOR,

11FY
P CIFCIET T) % N5, 300
ERB=ABStFaAR
G rn TLY
14N ey
FELL LN
IFy Li=REy gt
MEErmEd )
16 494, 0a1-TE4FS Spd,0IQ, %10
IF AxNimie 333,330,440
I ‘lﬂ.i!5n5l0

MLE) —I‘ll.ll'l PAMEILD
“OOEag

IE Imagr =20 435,575,400

TP (wE-iy rli-l\ﬂ-?l&

16 AP=TP{y IR ALER T
[ FIaant]) 1'11’

(F tEng)-00C) rﬂ.vﬂ.!“
LEL1I¥)

[l
FFCJE=TRCe S b
FrRXaTE())

FE {KREANY 34,389,540
IF 4=0OF-2) P29,47%, %00
A{Li=BaL

DO I dak 0t

AL ma23e-FHUIN]
Hisdbarii

ALLTImATL 20 -vNE 3T oneng
CREmCRReLP {23 tyar g0
O rA Yis
SAS PASF SRECIES
&

41
P (VMEJET 395,111,500
o=t

CPR=CPGavhi gl vCoy)
DO §AD Rlal, 04
Ivp-rnimqy

Vi

L1
l' IIGSVI-PMH =EVE ABDLs8D, 458
1o
I!‘ l BEYATFR 1-213 470,470, sal
IF 4SS IVAICER tI=2}) &R0, 880,670
EBI [-H ~alsya
IATI=2I=x
DG BTY I-!.l“( -
AbT, a3
M "

lola=
r.ll- [EN IPAINIJI‘GMHII -1
CONTIWUE
IF 110 718,718
ERuEr-yNiJ)
1Frspe-1

il Jsed
1 {24 13=wi{ JEeTCL S8
1K (MODE-Z) PLG, 4%, 4%
MNYaH{ -l l'\‘l(.ll

tan th

ﬂD!lﬂlJl'lSBlJl'l-Qll‘hl‘lJ'I"l B lL]]
an 70% I=1, 12

153




ToS

Tea

Tsg
kel

THO

[E1%
L

nia

ns

bt
"

-

111
1t

106
1T

ws
(113

L1g
111

ll!.ll-ll!!"lﬂ.l(l-ll LLINS] ]

-0
ll ll.ll‘ﬂDS"’ElJl
ay BL1N-HOS=E4 )
CRE=CPEVNAtESCMIdY
IF IEL-EARI P20, 725,729
Fregan
d=Jal
CONTIMUE
15031543
1F (MOOE-2) Th%, 234,780
CRidrCPEST
SHML T =HRE L TN MELTE
FHS shAWMIPe T, 2)
IF INKJ4LY TSD, Pag, P34
OUN | =S¥ASARST ol
AASSYCDUME At ], ?)
HiPz-afL. 2/ 4R
AL R bl AeSYC PN
CPA{CHFes, DMLY IAT
DusZ=syes aset
L1 Lid

slensnn-m P T3, TR, TSO

D= DL
lihll M!.ll'{m‘l
A2, ba
F 4 n-msh 1834133, 785
ACLa 2 )mchhil b
50 TO ThY
LPaniprf
SHELTeSMEL toyH|nELTY

% SIPHALRL2)- 1. 9neania-Epy

sy Batlst
(F {gimey T8, TAS. 114
1F (Snst 143, 709,779
EHSa NS -um T

SEN bl - SHALT

NF PR} 7800748, THS
FLIGm1, sFHS/Shim T

21 =8E
LT !ll!“l-!l.l-f-P
ACL.Riv-AAeALP|[=2)
LE dERCil-21=-8} 399,795,770
el

NP g
LU T
COMY [ HUE
Hll!(l-!l‘l.f a1
LI L%
Fhegr

3 ONT | ek
TF JPSP2Z-TSMA1 LS, 40, maD
Iv=a

e
ADR COMDEMSED MONMBALE TPELIES 10 aahiy

L
L1 IE.E¢2100,
AtEededie—1.0
S0 T Sl

an RIT K=), 15

ATEF KO0 n=NUU Joll )

oM MYE .
ELTRIMATE TEAWS CORATIPINNING TO SPFSENMT ARSE COMDEMSED
DN BSY daly kg

TF LIFCTRIY AYS 458, man

B ASC EERRSPY, 3P0

NEIE M2 ]nid
LORF ImgE

NidiuEpeni2l

IF {RCDE-1) 914,

¥ II!SIM!II(I.'I'--ND“
IR ATECICE 095, 900.90%

I¥ 1JC-INE] 430,909,900
NOE=0

TM [ N=TTHIN

TRANSTTMAY

TI1F~1.¥-4) 9, ¥ 0,920
F:91%. %20
REERL L PR L

0. 90

TH=1SPa-L

IT=1TS8+1
FVs==1

GO TO 930
Enp

urbadur g REREVCN.C.0,0, Wty 1 2, l!.un:
OIRECT [MVFRSION FROCEDUN € E4 RFPLACED BY Cda-i

ﬂlu“rm nlh.lh!bllu:.r.lu.n.l.rsul.u-pl,l.u QO ek LLARD) Gh&(1)
KR

Llllt 3

FORRAY| 194 nE
FOAE RERAY
PFORFATI 2Ny L1 ALEN, LOR1GIIE

1TEARAUT 13T i. AN,

RATE(ROUT . 104FNP. L”lqt kN

Ixen .
o 144 1=
Il"’fIIW'}IUSIlElI-JI-J-Iull”olﬁ“tﬂ-dl'l-ﬂl
15=~

"IIIM'-UI.I‘I' MATATE

Dt 13 I=l N

'10 el '-I NP

Simimansic
IFits) je,3

-

~

"

407 FORBAT(LIH

LR LT LT

3
=] o Nty
PLARLIE IR LT C Y1)

L

SEEN RAKIMUN PIvTT
12 DEved,

on 13 di=l, ¥

wul FdJY

IRdARS JEi L
125 Olv=dBs i£K

Kol

DIVILB AN, 080

d=34
(B} CHTI“
130,138,430
13 IDHI LIk fa 11}
LESda i}
L
PRASONIN=) o i-0} 131, 091,14
TINGIR AN MATRIR RETuMNM
(L1 LT
WRITEIRDUTL I3EN 410t LAR0LS00I0), 2T
®ETLHN
T4 DIv=Ci
C
ltLlJ’.\u."l
el
I.l."
NORRSL 111 Gfw

0/ COL /RE S, &
eLTIFaSDINY,.
3

N SUS AHIIDr LWSED. 2y UH, ED
1L Ll

131 ul e

L8] WU ITEIKDUT,3S
DIAGONAL 1ZF W
-]

50 10 de),um
el tls2)

142

[ Llhod Uhecd
!ﬂl tu.lll-l:u.ul-nru-crhl L]

mm L Uy
'll‘l N 'H'
=R

P22 00. 22 -
15025, 14,25 -
23 OO Hh me |y

s L]

I‘e
re

A0 - 1032,40, 31
3T 15195395, 30,1%
13 00 % W=, np

Illl-ﬁllc‘}

4 C

l'l"l !Tinl'l.\"
ITH OO ITZ M=, MAN

bits ﬂll.l"ﬂllu "
3TE in

GO v 1)
38 A ¥ A=l AP
themyags

Lol
397 301 phhe 401
Y 150
A0 COMPIWMN
EFATER &y 4!
lltll.:l.J-l.l!.lzal.lnl.n.J-l.n. L1
1

alplayamy
178 AEnAY
Ll g IP T mn WOTE WPy NN M

‘Im‘l.lﬂl"ll Tudipd=laRFh, t00]

[FFLIFLL 1)

L R N N Ny N T

SUSRBOEEMEY #08 RADCATIVE TRAWGPORT CALCULATIONS.

L A N N N L RN RN NNy

SUNECUT 1% RADEW

ap




3 a«v WEADS 1M DATA FOR TWE RAOIATEON FRANLAOAT CALCULAT]ON
BLASHFFI3KH .

COMMON/RADFRHYESO AHVL I 251 4C1 .E! L3 C4 LY, DEL
LEHVEZH  FHICE 3] , FHWNE2S ) JFHYRLE EMICRLILFIRLLLLY. LY, FL 2, FLI
ZFLGHGAHAL 30N ] 4GEERSE I ML) Iﬂll MAES,NBLP, ND{30O ) »MIC, HIERTLL
TV NEHYL Y UL b T, Plf“\l!r'(l(ll.lulﬂ“lli.K“ﬂ.IﬂlT-lll.mL‘
Ao ¥VILEI(CASELLS o THEWISAE , TASMLEF9Y

CITMRDNS L L WEHYL | 100 Fa |ll.VlEl|!lll.ﬂl‘.l’llllulllll'l
VoMl XNOLT YOO -F\Fl'lllﬂl

Commims INTC M KR 3 L
COMDNSCONTRANERE | 200

[SFLTINS FIL]]

Hes
REROIM, B VIMCREI Dby dul, ?0)
82 FNRMATIZOED)
F "blﬂll'ﬂ'ul‘!i-lﬂl
.10

IWPUF TaBLES 101

fan

MEADIM, 2781

READ(M, 740

SEADIW, 274

READIM, 224)

AFADIM, 2261
TTH FORMATILETZ. 4}

THINXT] 10,05, EL
CLRIN D ImEahl])
st Tl nriv)

3

ML EL D FEIT R GANPL ] RO I oGP 1T,
Bl-!!ll-l. Wi2. M

IFII“III-EII Qa b RWILADF = YL
413 Cowtrwe

[.]1] 1]3 l=7,0%

PFAMRLE =HYL T )= RF %te.%)4,5]]
314 WRETE{M,A0C1 HYLLIY

1

A3 CONTIMNUE
SO0 FORMATEIIH®SM (NE CENTSE < o0 w1 LE9,. 3, 29m (1 OUF OF SFOUENCEZSee)

[
c PRI My vALDES TR CONTTS M SR CYLATION
r

AFADIM, 119} winyl

119 FORERY (24135
AR, FUI l‘WC"l.l’-l.nlM'
o dmp K-}

ﬂl‘l:“l Ill AL BBZLNA0
ABO1F FHVET

EOREAT|ZIHASR LN TIMIN PRI Y 4T LTa 1,200 1S MuT OF SEGUENCE
RINYE

4.
N0 A% [oh .y
THIWLIAE - n.

AHYL

TFUARDUEINE AAnIC4

€ Pty [N MR 208y My
._u-uumnuxmu!m.luul?!l.n.rz.u.u.c Nnu.ﬂmsn. 4 3001,
KERVE RS FHNCYSONL FRYNTZS ) (F YR ETS a s
[ITY LT
F!l'lll.YlH'Il
SV D EATEI LS PUERISA), 195 1201 TN
COMMOMALTNE FuyL | FO0R k1.7, TCNE 1L ) o PLERIE L), 21 104 11 0oRKD 2 BALTY
Ta Ml UNILTIDGY (Gl {3800

COMMONSCONTH W IH"

COmmMONsRAOL DM

Ul(llhm-lﬂl I.II.IDI['

LY PRRERIREL L LTI IR ANS L RPNYAY 1)

