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PREFACE

This is the final report on the Low-Altitude Satellite Inter-
action Stucky ( Neutral Gases). The study was conducted ry
the Astro-Electronics .Division of RCA for the National
Aeronautics and Space Administration under Contract No.
NAS5-11241. Work on the study was accomplished during
the period from August 26, 1969 through September 15,
1970.
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1
SUMMARY

Many processes and reactions relevant to the understanding of the earth , s
atmosphere take place in the altitude range from JO to 150 kilometers. To
obtain data in this regime, it is necessary to use rapidly moving vehicles such
as rockets and low perigee satellites. However, for typical vehicle dimensions,
the resultant data cannot be related to flow-field conditions using either free-
molecular or high-Reynold -number continuum theory. Except for the recently
developed Monte Carlo direct simulation technique, other theoretical methods
are sufficiently limited that their extension to realistic cases 15 beyond the
current "state-of-the-art ►l.

This report documents the work done for NASA on a Monte Carlo numerical
computer technique for describing the interaction of the flow-field with a
spacecraft in the so-called "transitional flow regime ,, . The current study had
four major objectives, all of which were successfully completed. These were:

• To convert an existing two-dimensional, two-fluid computer program
to a more general three-dimensional program capable of accommodating
realistic satellite geometries,

• To couple this program to a previously existing program for determin-
ing conditions in a cavity within a satellite moving in the transitional
region,

• To test the new programs using realistic data and a realistic satellite
omege	 try, and

• To examine the possibilities of constructing a computer program capable
of handling three different species of gas rather than two.

These objectives are more fully discussed in Section II of this report.

The resultant, state-of-the-art computer programs are discussed in Section III,
and Section IV, paragraphs A and B. The remainder of Section IV gives the re-
sults obtained from investigating the Atmosphere Explorer spacecraft geometry
over the range of conditions expected in the 90 to 150 kilometer region of the
atmosphere.

The following conclusions are based on computer runs:

• The three-dimensional programs are capable of generating the data
necessary for basic satellite and instrument design.
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`	 • There is a great increase of flux, over the free-stream values, at
the leading edge of the satellite.

• The ratio of the heavy-to-light s ecies increases dramaticallyp	 Y over
its free-stream value at the leading edge of the body.

• The percentage of particles reaching the body's surface directly from
the free-stream decreases appreciably with deci using altitude.

These conclusions, along with several others, are amplified in Section V of
this report.

Recommendations for future work, based upon the results of this study, are
made in Section VI. Briefly, these are to:

(1) Improve the current computer program model to allow for the
effects of:

• Dissociation and chemical reactions induced by the vehicle s s
motion,

• Velocity-dependent collisional cross-sections, and

• Internal structures in molecules.

(2) Use the existing computer programs to obtain design and instrumen-
tation data for satellites sucL as Atmosphere Explorer. The follow
ing information is obtainable from the current programs:

• Measurement errors as a 'unction of altitude,

• Instrument measurements errors as a function of position on
the satellite, and

• Instrument accuraciep as a function of orifice and cavity also
and shape.
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SECTION I

INTRODUCTION

Many important processes which determine the properties of the earth's
atmosphere occur in the lower region of the thermosphere (at altitudes between
90 and 150 kilometers above the earth's surface). Atmospheric composition in
this region changes rapidly with altitude and a number of physi W and chemical
phenomena play a role in determining this composition. For instance, the con-
centration of atomic oxygen at these altitudes is determined by the absorption of
solar radiation as well as the recombination and diffusion rates. Data from this
region are critical to an understanding of the transiticn from the upper layer of
the homosphere to the lower levels of the thermosphere. The National Aero-
nautics and Space Administratior (NASA), therefore, currently is devoting
considerable effort to increasing knowledge of the properties of these altitudes.

Only sounding rockets and low perigee satellites provide direct access to the
90 to 200 kilometer region of the atmosphere. Except near apogee of the sound-
ing rocket, both of these vehicles generally move at high speed comparod to the
thermal speed in the atmosphere. For a typical satellite in this altitudo regime,
the ratio of satellite velocity to thermal speed is generally around 20. At these
speeds, any significant number of collisions between incoming particles and
those reflected from the body can produce extreme changes in the environment
near the surface of the measuring instrument compared with that existing in the
ambient atmosphere.

For a vehicle of typical dimensions (that is one to two meters in diameter), the
following conditions hold. At altitudes above 150 kilometers (nominal) the mean
free path of the particles is much larger than vehicle size. The particle-
particle collision process in the vicinity of the vehicle need not be considered
and the relation of measurements to atmospheric properties is explained in a
relatively straightforward manner through free-molecular theory. Below 90
kilometers, the mean free path is so much smaller than vehicle dimensions
that the fluid can be treated as a continuum with limited influenue of transport
properties, such as viscosity and heat conductivity. Data interpretation, al-
though more difficult, can be performed within the realm of the extensive volume
of information available on continuum, high-Reynolds-number fluid mechanics
and the properties of the atmosphere can again be inferred.