.run.sn.un.s-l "t

LaL Tonta?
[LOITES TS 2 |
2 CALL L4NT2
3 CONTINUE
EvuEN
[

SUBROUFINE DADIN
INTEGER FAMOL,F AW, 81 FHALNETL

COAMOM A ERDSAMY 109 5 RAYLAZY | € 1 2C20ENoLd L4, BY t B

1FHVA 250 FHYEL 903, FHVRLZ 1 ,F H¥# 174 METLTE JIALVaFLEgFLEAFLD,
ZELGY yORNR SOy GEEISM I, M1 L4N ATEL4 1 MAF S, XBLY, ND 1300 ) MEC.NICNE L)
31 o H A b v o 'INPPHI|ll.|’€!lu!.umru|.llm.lnn-lll.mu
TP INLYCASENRSE WASE] . THWLED
.nunquwEmw.t!oohn.n.urnlnl. u’.lull RN PTL]]

CDMMOM/COMTH/NLAC LAY
CORMONZ IMTCOM 7K R 2DF oM

RLLTLOLLL VUL N L S0 L T b
+5¥1 L SP
D EGRCORFELE L1 B30 tat 3101 *3ex [TYMTH
ESCRIALI4PaFSLN zul.t i hean

H TRCMAN L TSTAFESE SA1a 158 L IRMONL L FamTAES )
3 SPNTER (FACHETT K1 W, KT JKARAZON, PECTH B
EQUEVALERCE LENSN1LE, V1 130, LENSHLT 11 oARYLEL ]

nuunu’lm:uurn 0

DIMENSION M PHAAL

WEN510% AT 1G]
TATA LALOMRIILodel 151720 200 oTHUEL 2 (ZHE= ML 1R 4 IHCR,
LIMHE, ZHE2, BHOR, AL o PHC 4, THH | DHND
AATA TBETAIS) o dnly 71/4HN s2i0 sI0t | 2WH 4 29000, 2HIVS, BHES S

10D FORMATIALIZ.1)

102 FORRATCLENZ.43

403 FORMATISION

L15 FORNATI 24134

223 FONMATISTLOL 3¢

226 FORMATIATIZ.4)

227 FDUTIZ01 1, 581031

625 ™ MECNILY MUST FQul £ REFLECTING MALL14hex)

2010 TEND CORTINUIG FATD NANGESOSS}

A0DA

4008 FORMATI M3HebeaRQ{ 1322 CANNGY 8f USED HEREwwwe)

™ B,

L4 173 1T

TNl = 18 - )

F 138
2

155

KEATLE} = RR{AN]
Wi & FHYTINIHYCE/ 10288 47E-5)
an s Ir

13
TFAVLI-TEE( LED 394, 340,580
36 ARITE [Hy4010F

43).LT.2F GN TO add

LT
40 LOMT NP
CALCULATF FLECTRONTGC PARTET IO% FURCT INNS €OA a4TORS and 10nS

ann

%08 fxlem
TLeTEELPPo8, 67E-2
et
NLf3a0
LO0P FANM 450 T 495 ESTARLASWES SPECEEY NoEwTiTy
ELECFRONTE STATES #F3 SO¥C|FS
480 INKstfEe|
HICFaD
LTI
3 LADP FADM 47% 10 4Th EWALUATEY PART[TILAR PARTITION FLMCTION
TS WCETanCEge L
MELE=WICE®]
TENUAE N IaX O UK D) EEREINCE BRAETRI-£PS ENLFSR/TLY
L FOLLOWING IF SEATEMEWF FRSTS 70 SET EF TOTML WUMBER OF FLECIANNIC
3 SFAFES ( FOK Ay $PAFES 4% SYSTESE MAS BEENW EACEEDED
CNCES.FOMAES| GO TA $60
ANICELEQLEN GO TN ASe
0 To AT
200 Lrutynu
“--unn-w.nmvcl
RET LMt
il

Lm-nu WOOE N

a«OR W5 SPECIEY mImBFN NMENSITETS FOA EACH SAAT 1AL S14710R
TuTecER FAMDALS ANOR, ALPHE L REFA
L OMRONS RADSRHY | 53) VLA Z%) (L C T G3aN L3, DELTREPSI S8 b4 FFI 200},
WYLEY] S F Ll N00, 6 1251, FHePLFYl, LUnF 4 LLIeFLE-FL24FLS,
!H. G BOOE (GFPETR YL 4 TRTAY L MAES AL P D4 ¥00 1 o WIC.HICHIL ]
B9 MEHNT o Y MU 73 MY lfFIIII.IRll']I AWM LXQF T, 111 YDELT

~n

L1
Ay VTLLNI CARENRS) o TRINEIC) THEWEL2E] L Tw

491

LC®A KT Fa FLEPLEN o Nl Jlg | ) 3 2R

AL INE FHV L 1Q0 X, 0 2,

Lo EWOLE HOAS LUK 3O

BADCONAFRI SLLRIE T

SETAS S 0%

cu-u- sropcan; l::r'n H :!1|.lrl|u|.ulu|.unuu.
urul.Ilul.n.nllol.u-ll!ll. .lcu

ROTVLL 2V REEILa2 L RFAND 2 T, T a. n

IUlu VUL L2,L3.1TH “ eV,

LR LIAN T T l'l.FlmAllll.FMnN!ll.

sv.ulu.u BH RN, KKRE 20D L ATCE AR

Rt LRI R RURE A PRA FY 1]
1o

-

DENENYION Mwiksh

DEMFRLiOm ALPHAL |2 XMMLOT LT F2QF TA[ TY

DRTA ARETATII 4203, TUHAIHN (PHO (THE o IHW , 2HB o 2000, BHE RS

ﬂ"' HALPMALI B, dv Ly EBI7 AN 7HD L2 2n. «2HOT L PNZ  IuEN,
«INCTy ZMEY, BHE 1Ry PHH L PHMTYY

(3
c PSTARLAEH TDENTITY NF EACY SPECIFS
<

o0 41 Jekeid
I =0

i cu
lavE. M Purijil GO TO 298

gD 1A 9
23% LomTiwyr
B COw¥ M

L
€ SYART DO LOTF O SRATIAL GR1D ARanry
¢

B 20 1= ,mv

PAE Bdarnid 1y

00 k% Je1.19

Lialihgb

P IEJ.FO.DF GO FA Ik

AWM d BT VIIEZ N OPRESCaFA R, 1V PUEEL I8
in a9

b ARNia kD,

1'% CONT It

0 CoNTIwr

O WUwRER OFRIITIES
wy
170 - 99TERI 10

Canana¥PhATive
nh g
T

Cyousolin
HD = L0, P REH Ky EISEN £TLI0EW ] Nt b
‘lllll.l oo FRDUEMMI B, A b 1A AN 1 SE VL «ARAQIL NI UEAPE= 1,2 10Y

MAL Yo F U XU 2, ]S, V24N DI SOTFE{ 1001, 3REG0 2o 1 FRENPE-1,
l‘-ll"'l.l“t. +2.eEXh -0, HIRIFTNINY

WMMTLZa DN Ol Sy D244 a1F ) SRTFR 1140, T 0N00

(2] THEXP(-L
L. )l:lllfu. L1}

LBy 1NN L, | BRANNES L T B2 16 BIE S TSOTEE LI IS4 |, $420{ 8,1 D¥EXPF| =D
LoTIeATLI
Coneeinds WEADER DEMSITY
SANTEYION FUNCTEON QATED FR/M GILWORF (GOMD FOM 3000, -13000, héd)
1005, 13,8700 S0 TO 834
Q.

474 COMTLMUE
'Dllfl‘l-ll!"l"f!l‘" !lu.tlo.ssnu.u=-nuun".1.uu..”
AP -1, BT oMM LILPY]

9!! IEMII"IJF
bl L
tnp

SARRLRIT | NE FONTND
ZONRBN/ARD A LrA V] 3O ) VLA 23D 2,00, E4, L1, 08L
Aad L2 13 ME
ul.ul“.uu.-.nnllml.ulc.lil:luu
EECLT) HOLITLI, KNDk ¢ NG

.
WY IRERE RN b,

WO BEMVG MY, VUL 2
R AALLLELS L] I!'I « I (SO0 P 4SuL 25y
0

v

LOMMEN/L ENF2HI KLoRZ, TLOMILH, YLEPELLI XHM 1B, L1 D hx i kA4
1ML aRTLEI 001 ,w
Eﬂlnﬂm’tnnrnl"tltl!ﬂl
CDAmhs Ent ¢ imy)
DIMEN5 10N ‘-.Hlll |"N‘“l"!!€(l|l-
INO{IL 1P IPORLI LD, FLINE IR k¥ 1PR D)
ﬂlI!IIIW SCALIpSLALLDSERI LD
s lll“l-lll

FNI!II.E'IG

EOUEVALENF ["lillh RNOEN L UPTIRILE, PIRILLIY

0o L L -

FYsMECHILL b
120 SILL) = ¥¥AIY)

ALE o FLG » , 00001

Ml v HEL L HN




0 L LLekyulC t DETER®IMES THE FREQUENTY POINTS FOU FHE LUNE TRANSPONT
FADMILLI =0, 3
L FIIRdAL)=D.  DREON /Y anunvual.aunun.n.c? E!-CC.CI-EELU-EISH&I.“!!BBI.
On 90 Kaky NIV VEHY (29 TS FAWRI 230 FHYP 1250, FEmICLT V1P FL1FLTAFLG,
AEEW - 0. :ﬁlal.unnl!nnl.nsslshl.lluul.ﬂznn.urs.un b 11003  HEC, % EENT LY
£y - O, 31 NTHYC A0 MU 25T MY PRESE N TEEAL1E, wOLE1) | XNOR ,XQ1T, 113, THELT
o oM fe, AHY LRI R CARELLY THINLEZYN LT
Tl-'“lll'ﬂ B2F-% COMMON/L TMEZHWL § 500 KL %2 FLEMILLY  TLEPILLT KNI LALLM, (R19F
CALL Wy [FHVCIKS  TLoRTNA &, [, unn.n.llurs.u.:n«u LT NN L1 WILI3G01 GURL3A0F
LERMAE, 11 XXM, F Lo KNI LG, T, VBl LOMMIHSANTCOM/RA 20K | My bt
I T .uuur. :nun.n.-oul i, DEMENSLOM FHYS4LILXF{ 201, SK4 203,058 1 204
DEMFNSION RLE4)
BEEf[1aD. BATATRLEUN o Hv Ly a3 158~ L -3, 0 3E~24 0,08/
NQmPHVCAK FTY TAY=0
TF18G-05.) 2% 3
3 SCE[ (1m0,
AVCLEIT TR L
e [ THECK ADUNDAATES OF LIME GROUPS
16 AEE1Tbn3. L4t honER 101 HYLLLE I -EHYREE LD 34, 30, 31
W CONT Iy {HVLLAZE-FHVPILSE 31,130, 30
LALL TAANSZINY. u'.uc.nlc-- C3REE FU S SLaS2:TMeF 38 uh HTEAN, 3800
lnnnmu NEL1F GA 0 350 FORMATIAMH woewp [NE CENTEF OUT (F GROUR FARGUENCT NANGResss]
I = AHVIK] % BEFW s | l.-ammn - e E Caly Eart
2745 LONTINUE AT TRl NgE
B0 265 Lix LuMEC N ko€ —ad/ (CIeTPINTY)
Y = MIENULES KNIM=d), Ly iyl s ¥ Y
P48 EQMILLY o FIHI(LI MW AR t-TRIE YL a0 4D JuNi.xZ
o b n LLe [N
45 TFU | € ELTARLISH LOCSIITN OF #n4T AESOTE NODAL AOENT L350C
TR T, L N T e S TP T YT N < FACH LInE
FIUPALLbaF EARELL B4 dERRILY InF UPATLL) N[ FAVTIRI-PuylIl-1014}. P
S FIRMARLEsFIAILLY
FIPELL baF EP(LL Y -
41 CONTYNUE TEINOCa1,CT,18) SpnN]
50 LOMTEWOE CALL WULEVHYLILE, SH)
©F fLNN LR )
Ean

<llnlﬂut|'¢! LINT?
NS RO KIS I (B (28 Wl 1l

LFHU(CHT) RHUTE 01 EHYMI 35 ) F B | 281, 1

ZFLEL GAME L3081, GEFENRY V11 18] HTIE4D AP Y,

L2eFLGy

ML P CALE TILAVEJRPT, 4%, RE N5K, 1)
p.unuml.ut:.ulcnul

TRVC »DSKENY 007

W MTHYD o Wy UL oYW PUt o 113, T T (R uDLUA LD T o 280 Fy L0, YOFLT [4 SPECTAL COWSIDFNATEMM FNR wYASnSEN L INFS
¥V LN L SEQ 150 TuspiS0or, TRAMLEZS) T AFICANP{J)} ADD.ADLe 403
COMMANIL INEZAVCA 10T vm ot o TV Emy L3, 11 PN | by v anL peTed
l.lll' XMDLAIG0) | GuPd AD3 GEERRVLES R OR7 (%, RORT L Foammd Sen ] I8, ¥340
0k LFiR-1atys | ADY, 4020407
1201,= 8 a0 DI"I."I R 110
Y n

) w0, 408,405

wsleum.tu-unl. «% T
04 n”ul-unncn

"lll WFIATE L1E FHUETTY 52003
.

n l‘l‘lh lﬂl I'l"ll
LALENY

JTAYTH
lI ’)llll-|°‘-|l!llhl|ll!llull'llll

50 0
Fou ALENCF € KAN, NNh) ws LIS Arn ] 4D7, 408,407
na B LL=1,NIE l.ll-ll(ll‘ﬁl
I¥eNILALLLY
K20 LR} = YPAOLP) rt- I ) 403, 400, n 80
WCL = FLGE » .DJODL 408 5 QPIJinlLllitnlL
KEwlY 400 ©ree) Dyt

LU NET,
LIEY RN M
CIaILL - 3,
FIATALL) = 0.
FIRTILLE = O,

L RSELIL L LIPIR - LTINS 1T A )
AN

o AW
HE £Qa0) CAMPIdRaD.
[LEEVETLN )

BHUTIEN S r
Il = a. 3 EACr FAFQUENCY [WCREmEMT 11 FFLATPO T Trf AQSACEMT FAEQUENCY
ru:nm.u-l. C Amfkrmguis 4V & FACTOW NF JofN, WiEAT 1w IMCAEMENTS DECHEASE
30 TLERILLIsA. [ AN SI20 5% TWE ONGFLTIOM PE THE NELREST L [WF
=pap t
30 8 Rl
AT ¥id] HYLLE | - Febym§,
niaRFeNy(E) (P ISH-CMAK) 02, 05,02
WiL + mmin) B2 THeCuL
AEEW = D.
JFUENN L
R CNUREIFL
FLsTELNNI#N 42E-0 -
REFIL] L M-GOR TR B0, 19,2
awsFeuce WH W0 FRYSLIRY AL beyLd 4h-tm
TFLOw T 48, HQN0. SFWVER OB I/LEXP | Dt 1. b wWH BLY Ladywe
IFIMLGLSAE.© § BEEI Pud IR RRBERNI] LYy HIRY
1O CALL MY CFHRIRD TR il npd b lnn.cl.uun Bl PR ALY EaR S ILT 1Y BNk
LIXHEE, | | RERE L E ) KRNI ] T SN TO 18,
Fxung | TG 1hod b kR 170 huun-. 3 cntuurr F2 FAETARS ©OW FREQURWCTES LESL TMAM THE LINE CEMTEN
BERULTIH 301 0 Y sk 19
CaLL 'rllnszmv.\'v.nr:.hl:u.c:.urﬁ.nu.hu.u.vw.r oAy o uuu-u oufulnmuq aIrRELIY)
TEANIENA LT e kTGN 15 Mt FAALIROTRAURRSXE £ 211 1) 040F1 35 NS UEe LT 00 KRt LI Iwe
XM e T e KL - mvunl - THSWENE] * FImtl) 1048
G oA
)
265 FIMILLY v FIMILLY » uJw ¢ EXPI-taytiT1) el
L FREGUR N3NV PG WLF T a2
PP = NRH/MUIR b poan
A0 aR40 45w 1 MSL St
INSLELST » 4% Wt Xk = IH
16 = k4 = L+ 105L14%) aa EFAABSESN I IRFREM/ 5= 1 Qh= o ID01F bub oS

l! FLJied

N 4801 1K ® 1, NPk ) 3947 KF1IIB4DIR4 JLNPI SRIGTA-SKA I 1T

LR . tn-n s enL WA nnrn-‘ -
e 1+ %001
Illl.l.n( u QN IRHYSIL F-FRYSIL-1) 377, lodp !M l‘muﬂlmwl.wnﬂnu STORS) 4X.Awkrnt, SK, SHEERALNDFS, 15N, IHE, 31
CaLL IHI.EIFH(NI.I-SI W) TR JHOMWT0 y | SHNEN— FMCRENENT 50 ZHEK 40, BUDSK)
o1 Wi B % JF=ls2
o5y FARexL—SK{ J214G0R
NEZEMNCFY MICaMICHL Ry REE T S 81 ST TAUT I L NIS ) s -lllh #1007 RELITE.ER -.u,ﬁal.uun.nw:uz)
TFAMICHALE NEL LT GO 7O 2Tl 1% 1 2EI3B1ERal ik, a1z,
XML = XJHL b [1s = ASWLAKE - TEAULIKID @ xyery) 104u uu;
2743 DA 278 ALen g 087 TE
I¥ = MICMILLE . A5 200 FOkaa MIM u(nunu CRED INFAATLON DID NDT COMVANGED
(X1 " - MM tay exl
9 Wed [ f:-nuls
TFILKLEDQ. LI G0 T1 ana 0kl XF{Li=8.}
FINTALLIFINTILL bodREMILL ) bRTOILLEE  wOUE M2 £ ZALCURATE COREPSPONDING FREQUENGT POINKS
FARTELLIR I FTILLI @ EXFPAL b EXERT ) wam 8% nn 1588 Luj,mm
160 clmodiy teafmiLLy 1084 LY-Le[AY
302 AIPRELLE w NIPALLS ks FRVSELY 1AM (] -CORREAT T, oF XD 08 MG I L D=L, DAER]
4301 CONTIhGE Jas 130 CONT NI
nn SBa Lo laH 04T LSE CONTEMUE
FIPRTALLE = FITRTILLY & Zuntifc) & wiwTrLLE W48 1F14-REL T al.'r
FEIPTILLY = FEIPTILLY ¢ E9by(tE) & £IOTILL) 104% FIR TR T
FIMTELLY « 0, "o 1F{SP-GRAR b u.l.!.oo
400 FIPTILLI = O o *0 APetima,
WSO CONTEMUE W & m
PN 303 kLednie aTa LT Sma Smima | 4ol 1-HYLLIDI
DIPCLLL = FIfOFILLY - GIF{LLY * [EIL i) |nsn-&un 11z
ACMELLT = FITMIILLY - FImjiln * (FLL EE) H
FLIPTOLE) = 0, W7 [t l!ls!-mlnu 92.92:0
TILLI = 04 WIr op HIEaNme
4 KLISTLERLL beDIPALLE - I mx-:luq
381 FLCMELLT o MM ALLE wre W inBaNiEs]
£ om0 I8 L=NiksTRY ,
308) FHYSH N1 bruvi, 130
. 108} Bo 13 t-llﬂ.'l!l
083 L¥=Ls
SURROUTINE FRED (% M3M¢Fuv S LFILN 3% i3] rm;u"-rwsul RISt 71}
LLL} ] 4o ' 2N




[ CALCULAYE FI FALTNRS £0OR FREQUFACLIES LQUAL ¥O OF GAESTEN TWAN THE
14 LINE CENFE
B A A Jie|,
41 SMAJLbakiL. nusuuuu« ~L.0S/NFESN}
DEKAFLIANF ST 2 DA LR OXF UL 84 2 Qe RFCILI NSO MR~ ={ 1 0SXPL LD
MM el,00
TFOARAJLIFGOR/SP-20.1 A2, 82,40
80 IFisLl=-1} ma,ba a3
66 XFLJLI=KFddLEFD.
60 1A 41
BE XEQL b aXFLSL- IS ERFLIUR=NL( $1= | N 1SS,
foTn 81

&2 Wi eSP
TECARSISKAITI*GORFSP- 100 -. A0AN) 10, 10,85
&Y NFEIEelI=EFEILI#OSK a1 1a {52 GNR=3REST1]
EFAABSISKIIT)PGARASP =L, BI-.000168L) 19,50,9
@ COMTimWuF
XL usP
60 TN &
10 Fuaxfisnn
MLSLLT
HFK=2aRE 41
r CALCULATF CORRFINO4T/MC T4CJUFMEY POINTS
DR ZS0 LeMin NFR
L¥eL4lay
FHYEILY IrHvL | J)aiiDe
250 CTARFINUE
33) CONTIRUE
TSanFRalay
'Fll. ® CFAt 3 AEavSLTSI-FRYSIERYul ) OKNIN 13D
rARMNa]
a8 T.nlrrl!mP
4 CALLULETY TOTSL WyMAEW OF T AFOUFNCT BRIRTY |4 KFH SIMGRAUS
NEHYeRUIE ISl 2eNn e |}
EFTya
END

LIRRR LT LI IO M ¥ 2 1]

SURANUTANE MU 1AV T M AT 0 L T AT 00, LHZ s RE s 6L My AL yAER
AP NG, BRI, R0, ANTP, KM L R n PR
COMMTNAC AT AT ERT |
OIMENSEOM LeFEdr EAPNUTL, LI
PIMERLINN Tid}
M OCTIQ e ALOGLD I 2}
AT LR B LLTYTY
L=l
I=1
TAE D oXRYEL RPN B ZE-DS
TL A -I.hlw

LYY LIPS T N )

A%2F 405211, ~FER L-riu s, 4311 1202 N
13 XY=L K ]
KOw13.4/40 ]
l['!§ S

N410.OFFXPY =2  ABAKE TILE] a UL XM=, u.llllun
'll'“'-ﬂ SIS ELI IR I L FeUNRTAS P 3 T I
DLM=. st o xP) ZASSARTALY I v ERME -
1aRTrLa)
SA+LZ.00EXP[~S, JbArn e 1)
T PEXR| - HALF/xv FrLn)
HU.{"-I"-II-!I)

nuu ll‘*-ﬂ"l"l-..ll!

ERLal. o-txn-u:
CovassMITROGER HIGH L INE SFREEE
IFCNCRC LI E 830.2% ) 600
A0O RETawT1,4/NRTEL)
u-som " Pzl
V-0, 881 2540, 234040544
2340 !a)-: L et R LR YL IR L ENCATT ST T Y P P
LD D825 H humen. v o)
PHNSEEQ 1/ CAEEL "
nu COMT 1MUF
- IXVGEN HIGH LINE SEATFY
TFAWCREIZET BAN, PHAS, 401
201 IFLHY=0.0%1 F162,2%43,294Y
N4 EQhmZ LN -De R RE X -RF TRYAAL VI (TRPCRETAS 1A )~ 1. ) RF
TMEA, BBETA
DOHSa BG4 F 4 BFEINT, T7)
2548 [ONTIIUF
Tarera¥7+ CONTEERUIION FROW
TEINCACAYF) &OF, M4TS, 807
B0 TFINMV-F.231 §044,10T4, 00
MOFA AR {WY-d L4 ) wu.mn 1871
07 IFEHY=), 5] D& radd
04 ONIPs i Andiel. G-I'Il ln §+11.%5 7000, FIoHv-0,91 suven )
G0 Th dois
OB ONZP= {AMZP oL E- L P dLD 901 - 8%, QREH , JLETVE-OFo N (L) =32 VA 7TR T4 %
FE929HY 110, 814-0. WO EAE 7o T AL 190, I S6ARF-OABTILINal i+ 0aventse
THEM4RD, 4190TF- BN TOL D=0, \IR4NE-TH1I L]0 u2) |
lurs CnNt Ewe
VEGLTIVE 40N LOWTRIBUTE S
TF{NCRCESI T 603, 1032407
603 (FCMV- 1. 721 108,300,300
300 AMM=KNMviar &l &f- ke
305 COWTTHUE
{- CONTRIBUTION FAD% SEMAW AMbD mMANSCORD
TEAMERCEI0 1 dBU0, 04004401
ss8l TFEHY=1.7%) AW0D.HW0T - B40Z
BADZ NLA 2 NEM 4 A 4E-] TOACERLS T4 AFESLISTIL Imu L AVOCHVE DP g = L 23/ NKIMEY
TN
600 CONTINUE
. "- lerllwrluu NN CrANNAATF mdk ANN FLAFAT
S04, 2302, 404
+ 2840, DO, 2507
2900 TPEMY=D.T5F 2501, 1401 ,2%a)
2551 IFAHY-1.31 6500.8300,8501
E=LTISC=d 30T 1 S0t

[ FL LAY B

B a2 N EIID0

EZMAN A0 wN,

et 502, 0303
EnLTIM B TAS- 1 ToHYEN, L2502, |

02
XKW = [AMNELLE=] 710 3,3-D. 3 33 0HV40, QL2971 YOSY, |
GOt FarE
e CONTAERUTEQN EROM COUNCH[LL.ARMSTROMG AND MUFLLER
TPINCRCI&1 b 6049, 2%5L0, 808
S0F 1EiMy-11.1 909,250, 2910
2503 IFIWW=-1.51 2540, 250%, 7504
2504 [FAMY-3.5F 2905, 1%08, 1504
2505 XM= ATRES, 2E- L8
uu o 2519 .
4. TF 290T,2907. 2308
JE-IAR LA, L6—0, F LR eRY )

2304

T lnH L
GD T® ISid

Z508 KDReADMSL, E-180 | 55,500 4% may)

T80T CONTINE

L MO ULTRAYIOLET CONFRIBUTION $80M GTGERNAN AMO WRA FLin
TF{NCRCE TN &05.2925, 408

504 TFiHY-13.9) 2500,2%10.2523

157

291 10 LHV-5,0) ISN-!5!B-1III

1318 1€y, r2s

25k Difls | akdey £~ .l'lu.ﬂ
GO YO 2325

I51S ERIHY-ID.F 290T. 2817 Sas

TILT IMD=ANDST, 9F-IN

4 TRV ON . B07ATY

Cavara®D YISTALE SOMFAISUTIIRN FAYA BIACAMAN ANT WHAT S AN ANV

579 IF(HYV-2.20 2504, 2924, #3571

292l um-(uml.r—ll -lo )
TZeHYR -2, 7 1D0%9E -qpaTHL
493 AT el U!OHI.l-u.luns-or-nqun

u“ cmul-u!

AITA05EN ATDREC CONTR IBUTTON
TEIWCACAS) | 88T, 15,401
1 n--w- n-muuu i‘"—!lx AND S TN HpRa)

e nnu-u-u.lumﬂu [Th
IFEWY-R0. 81 £3.Z0L. 20
0N PU=DMSANSS . LEE- ) POEXP (LD, BF XA TIA 1K NI/ DHR
ATUHY-12.04 15,202, 0%
BOX DMuDMoANSS A8 =12 FEFE LS QAR L -AWI SN
VEiry- 14,3} ll.ml.zn
203 Dueirn
4 DAYEEN lrul: to-nrwnult
13 0red.
IFEREACLAIT  &Oby 409, 404
(111 w-wnw-unu . O/T.DFREAP (KE-KDI 41" juyee]
TZ) Bhell4, 204
2as u-m AP I8 2ZFAKTIL1-RiL
020DEvi0. 14 1540 4TIV (T1L | FADOS. 1}
RiaHw-a, P2
DEANEALSFLAA MOS8, A0 T IO LG ERRCTL =0 .07 5 7500 30003088
Ixyeer
Ve rme 1340 152 208
283 DEets-ACeY, 61 700N
A0% O InUE
L CDALECTINAY IO ALBFEMANS 4.~ BATA=NOT (WCEKED ABNVE 19000 DEC
LE-8000. 1 1340, a9 H, 49 1y
my-3 °| ANTT, 4917, 4000
00 L4VTE
4

EETILE
Jh4tHVOR2IOND . STS

14
AL/ apan. 1
1800, 1}

'I'l |Itl“ EPAXE-T) | frryani

IFAMCACEIII) oLy,
#L3 IPCHY-2.0 LA, L3014,
D308 [Fimw=2.0 130,201 20T
20T (FUHY-9,2) 208,104.18

20N NOF= ANZHA0Q,IRLINTL TAMHIO. W0 r</RETIL 1)) H0aP |« Tannt 1 09%/ 4 700
III'II.H PEEHY-RLSh ) PO MO P Lk TRl

13r 3 A0F0OF - D7 T U1 | -U . 2ah s AF-DaNT )04
WELEFT-OIETIL hha 7 ie SRR OE-D, 418
LIRELPAN]

# H | .
FA300. NANOE~DATTTL3 -0 AFTIAF- 0
3 WEVROGE ™ 4DLFCULAA CONTRIANIT AN
L¢ ang=q,Q
(P ARCALINEIT &La. 2018aaie
1y IHW-Q-!I 1930, 209, 3t
204 TECHY-12.7 F1319, 21 0 20RO
#a Iﬂm Lou3 28021142
CovernMF MIRGE WOPFLFL1 NETA FENM 4FPLETON 140 SIEINBEFG FOR MY LARGER
c THAM 10,3 FY - KNG EAM® SLIEN FTL AL, 103 uv LETY THAN EB.9 €V
AL ONTe (ANRSTL B2EC L9 SEARI 2 PAWI- 14, BTY -0, JON
NINTULTORIAHYEL -0 3224 -0+ d, A NIAME=OLETIL ) -0, 412626 -OT#EAL.
L L L T L N I o e T T LY LR P e P S
’.(\ o 2810
AMIFZ S2F 5L SERERPCE ADRES1-38, V0440, T T8 TF =024 FIL | -0 418 P60
I~° LSBTl o SOTE- O RN - IOTEY 20, 324426 QTR | LISPT 1aTHYeT |
TR =2aISTOIE-B1e8. LATERE 04 TIL 1-0. 12 P61E-OR=TILINNZ |}
&8 0 2010
2 LOM FARGENCY RANDY AL+ SN0 2l F

RIAFZ%AN 44D Wy,

34
. I:ln.nqhhq;
B 2DRANIALO ] = e s PR, AL Oy a2 ) BIASRE LR I P2.E- 1"
LT oL B L T A L R e B P TR I Y]
G C CONTRIBMUTION
3 D FINS CHECRED BGAINT w' ‘MusdDl NaTa Jav-gR
ocCh=0.d
¥ {NCRC( 13D
SLE LFAWrL, 2T

LT LT
+ 220,18

I 1 FAHE-10.60 2L Z2EL

e T ELE A AL
-OSTF-DESTEL ¥

ML =1, )
e Ll TAR-BAe

\J?'NIAIGV! 15

B ¥ 11N
EOOL BLOeaCnegERs .mzsnun Z=LAAe, CTLRSEAGID. A f Rl AR el D R TR
: WYDROSEW i F 180T 10w

NZ LYRAN AN un!l- TONTRERUTE W Fhm KETIHER

lll oHpe0.0

VEARCREIT 1nlo.119,81n

BAE PERH-R,881 110, 270,82

BIE IFANw=24.0" 123,270,008

223 KR CHVeds L gaTY 124,02

192V [FTNV-R0. 1 1538, 0871, 2511

FEIN ONZe UANZE | EBIN RO, 0w =120, 7100, hF4L0F QIONILT=0, BIDTHR-DAATLE dne
L2EHVRILT. 5 2bmde TAOTAE-OITI L 240, EZONTF - QRO TEL I M0 210 rHVERIIS¢-D. 428
ubn.nuu-ﬂmlui-o.uwu-oa-run-z:l
LRI - 3000 F Lib,912%,91 7%

"is 1NI-IM201.!-L'|-w.--n: sl’l-n.ulur DyeriLl
A - 1L 25 18- 00 L1 8SEDYR T - NPT -DTATL
ILE-OQL et U2 IdE-Aa=TIL M- u.nn!! anetir pwe)l s0n2
GO 7O LEe

530 IEEMY=s. 0 28032513, 297

251 IndmANIN2. SF- 18

STILInwp
lllHI’ PTIRI0. 32

0T TR0, S4700F -1 #TAL )~ 0, ~ADIBE-0I4T (L}
t hl-v-lli.tﬂ-n PPARBE=BLOTAL badd4a TAE -0SPT (L b 2) 4l HUSRI bR -5, 3T
O TASATE-ORaT41 1-0, LIOYZE- 084 TiL Iwnz 1}

B0 ¥D LI
jLE] Ml-uunl.hlll-lﬂ w1 -3, llm-e.luur-omulo 0TIME-06T1 )W
B2 A= 3, LEBT 0, 2ehpl-DleNq L FoOReT{L1w02 e THYO2 14 T0. 0
alu-o.swul-unrluon.ul-u-o'r- ul 21

(1]
124 un-mhlu.wll lv.lm.uaum-u.on
AT we FCULAR CORTRIAUTT
"y nu-o.a
y JPiuceciisil gLTizn

HY: LI Lol
{av-a. 00 2Eh.F2%,120
€. lllnun

223 W PadLye
l'ﬂ.mm bk LLJ

[F eW¥-3.35) LS. 124 00e

-

s10.0ewi-25. 8] +1 . Pa vy



Crvar-SNE-HERTINENL
E2% OF200C74A0 %10, 000 L= 1. 3444, 24 5MHN-0,
TE(HY=1.1 1390, 029, L0
ConandSuiN
1300 ALZu0C2+ L], E-ABSACIESRD .S 4{ -3 ), | 440D SOLOE-0ZITILI=DudI2ZE-DESTYL
LESS2 by 4140, Bb4-D, 472107 - 028 TEL) 60, I3 THE=DAATILI#BZ) b{HY 42
2OBAF 0, THREVE-DIHTIL1 -0, TIRAZE-QIWI LI ®92] )
60 T Lsa
< RN HINSTY U]
L26 IC2-DC2RALINIG Sa| LB 7o 7, #0550 0
4 In COMPRIAUTION
120 9CN0.0
TEUNCRCINSI) #1081 2L, 610
® 15 1iev-0.a) LILyERe 2R
2ie 1Finv t
V22T DLWsLACHel E-L¥I410, T47 60, L¥ISIF-OIN
BZerVeLs, A8TL-0u LELSAE-028TE} ) sDeo0TALP~DT
PTed AIGT2E-0IRTUL p=0, 24 IF =0T #T 14 10821 )
IFEHY-21 121,1220,122%
N2ZA O We OCHAACNOIOL R =4l Lhad L bL Thomy- 1.9
C ZaoRaN AtOM CANTRIBUT FON
L2l ov o,
ILONKCIITI ) 639, 122,600
AI9 IF CRY-3.TR) [27417
127 nc-sqnuu.;;unuuuruw 18,280 FER VLT 1R C RV R Y

HRHYY e 1T

ORTRE=OT4T L] &2
T e {uves2) .04

amayangy

IISKCTELISERC L+ P SAPRATLLR BOIT /Hi0aY
1P {ri¥=8.%1% 1!!-??!-!?
3 DC'DC'AE‘! PE-RTSERRL=2, 15/ BNECLII/DLR
1H=10.05 122,229,200
riw Dttﬂd{ SE-LTOENFL~L. P4/ RE (L 1) /DL
AFivy=Lt. 78] LZ2.230.11D
290 DC=DC wkf +9 . 9| D™
s ROM [°W CONFRIBUTION

[
12> 2C &
1* iwCary | ll!ﬂ-l!l'i”

624 16 fMv-iS. 080 LEY, RN,
129 ')f’-l:!“’l!-lﬂﬁl:"l!ll'!I'lINvJ L R LA RENT LISl L]
nom

[RRLIEEL Ll ]

i
Fapl-f.tagn®ryy)

i
73] M ealCP ALAOL #u
17 Iuy=24.49
23F epeiiFel.
111 "ONFINUF

EAPMIE [l = SERM S OLOSOHZHOCTPDL N
02 rpM2

BZL. 62 ab2]
AZ1 IF Ini=0. 80T, 213, 14
THE-TORRHATIL IRE R ((AF-13,4 ) FERTIL N | 2HYRS)

180

b FoR-FabaneTi ¢

«hBF EA30L T34, 204
ATE=L3OAMCE TP = | 2,07 R0 TIL |17 | DWALSifosT}

L430.733.77%
ATSE-LSRAHSFIRE- 10 PAXR1IN ) b7 IBHARSHY Iy
Ensd, 138, 208

- SHE=Lnin /| DA sy | .

LS8 nadaulT i akaPull 1L b+ERC AN
22 C'Illl'lll.ll

5 PUTIVE MAELRHYE, 1LY
SALLun abFS Lint ARSORPT IOw COREFICEARFL
LM RAD S AHLSAS p BHWVL £ P40 (CLpC L Nadp O3 ML Tl E#34 3A0,FF L 3001«

FRUGL, GANS 3601, GEEI 54
W1 MEMYE s W 290 WY
Ao VHEILE CASECTRY, TRINESO)
COMMONTL INE AL 3005 KLy 0T, TLESLT
Lo 1o anOLCRO0E WGuP| 190}
NIMEMS IO STETE KA4PY
TFIMENS [OM ALPHI TArnE.0F
LASABELSLAT 10}, LHAS (81, S
(LRI PRV EL P, PR PLELTE SLEL TR PLEL TN &

PENTAL, SLAIA), D
BF . BY W s P T 8

B CEPLE PR L Y Y o 2

IATAlRE VAl b2
o

ke 1’
A2 N0 200 L PP MM L. A
1o 27 840,905, 0.4%)

"
EYSTYETR TTRPSETON THTIE T TG T LN B ST .0 'Y
:

R ET I I IO TR YT PO L e TV PR S PO (T P T 1T 4

24.Fa GZ\-.’I 33742897 =a F2LS

- TITE=) ),

r
B sd b3 HME A2,

1
JATALBHAE 41
B uu:ui.a-l.nr.

d%e

Bl

1Eo0T . u $3IF+

LA J ednl MEPR AT9F 402, 1, GU6F 400

206407, -5, 4906 +82 ¢~ |, IIOF+BI, -} FEFF0OTS

unusunsul.1-|.|n-.1ur-.t.-.un(-a.-.unn:.-.na-l.-.ulul.-

AREER] oy AT )= AR/

nusul tada 14DE+ 7+, 48364 D01 674E ok o= FZEs Le

LML nunf

VBATE (XAL1Ede LT IZTI TR - 28, Ph 1 ABES TN LR ILL SolP

LaZs TH1BE- u.?o.“nl--ﬂ.n SAPGE- 24

AN 5B Nei,NY

R
FIaTER

|‘l.l1 -!
TI=TFEAL 4 TE
. l‘EE”I’lUBBﬂ.
X = 0.
T ITAAY (Onw lﬂ INOEVEDAL 1] WFL
DD 230 Jekl,
“ Il.lil‘ II!E!I‘.G BN SPECIFL
IFlII-II LOL. DOk
199 iLe .
]
"I = g2
t rvus INE [IDEI FOU mEulfiaL NATENGES
0 T
b (R IK-Any 102,302,2
102 fLuey K
TRE=2
X = 0.4 -
€ THE INDEK FOA NEUTRAL NXTLEN
GD 1
i [Flin-J4} 133,303,1
103 [LK=12 J .
TREwE 3
EN = .43
c . THE [HDER FOR NEGTRA CARADH
€0 TO L0 .
A IFCI-3TF 194 204 &
LO% ILEnkS
1ansa
wi0 + 1000 % IHVLIJP+200D1)
&0 l'ﬂ 10
< IMDEN POR MEUTR M. HYDROGEN
& lFIl!-ﬁDl 10%:105,3
L0 Jiked

TAK=4

158

THE INDEX FDA FHE NTTAOGEN TOM

L& 1iK=L
1

STATEMENT & COMPLETES THF EMDEKIMG OPERATION, CALGULATE ThE

LEVEL FPOPULAT ICMS,
1

) AN ELR T WEEC KT+ {EXPC-FEAS [ IRYFTLNFXQ)

CALLULAFE LIWE STREMGTHS S IMG INPUTTED F=VALUEY

s H.l!qllIO‘l B1BIE-TIRFF{ JIoxy

LTNE WIBIAS USIIU H.El'- oM m“RER DENEFFLFL AWD STARK
\[l‘ 'lD““ 7 FREE FLELTA

aneas SFECIAL TREATHERT FOF I"DII"E!'I LEWEY
TFRILE-L4d 20.21.20

c w0 15 ALPHA A5 OEFINED "¥ EQ.48 OF ACUDIWEAN AEFORT B5-4|

C
[
C
3
c
[
C
i
[
14
<

D= ¢4, RVRRSY 27¥1 FEABTE Lo JFHVE- L FHVLLL Y
PPANI0- L0194 2DeT2+2)
LYWAN BLOHE 4 [NE

2T [FANDH-Q.0028F (224174417

(YT R :r.un.-nmﬂ. L bH Sk, 1481

GO TO l
39 W=F o b97 -8, JZBE-4BTERT [D 6], 345F
12T SOPE-SONEELE)- P 40E- | DFTFER]
ke =

;ll"fillf‘lcll"ﬂln‘ iwt-n.al
»

IO, 10 fuDehs2,3

s vedDm 0 #0
50 T L1y

73 [FINED-120040 12,930,121
LYNAM BEFR L INF

€
0 1FIWoH-0,011 N2, V1,30
A2 CALL OGLEN | MOS8 B MET S, SUA RS
Ba L. many
Lo YO 113
2+ ALOGIGEAN I S, LHIA-0.TITS

NS00, %) Fucierez.

KA TATIE 3RV 2
Rely PRE~SSIT, 40 MDA ¥ F7
- RLE

n ut-w-uh-uln.n.u

£
SEMM] T THOBA, 30 *ITT

BT CANmS THE T Lo Y D P ORL LA YaE e FFF{LI A
l’-l"!! Il"ﬂ-"

£ m"l g rHe L InE
4% IFinib-18m Afpat at?
wh LFluOu-0.24) 143.kal, 00
180 EIH ﬂl.ll

I
141 fel. uu”rnqn FUEEL 1 Faowd, $P-ALOG 101X Byl ) 108, T 0a3e i EQA0D. /TE
LtE1wwn.
LR !F-l‘ll. LL13

Wi & F7 Db 3] Sl T, S

‘I'l!

-
‘.lllb—!“l]
il IFduiw-, 3} lﬁ‘hl-ﬁ L)
NeY CALL OCLEN| o WOH. M By Ki . §H8, SHAL)
Sugo.rnny
48 to 1Ly
Ful T

GO0 JFEFLLY IS

IR ALNGACH NWhd 3. 1310, LA 31 D000 FVEFITIY

m
el STE ML, s SEAWDHSEE S
%0 oI
A% IFANID—4ad1 T0,140,00
c SASCnEn AL Prk LINE
R60 GARY, FHE=2LSANNT T, 1 1 SRLOGLH ¥, F
|.J‘rﬂ|u 0,8

4 WOH ® EO 1

TEFL LR AT b, BENES,

FiEmyLeetyy

o T
nk "ll.-'l!..t!o&l,
a0 to 11
28 CONTiMUT
Comenil ENES FOM SPFCIEY OTHER Thiy &
GaAR

GARFL ) SXNWIY, (DF[PVBSEY
T Crmingautinn niE Yll NESONSNCE BAJLOEAIWG

t e |\
IRdGusiab.Lt. Ly &0 10 300
AR = D-ITS'“T!Ill.lfl-ﬂliﬂ.IJD'SDITIGEICII'JGI.FIJI)
GAR = G”ﬁ’-”.lllfl- TE
c . LY iln'li NSING TWE POFFLER WIOTH EQUATION
llJ!ﬂiﬂ!’lJ LN SR LI F 2 T LIV TF ) Tek+10
<
C ATE VHE CONTRIMUTION MW FACH LINE TO THE ABSORFTION
< Cﬂl"l‘l[l' AT FEEQUENCY FHYL ILENE THAFE FW Ha$ UMITS OF (W1
: ervasUEING VHE LOWENTE LINF SHAPE
TFIT.eGam-n0) Liyvi2 12
L LS MY a%, 00 i PrnSanvi { I b ongntianmarh )
30 % )
<
< WHER TWE DOPFLER ¥LDTH 1% L ANGFR , TulF QOPRLER 5"”! 53 IJ!EU [l "K
14 EORE REGIOM. [N THE WINO REQION,HOWEYFR, THE qF T
13 SHABES 14 ULEDM RVEN WMEN THE DAPM PR EBFECT Wl.l'l‘ ™ ‘ﬂ!
[ RIGI1ONHE
<
FIFHYE=HVLEJ ) 002=gN042] [3,1%.18
L !ﬂ“l‘ﬂ..'!l”‘ull JSFAR] =0, BYILSSIFHYT -HYLEJ 1) S 2/ WDeS T /R4S .
STy =ML L31 beFrlhned )
TP {-0uaAIL VI Fmii-WL )3 1962 /uDAR2 )7 {0DAS
4 wuaoEHE AREORFTECN COEFFICAENT PER LINE (5 THEM
L0 Faundy A -EXPi-FedSrT 00
< aava MERE THE CORLECT IOW FOR {NOUCESD ENESSI0M HAS BEEN TNCLYDEN,
< YH! TOTAL ABSORFTENS COEPFICEFNT [3 MOTAINED 8Y Sumniwg NWeER AL
L4 NFY
¥ SIHI'GI Therwy
49 con
- QHUQN
Fhi

T 5 F

!IJBIW\'III"IQISII." "-lllquIDhC? .lu.lm.!:.u.u-.
“nIMENY 0N F 11

FIMENIION F: Te0mi

biNEnS 1ON REELLD, Inn{ 1)
L FIMLIYFERILY

NYP = W

MYR - Wy =)

FIKIL) = 4,

'l'"l = 0.

«FAUTII D sMICHIT Dy

wr 1s
of cu FETIL ALY




Tewvide1-vrRry
pril 2

Wy
¥ o= TMUEN/TRULE=LD
VL=l
DEFALSOTII-| IOMLF
EF4AASIYLY.ET 0,010 0O Y 2
FALUTAR bad) ooy 1od0, Savlride. nink-P IIi"Nlll‘"IJll -1
¥il

ONAL I=DYA 0.5=¥1708.411.1313333

D'I:‘;I.'IIDT LOQ4VLITh. 8k Y1)
z n-mmv:

LL

v}
rmnn-vurnnuu L1e0rAL
METEe0YALE(VI-H1/¥2T VN2
e I-Lempaatvioaira?

tuﬂt

v
nﬂ W Llsdgmy
EYRI-TAUTI I D

'Glll uvullrl\!l-orluu 1"

LT EE N

ofnsELAlE e TanTil}

EEA [=114EXL 1)

=LIPERAT Y+ FUMFQENI TAUPY L b

S5 DA{LLY = FIN{ (V]
DN %% LLs1.NIG
FruiALl = gmiL)

s FIFILL) » SFTLE
an o

an
- Munn b TTIRT
aEr
HID

RILOF (Mo laY e 30,0, H01
A1MENSION :lll.luhslln iy
GImtwsiOn vriS

O mENSION lllih‘ll‘!ll-'lll‘l
60 | F=lyw
TLETR=ARNG ¥4 T
CALL SL0PQ 1M Ro L S SAR 01D

...
z
T
i3
3
2
a

B TR R TR B Il
FeavElbavLl
SPaga|li-S0 I‘Il
FOay L=l 1-g 0
¥YER=YOI0

TI“E N0/ X0

SISETSE hydyd
i - ln IR N UL IR

-

o0

lvlll-ll.nr.(rll ]
A=, o

RATNI=XIN=1]

-

2 TLL AL

TEITYES)- vlun L1slbalr
11 vHAN=YYIS)

MY ELY
12 90 13 Jaky$

TRETVIIN-FHRRY 14y %, 15
I8 IREYYLIL-VAINE 14,013,713
(9 CONTinE

an ta e
1% ShAadyY(sh nlnuzn

150 VIR

[RAIALLY

I8 S0 [ERPIYHISIDFSENES{], P UPT-45a 0N
1Y M1 = Ri[=-L) s
&noTo 3
a.on 8 JelS
~ LYTLIE=TR{ J=1F 1 1A RDSA Y
P, ullﬂ!l!'l‘--

LIRS T P ] )

SemrOUT InF GLE 1N, I UL T P
OfMFHSLOM LasiR]pXELB P4 by Pl ) ) ML)
XO|FaXd NUMKI-XEL

15=1

I 00 fel.N

Ta=i ANt I)

]

-

0 n 1¥1,441,10
831 tEnhyng
871 1e18

-

lFIl!-ﬁJII.IM;l! LL1}
EI'I T3 d&L83).17
T3=1%

& tRCLERI=RIED I-EMEEN N LE+LI-XALY )
ful{rEn{iopi-Eni1k (ERIES AL PR {SLIVES N3] )
He (Fo{Kd-X11e]) bed]®d

159

1FRi 1) Xn-Xi0k b
SLER-MAREEeRITD

SUIIDMI’!! SLOPQAIN L Ve S E]
L l Fe¥NLIL5TTbRFA LI

l
A iil!l"'ﬂ-'llllllllil—l"lI
EIRREETE)
DI=Sitr
nN T (=l
IFQ1al=Mb2el
[ T

ARRTAREL ) PROEP
AL 74 IRF) 2 I KT T=ATON
A U

ARBaLREATEY
ACC=ACOIOT

Qh=lL
131
aLege 13

*MCC-RAA
AC® || -llunlu-lu
3 l"l-!"’ L0
LR IIEIRINIET "IV B
S Sirtsifd

llll lll THHXDS ), #ITE=2078, 057

T !Ml!w!
» RETURN
tup

SUREMUT LIF Uy, O, P, J, 1e1
Ratrtt

4k
WD, BLYAABOAS N 17, 02434 THE-QZ#EPET +5, P TITUE— u)-n-g
JPLATELAEBINNSLL 8 OIROMOAF-QheLes T PORLATE- DY
Hlﬂ’!l O
49 To
1 lﬂllll!. y
BIF AA-BEE 44,
& IWmL O0ORAR-D, ALETIIAAAR +0.LEN0NS0LSRSEY — 3, TTRASTHE-D24xbT)
WS 58403 | E-GLIL0 %0 <1, 800 VIIAT-QIANAS 4 FLEEISF-0ReTNES — ) 4008
HsE-plennsd
RS
LRI Lt
& TaMv/4.D
I

1] r. -
50924
F-G“l'“—!-lllu'}'—dbl -y

“La ORIMA LE-QT A w43

=1.000
1. 2re08

T .
LELLIE A ML )]
u EaHy
1F AR=-F.070 2%,25,34
% 150, MTLIATA-D. 34012 TN OI.S'HII.Q” LIl L] -l ‘.“llli-ﬂ!' .0y
IV QNN PE -0 JEee4-1 .4 JaA 2 4t 2. 9129284 F 112]
298E-OTers }
&G 0 20
28 RC=IR/T.3P 400y
¥ TUmN




DESCRIPTION OF INPUT

CARD SET L ~ CONTROL CARD AND CASE IDENTIFICATION
CamD 1, FORMAT{S[L,15A5}
FIELD 1, LCOLUMNS L=35) KQS
COLUNN 1 QETEPMINES [F CHANGES ARE TO BE MADE FOR FARAMETERS 1N
NAMELIST MAME2, SEE CARD SET %.
] HO CHANGES IN NAMEZ
1 CHAMGES EN NAME2
COLUMK ¢ DETERMINES 1F MASS BALANCE OPTION TO BE USED. SEE ALSD THE
PARAMETERS LSC AND CGS IN-NAME? OF CARD SET 4.
Q MASS BALANCE NOT USEQ .
1 MASE BALANCE USED
COLUMN 3 DETERMINES 1F RAQTIATIYE TRANSPORT [5 CONSIDERED.
[} NO RADIATIVE TAANSPORY
) RACIATIVE TRANSPDRT
COLUMH & OETERNINES [F WMOLECULES ARE TO 8E EMCLUDED IM RADLATIVE
TRAMSPORT . '
g MOLECULES IMCLUDED [SEE CARD SET T}
1 MOLECULES NOT INCLUDED
COLLUMA 5 DETERMINES HOW THE LINE CONTRIBUT[OMS ARE CALCWATED IN THE
AROTATIVE TRANSFDAY,
Q IRCLUDE LIMES, WEAK LIMES TREATED APPRANIMATELY
1 INCLUDE LINES N FULL DETALL
2 EXCLUDE L INES
FIELD Z, [LOLUMNS 4-BO] CASE
CASE IDENTIFICATION (ALPHANUMER IC).

CARD SET 2 - FREESTREAM CONDITIONS, WJNAER OF NODES, NOSE RAOJUS,.
CARDS A5 AEQUIRED, MAMELISY FROMAT (NAMEL)

VF FREESTREAM VELOCITY, METERS PER SECOND

RHOF  FREESTREAM DENSITY, KILODGRAMS PER CUBIC METER

PF FREESTAEAM PRESSURE. NEWIONS PER SQUARE METER

HF FREESTREAM ENYMALPY: JOULES PER KILDGRAM

RN BOOY RADIUS AT STAGNATION POINT INOSE RADIUSE, METERS

xy§ NUMBER OF MODES THROUGH LAYER IMCLUDIME MALL AMD SHOCK LOCATIONS,
HAXI®mUN OF 1.

¥i1) ARAAY OF NOMDISENSIONAL LOCATION OF NDDES THROUGH LAYER 11a),4¥5),
YElia0 AT WALL AND Y(XYSI=1 AT S£HOCK.

KSE NUNGER OF WOOES ARDUNG BODY. MAXEMUN OF 15,

CARD SETY 3 - SPECIFICATION OF BOOY SHAPE AT MDOES ARGUND BOOTY.

CARDS AS REQUIREC AMD £QUAL TO KSE, FIRMAT(5EL%.7). TME CARD FOR EACH BOOY
LOCATION, BEGIN AT $20, LENGTHS TO pE NONDIMENSIONAL BY AN AND ANGLES IN
RAD] ANS,.

COLUMN  1=13% THETA, GOUY AMGLE

COLUNN 16-30 S DISTANCE ALONG BDOY FRGM STAGNATION POINT

COLUMN 31-4% a8, AADIUS DF BODY PERPENOICULAR TO AKIS.

LOLUMN 4&-40 XBs AXIAL OUSTANCE FROM STAGNATION RO[NT

LOLUMN &L-75 X+ BODY CURVATURE TERM

CARD SET & - ZONVERGENCE TERMS, OUTPUT, MASS BALANCE TERMS, ETC.
SKIP THIS SET [F md${liag.
CARDS AS REQUITED, NAMELIST FORMAT {NAMEZ)
VYALUES FOR THE PARANETERS IN NAMEZ ARE SET IN THE PRDGRAN, BUT ARE muT
MECESSARILY GOOD VALUES FOR ALL PROBLENS, TO CHANGE ANY OF THEM,
SEF KQ5i1b=l AND READ IM THE YALUES FOR THE PARAMETERS WH{CH ARE TQ BE
CHANGED. FOR MO CHANGES: SET K@S{13=0 AND SKTP THIS CARD SE€T,

DF1 MULTIPLY OF CORBRELATION POR INITIAL SHACK STAND-OFF DISTANCE .
TIFRAL RULTIOLY OF vALUE FOA GETTING TIME STEP, WUST BE LESS THAN 1.0.
nsc THE [TEQRATION 7O BEGLM CMECKING FOR COMVERGEMCE.
l CONVERGENCE CRITEREOM. THE CHANGE 1M ENTHALPY BETWEEN
. ITERRTIONS . (MEN+10-MENDI/HINGs WUST BE LESS THAM CCA FOR
CONVERGENCE.
CCF FRACYION OF NOOES POINTS ALDNG WALL, SHOCK, ANO LAYER MICPOINT

FOR WHICH THE CONVERGENCE CRITERION MUST BE MET. VALUE FOR
CCF muST BE LESS THAN 1.0,

tee COMSECUYIVE MUMBER OF ITERATIONS FUR WHICH THE ERHOR CRITERION
MUST BE WET,

IXSF FAKIMUN NUMBER OF [TERATIONS TD BE ALLOWED. CARDS ARE PUNCHED
TO PICK UP CASE BY AMOTHEN RUN, SEE CAAD SET S,

TOUTH PRINTED OUTPUT IS GIVEN FOR COMVERGED SOLUT [ON.

FOR [NTERMEDIATE QUTPUT, JOUTN 15 THE NUMBER OF ITERATIONS
BETWEEN OUTPUT.

ouTF |F TR& [MITEAL YALJES (FIRST GUESS YaLUES} ARE T0 BE PRINTED,
SET THE WALWE OF 1JUTF TO (QUTN MTNUS OME. [F NOT, SET 10UTF
EQUAL TO ZFRO,

itc MUMBER OF [TEPATIONS BETWEEN CALCULATION OF THERRODYNAM G
PROPEZYIES,

TRE WUMBER LF TTFAATIONS BETWEEN CALCULATION OF RAQLAT IVE
TRANSPORT,

IRSUE) ARRAY FDR VALUES OF ITEAATIONS AT WHICH THE YALUES FOR 1TC
AND [RC CAv BE CHANGED DURENG SOLUTEON. MAKEMUM OF 5.

ITCuil ARRAY OF ‘¥ALUES FO ITC wHICH CORRESPONDS YO ERSUM L),

IRCUITE ARRAY OF VALUES FOR JRC WHICH CORAESPONDS TD IKSUd1},

NCTS IF NCTS EQUALS ZERD, THE TIME STEP CAN YARY ARQGUND BOUDY AND
SCLUTICN WILL GEMERALLY COMVERGE FASTER. IFf NCTS 15 WOF EQIAL
T ZEAD, THE W{NEMus TIME STEP IS USEO AT ALY B0DY LOCATIONS.

(413 CAITERION 70 8% MEV BEFORE MASS BALANCE OPTION CAM BE USED.
THE SHOCK VELOCIVY AT THE STAGHATION POINT (GELTATILNA ST BE
LFSS THAN THE SET YALUE FOR CGS BEFDRE THE MASS BALANCE
DPTICH CAN BE USED FOR CALCULATING THE SHOCK STAND-QFF

© DISTANCE AKOUND BODY. THIS IS BECAUSE THE SHOCK STAMO=OFF

CISTANCE BT THE STAGWATION POINT MUST BE CONVERGED BEFORE CHL
THE mASS BALAMCE GPTEON.

LSC THE MEMLWUM ETERATION AT MHICH THE MAS5S BALANCE GPTION CAN BE
usEn,

CARD SET 5 - [NPUT FOR THE PICK UP OF A SOLUTION.

THE PROGRAM [5 WAITTEM SO THAT A SOLUTION CAN OE PICKED UP FAUM & SPECIFLEQ
TTERATIMN,

FIR A WEW CASE, A BLANK CARD IS IWSERTED FOR THIS CARD $ET.

IF THE NUMDER GF ITERATIONS AEACMES THE VALUE $ET FDR IKSF (CARD SET 41
THEM A COMYERGED SOLUTION wiS NOY DBTAINED WITHIN THE SPECIFJED NUMBER OF
ITERATIONS AND & SET OF CARDS ARE PUNCHED OUT. TW[5 SET OF PUNCHED GUTPUT
CAM BE INSEATEOD FOR CARD SET % AND THE SOLUTION CAN BE PICKED UP BY ANOTHER
RUM AT THAT [TERATIOM. FOR R PICK UP CASE, IKSF AND IKSC {CAAD SET &) WUST
BE GREATER THAN THE YALUE DF [KSE FADH THE PRIGH RUN)

CARD SET 6. 1 AWD B,

THESE CA4AD SETS ARE THE CHEWISTRY INPUTS $OR THE CHEMICAL EQUIL IBRIUN
CALCULATIONS AN THE BASIC RADLAT IOM AND SPECTROSCOPIC DATA FOR THE
BADIATYVE ¥QANSPORT CALCULATIONS, THE INEUTS FOR THE CARD SETS ARE DESCRIBED
I THE REPUAT -~ NICOLET, WeE. USER®S WANUAL FOR THE GENERALEZED RAOIAT{ON
T2ANSFER CODE (RADFEQUILD. AEROTHEAR SEPOAT NUHAER UM-89-9. AERUTHEAM
CIRPORATIDN, MOUNTAIN YIEW, CALIFORNLA,

LAID SEY & 15 PEAC IN THE SUBRQUY TNE 1WPUT. CARQ SETS T &ND 8 AHE READ IN
SJECOUTINE RADIN.

TARD SET & - CHE%[5TRY 1NPUI,
THE INPUYS FOR TWIS CaAPD SET ARE DESLATBED IN GROUP 3 ANU GROUP 4 OF DECK B
TS THE REPOAY Ay NICOLET,
ODIF ROAT [OINS
GROUF 3 IR COLUMNS 25-30 DN EACH ELEMENY CARDy EXCEST ELECTRON; GIVE THE
ELEMENTAL MASS FAACTION FOR THAT ELEMEWT. (45 & NEGATIVE RUMBER)
NOTE, 4a5% FRACTION OF ELEMENT.
GROUP & THE THEPMUDTNAMIC INPUT DATA (3 CARD SET) FOR THE ATCMIC SPECIES
OF THE ELEMENTS MUST BE ARRANGED FIRST IN THE S4ME ORDER &S
GEVEN BY GROUP 3. THE OATA FOR THE ELECTRON AND IQMIZED SPECIES
ARE STILL AT THE END. CONDENSED SPECIES aRE NQT ALLOWED ,
MAKTMUM NUMAER DF SPECIES IS 40. A BLANK CARQ MUST BE PLACED
AT THE END OF GROW® & AS STATED BY NICOLET,

CAp SEF T - CONTINUM CONTRIBUTIONS TO RADIATEIVE TRANSPORT, SXIP THIS CARD
SET [F KG5133ap,
THE INPUTS FOR THIS CARD SET ARE OESCREGED IN GROUP &, CARD 3 OF DECK 8
IN THE REPORT BY WICOLET.
IOENTIFIES WHICH COMTIMUUM CONTRIBUTIONS ARE TO BE INCLUDED IN THE
CALCULATION Of RADIAYIVE TRANSPIORT.

CARD SET 6 - RADIATIOIN AND SPECTRNSCOPIC DATA, SXIP THIS CARD SET IF XQ5(3iw0.
THE {NPUTS FOR YHI$ CARD SET AAE DESCAIBED TW OECR A [ENMTIRE DECK) N THE
REPORT 8Y NICOLET.
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INPUT FOR SAMPLE CASE

KSEw 104

11101 JOY £02 - .03 %7 (BY YOLUMEY, &0 DEG. CNNICAL BaDY, HIGH YEL,
SWAMEL  VF=111TS.. RHDF=.00ZR5: AFE1}T.3, WF«=BAGOO0D., Ri=.I046,
RYS=0,  FOL)20.04 12500250, .375,.500,. 6251 130,.87%:1.000, $END
1570796 - 0. B 0. .
L. 370796 .2 198659 ~aLe3)y 1.0
1.170796 R %48 1839 1.0
L. 047198 o8 .36618% SLT2LTS 0.
1.047E98 . 139NN L2721T5 'y
1.04719% 1.2 1.0R$7AL J&T21TS 0.
L.047L9n 2.0 1. 778601 «BT2NTS 0.
L.O%7198 2.0 ERLIS LY 1.3721 7% '
1.08TE9R 4.0 3.510852 1. nzn'i o.
L. 047194 5.0 4.3T6817 2,312
SNAME? L5C*800, IRSFa1200¢ ITC=L0D, ucu|||-zun.zoo.zno.zoo,1ua.
LOUTNa200, 1NUTF=L99  SEWD
[}
4
& CARATW 12.011 - reth
THITROGEW 14,007 -.0191
8 DXYEEW Lay000 N
IFELECTRON +L0005%
tons JANAF O3/81 T
L70BRACS 139500¢3 44asT3rL 2201253 409ATGHE 40ZN7042 %00, 3000.1 O.C
170886+5 135500¢% 4LF202+1 2619083 262008+7 492870+2 3000. %0G0.1  0.€
JANAF B3/81 "
11290545 134ATOSS 4B6O44el 035144 F5AeL0+5 43D9G0+7 %00, 1000,1  Q.W
112985¢s 13437008 A2495Te| I40Rs4-S=alTZToeb 48090042 3000. 5000.1 DM
1008 JANAF 04 /62 a
595560+ 5 13922045 49722841 IOTHR-S 15ATHGeS 500940+ %00, MN00.1 0.0
595590+% K152204% 657440« |aZ42b0=3-B0]1TE2eT B00940+2 3000, 5000.1 0.
2 JANAE 9-10=4% L
O¢0 22164945 TOI0ATe: ANTH4-3-31620%66 63TaS0s2 500 10001  =OMF
Q0 221 64T+S ATEZIael 6% RV0-4-1 1924247 61765042 3000 80001  =ON2
P ] JANAF 9=30-b% o2
040 23485943 BOBAU041 AFTOZA-3I-742932+s 8T91Z9¢2 300 30001 002
D+0 zsuwos LOO92442 6166TT-4-4%3102+7 ST9TZ%e2 3000 80001 -0DF
Loa 1 JANAF 12w31-88 (1
Lig9ar b 132019.5 TOLALEs | F94%A4-3-10724340 ao9Taills? 300 30001 -bCw
1ioees st nz-wm': 12622042+ ThEAT-3-10AGB0F D BAYTRD+T 3000 S0001  «OCW
Ak JANAF 9=30=03 Lo
-Zoalag e rzaauu W0HTIZe1 ZHIN2T-3-132124¢8 6334992 500 Qoo -OCn
-26ALA9+4 T ZIISEUSS AASIZIS] LAZ0O09-s-120941¢7 SIRUVLY 30O0QG BOOO|  -OCD
L] JANAF 9-30-43 <oz
<940519+5 36334005 [I529647 4TON23-1-BASATO+d TORGIOs2 300 30001 -0CO2
—440%530+5 36536945 LaanAae7 (TO54T- 3-130622+7 TOBAAO#2 JOOO 6000  -0CN2
2 & JANRF | Xtew L3 c2
200Z23¢6 746TTIS TTAN30+] 671983 ZORDI4ss 63339042 300 30001  10CZ
200226 2ABTTIrS 04260s| 447514-) Z5068B¢5 £ASEQO¢Z 3030 £000)  LOC2
2 6 1T JANAF 3-31-47 c
L3M00eE TBAIIF+S L4b8553e2 TRIVS2=4-542127+8 B66ZTOs2 500 3000F  =-OCIW
13300046 uiwios 143950e 2 $90928«8 1SBIVSs4 B44ZTOP2 3000 40000 —OC2W
2z & 1 JAHAF B 80-86 133]
624999+ S nom"ns 14208147 458192-3-TEDSLIve Bokeste? 300 BOgR1  -0E20
GB49T9+5 I840795 18229Te2-141246-31=29370%¢T Ba4460¢2 3000 s000L1 -0Ci0
34 JANAE L2769 kS c3
19369946 3033798 G9hh2es1 VTHATE-3-148200+4 BL2359+2 300 30401, 1003
19595058 3095795 1295042 LAGAGS-I-516560+T 812359+2 35000 30001  LOCH
L JANRE [ 2769 LY c4
23E099+b SLOUSY+S IBYSILe? TA4TZ5-3-aTT8M4+s 9483942 300 o001  1oL4
231999+8 SLOYSG+S ZUSATO+Z 2e4T26-5-306350%7 24AT3¥+2 J000 60001  1p€a
L) JANAE 12769 kS s
2339996 6533595 FIAT51s ! 991674-3-93840Leh [09128+¢3 300 30001  LOCY
233909+6 B5AV59+8 267043e2 JEZIIO-S—412B9% T 1O¥]28s3 3000 6000F  10CS
00T o1 o8 JAMAF QK763 N
21580045 227000+3 BT7623+| BOY0I1-4-TARASE+A 4UGAQOF2? 300, 3000.1  Q.MO
215800+% :zmnooa 916260+1 ASTARE-S-217519+7 aABseie? J000. 5000.1 0.NO
1Y 2 JANAF 9-30-6% N
TR & as-un-s 13150042 215749-5-004084+8 84T950+2 500 D001  -DRD?
75009944 “ﬂlocs LI9048+7 TZ0659-4~189TI0¢ T S4Te50+2 3000 #0001  -ONO2
2 Tt JANAF L2=Yl=k% NI
19509945 nssn-s 1371042 IZZT2B-1-R2899T45 BISOOF4Z 300 lzﬁl -oNZ0
19560995 36452995 16RASA+Z 23X42T-5-220472s 7 SI5909+2 1000 #dOD1  -0%20
199 JAMAE 31153 E-
040 134229+%5 A9SBOO+E QUOD0O-0-TOO¥SE-3 1643897 300 10001  -OF~-
Qe0 134229+3 4987995] 000000-D ZI4SG3-D 1843589+ 3000 #0001  -0F-

PP AG S F W

1 A 199 JANAF B~30=6%5 =
25299945 LHAL9+T 49715A41-56632 -5 19060945 497A45¢2 53¢ 30001 -on-
242999+% II4AL9+5 49654501 4OZ55B-6 3INVIOSED A0ZH40+2 3000 S0001  -on-
7 8 199 JAMAF 12-31-66 nz-
“117899¢% 215849+5 377aT4sl LITH04-3-289887+4 69I04F+2 SO0 300CY  -ODZ-
11389945 235849+% B8532%1 EISERI-T £2179306 A93049e7 30D 6DOOV  -002-

& -1 99 CANYA[A IPH=L22 12761 T+
RTATATeh e L1 2045+ 4AL5 T4 ¢ LBOTOO- 44 IADD0De B+ 406232 22000, 100001 [
CAPATASY S| 5OL2005+ 4RG4S 2L 141 AC FI0-4 4 T4DT00CE 444272022000, L0001 [

I & 1 & ~L 99 CMkyAIR IPH-122 12/al (4,3
CO42830 58 24330 ¢2+A0LT A+ L+ TADC D=1 S0P0Os T+ LELSH5+ 22000, 10000.1 Cite
AZAATNINEN 240454 9361414 A TROGO-4— LSOO 0+ THbELS 95 +22 00D, IDODO,L L [a
LT -1 9 CONVAIR ZPH-122 L2788 N
S4hGBALI 6151310454501 7514181 TI00-4— 1241008 T+4QARAT+ 22000, 10000.] W+
FAASLALAAS 15110434500 TS0 1461 TI00~4= Lokl 00+ T+404B4T+ 22000, 10000, 1 we

L 7T 1 8=19% JANAF 4-30-bb WO+
2665946 2214993 T92263¢1 3170185-3-313 1M 6 65332042 S00 30001 —0NOs
23565948 22149945 MRZIGM 1 IASRLI-4-1AASSS¢T ASI3Z042 3000 40001  ~ONOs
R B CONVAIR 2PH-122 12761 Hle
+X15T25B e 2SEATO¢S+ 106508+ 2 -3 ¥4 0-3- 2256304 Br456601+22000, 100001 NZs
SIST2R060 4234 TON 5+ 1365084 2-32 7940~ 3= 229630 B+ 656601 +22000, [0000.1 I
1 8 =L % {ONVALR 2PH-LZ2 12481 n+
AITLITNe &+ L4290+ 9+ TN T I+ 10 JOLT ] §= 3+ 590200+ T4 B4 R49+2 7000, 10000,.]1 ns
SATLO9N B 4149700 ¢3¢ 3302T1+ 14305 TL0- 3+ 300200+ T+4BANAD« 22000, 10000, L e
2 8 -L 99 COMYRIR I94-1322 L2761 a2
279890 +h e 24ET 10454 594 TR I +0 JA VL =341 03500+8+6TTTAL#22000, 16900,1 Q=
*ITAEO80 50 248730 4 SHATATL Lo A20 14D~ 3+ 1035000 B+6TTTR1 422000, 100001 ore

L6 1 T -1 99 JAMAF 6769 L33 Cie
4293974 FABASTLS ALTTO5+] SITOL&~3-13884%46 TOZTIG42 190 30000 ~DCHe
429319944 FIAEBG S [O2AL0+4Z-992919-5-490T%2eT TO2TI9+2 000 &DHOCL ~QLMNs

[ S . FANAF b16% L3 CN-
15999405 222679+% 7olo49+L 420233-3-|00TAMS 64A93042  J0O 30001  IDCN-
1390995 222629+% AS2372e1 ITETHA—4~1578TH+T 540930+2 3000 &O00L MOCN-
T 1 1 1 vy v B FE LYo o1o @ 1 n 80

2056 4

0.43 +01 .18 +22 Q.40 +01 Qe ll s02 O.54  +02 0.90 +D2

0.00 +o0 n.08 +DO .90 <01 0.%0 QL G.10 +OL a.%0  +0t

Ga%0 #O5 1.5 #3098 01 0.40 +0F  0.90 0L 0,30 01

0,07 ¢01 G.%0 +00 B.B2 +D? 0.1 02 0.3 enF 0,00 +00

0,20 «0L  0.AD #31  0.18 +02  2.32 02 D00 +20  0.00 +00

.00 +n0 0.00  «00 0.90 =0k g.00 D0 0,00 +00 t.00 Q0

0.0 +00  D,00 ¢00 0.00 00 Q.00 400 Q.40 01 O.00 Q0

Q.03  *0Q 0.0 +00 0.00 00 .00 00 4.00 <00 .80 +0Q

G0 401 0.00 *30 000 00 200 00 0.00 0D 0. 00 000

003 +00 +00¢ 0.00 +00 0.00 +30 0.90 +00 0,00

Q.00 0D cl. !!l&ocl Q.95Th#01 Oa 1083002 0.1188«D2 a.uon-uz

0,00 00 0,00 00 0,98 -07 0.198T+01  0.4189s01  O.9144+0L

G.G%519+01 0. 10T4+ 02 9, 1004402 e 12008002 0,00 +00O N.2639+400

2,68%9400 4. 1425400 7.5331400 7.9460800  d.4442000 .00 +00

0,00 <040 0. 1020+32 0. 1208002 Ve 274402 a.00 +00 2.00 +00

0.80 00 Il Ar +329 0.9 «00 0.[2 +01 [ PY LI ] Gu 1862 #0101

0.26 +01 4 +O1L 0,40 e0L  0.62 +01  0.80 +01L  0.90 #b)

0,87 01 o J1045407  0.1000¢07 01170482  0,1210¢02 0. 1280402

0.134f+02 0.1380+02 0.00 +00 0.00 *00 0.00 00 0.00 00

O,AG  +00  0.,9% +80  0.12 ¢DY D14 #01  fule #01 D.24 0L

0,7300401 Q.40 +01 0,60 0L 0.80 +01  0.90 +0] ©0.9T 0]

@, 1046502 0.1080+n2 B 1170402 0. 1210402 0.12804¢02 0.1340+02

4, 1380+02 0. 145002 2.00 +00 0.00 400 0.00 eQD 9.00 »00

D.b% 00 D.BY 400 D.10%0%00  0.01290+01  0.L460+01  O,1B50s0L

0,2830+01 Q.3700+01 9.5090+01 Q. TILI0+01 0. 8400401 T4 01

0. 80 TeQ2 0. 1082402 0. 1120402 0. 1 190+02 q.u2&l 407 0.1304+02

Q. 135802 O la?0r0? . * . +* - + . .

& TG

& B 345851 L BIONZND uznv*tt

27 LY 0.8421 3,4TF  -20
18 0.68% 9,198 110€-21 b
27 0.68%% 04044 3ZLE-21 3.
L3 0.68% 0. 1597 19TE-20 &,
23 a.rin 0. 208 SIFE=18 &,



G.TS525
Daltes
0.R52
O.B7%
0. 8880
0.9158
0, 9304
D905

AheE-21
412F=21
10AE-2§
180€-21
I5TE-21
TagE-22
IRTE-20

293F-210
1TeE-20
108£-20

I93E-20

.

3.
5.
3.

3.
2.

LN

1 T I08 143 JUPNI- 1.V

N

B e g A o

L1.00
12.20
1. 61

E%IF-22

§21F-22
2206-20
LO9E-19
L32E=20
4 HbF =20
TaRE~-20
312fF-21
26PE=19
&90E~15
43TE=19
553F-22
SME-TL

2%3F-19
3STE-21
ATIE~LB
ASGE~EL
93E-20
123E-21
L43E-23
S32E-20
TF-20
185E-26
ISTE-21
ZHRE-IT
4MTE-L ¥
299E~20
Saak=3l

L 2RE-20

437E-19
0.%

8.0

B.50
9,95
1L.27
13.00
1%, 31

Lo.T9
12.01
13,41
15.00

291



BASE

FREESTAEAN PaktTEAS

AT IHAPE, NGROIMENIIONAL BY MOSE RADIUS
us 3 ABOR Yo

PARANETERS FlR mlmilmlullﬂl
vr P!B m

- w97 {02 - .02 k2 IBY VOLLHE), &0 OfG. CORICAL DODT, WEGH VEL.

YELOCITY » Ly LiTSE+O4 W/5
DERSETY =  2,§SONE=03 KG/H3
PRESSUAE = L KTAORe02 hIRD
ENTHALFE = -4, ROQUE+OH 4/KG
HGIE RAGKUN ¢ b.0wpUE-GL A

122 .
13122 Fotritt 40412
LaBT23 25400 Lepadd
Ladlzd 43767 LeOal2

THETA

1 S 2000 Q0000 0. 0000 =308
a ad 008 «OLe vivnl -8
3 =0T8Y B Lah 708
* 133 »5a2 L.DaT2
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