1



Hower, between these two scones is a regime in which neither of the limiting
the . , rise is applicable. Age theorsUoal formulation in this regime must be based
on :1neHo theory (1. e. , the flow-field must be trued from the molecular view-
point), while useiidl results can only be related to the molecular behavior on a
staUrt'ral basis. Most of the theoretical techniques in the transitional flow
regimen are of sufficiently limited nature that their extension to a multi-consti-
tuent; gas and practical geometries is beyond the present state-of- the-art. A
direct simulation Monte-Carlo computer technique originally developed by G.A.
Bird(1) Is, however, sufficiently simple in principle and efficient in operation to
allow its extension to the situation described above, using present generation
computers.

In March of 1967, RCA initiated a NABA funded study of the vehicle• environ-
ment interaction in the transitional flow regime, with primary emphasis on in-
formation necessary for instrument design and data interpretation.

Under this contract, NAB 5-11016 ( documented in the final contract report,
NASA-CR-94922(2) ), a basic numerical program was developed for solving for
various physical parameters necessary to describe the flow field. Two tech-
niques were initially tested: (1) a perturbation approach and (2) a Monte Carlo
approach based on Bird's direct simulation technique. When the perturbation
approach proved to be valid in only the upper portion of the transitional flow re-
gion, it was abandoned in favor of the more general Monte Carlo method. The
resultant initial computer program, adapted from the computer technique de-
velopeJ by Bird(1s 2) , applied to only very simplified, two-dimensional, two-
fluid situations. A sphere and an infinite cylinder were examined in some de-
tail (each geometry requiring a separate computer program). The significant
physical results obtained from this study were the following:

A large increase in the flux Lind nc:,,ber ratios of the heavy-to-tight
species of particles at the leading edge of the test boar compared
with their free-stream ratios.

A marked increase in the total particle flux at the leading edge of the
test body, and

A proof of the necessity of programs such as this in analysing aero-
dynamic data from the 90 to 150 kilometer region of the atmosphere.

Under a second study contract, NAB 5-11145 9 the computer program was re-
organized and divided into subroutines, making it possible to treat in a single
computer program any axi-symmetric body defined by a series of quadratic
equations. The main limitation of this program was the requirement that the

2



body axis of symmetry be aligned with its velocity vector. Other results of the
second study, (described in the final contract report, NA9-CR-103666 (4)) are
the following:

A three-dimensional, internal now program for examining particle
disturbances in a cavity within a satellite was prepared,

Techniques for synthesising a composite, three-species gas were
explored. When this proved to be possible, several test cases were
examined using a mixture with two major constituents of similar
masses along with a trace gas of appreciably different mass, and

The feasibility of a more generalized, three-dimensional computLr
program was demonstrated.

This report documents the results of a third study contract, and in particular
describes the extension of the previously developed program to three dimensions
as reouirvd to investigate realistic spacecraft and sounding rocket geometries.
T'ne coupling of external fluxes, density cbmWes, etc., to the conditions in a
cavity inside the body, with an orifice on its surface. is also described.

I
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SECTION A

OBJECTIVES

This third study contract is a direct result of the recommendatior.,as made in pre-
vious work. The major objectives of this contract are fourfold:

1. To prepare a three-dimensional external flow program,

2. To obtain realistic data for internal-external program coupling,

3. To test the applications of the new programs, and

4. To investigate the possibilities of constructing an operational,
three-dimensional, three-fluid computer program.

Each of these objectives is discussed in some detail below.

A. THE THREE DIMENSIONAL EXTERNAL FLOW PROGRAM

The major task during th;s study was to convert the external flow program
from a restricted two-dimensional program to a three-dimensional program
capable of analyzing the flow fields around any axi-symmetric shape* for any
angle of attack relative to the axis of symmetry of the body.

This change required a major modil ication in the existing program since com-
pletely new sample space geometries became necessary as die. almost an en-
tire set of new variables. Also, a method had W be found fnr either rotating
the test body within the sample space or for introducing new particles, via a
distribution function, along all the sample space boundaries. ( See also the
discussion in Section III.) Additionally, new output and input information was
required, necessitating the addition of several new print subroutines and new
formats for data presentation.

B. INTERNAL-EXTERNAL PROGRAM COUPLING

The second objective was to obtain realistic data for the internal flow pro-
gram matched to the external flow conditions. It was decided that the best
method for doing this was to have the internal flow input velocity distribution
generated directly, in the form of output, from the external flow program.
This internal-external coupling was a necessity when investigating realistic
cavity shapes and locations within a satellite.

* In actuality, this is limited to those axi-symmetric shapes which can be di-
vided into sections, each representable by a second order equation. In
practical cases this analytical constraint should cause no difficulty.

4



In the previous studyr (4) , it was not possible to match the input velocity distribu-
tion for the internal flow program with external conditions. This made it vir-
tually impossible to study the small-scale effects of varying the internal flow
geometry. Coupling the two programs allows the experimenter to put the ori-
fice of his cavity at any position on the surface of a test satellite and to get the
s;aecific velocity distribution relevant to that position. Also, additional informa-
tion is now readily available to the experimenter for relating the sensitivity of
his experimental results to the position and size of the orifice of his test
instrument.

C. APPLICATIONS OF THE NEW PROGRAMS

Its order to gain insight into the physical processes taking place in the
transitional flow region, a complete set of tests was to be done on a sample
geometry. The tests actually performed covered a realistic range of values
for the various parameters required to understand the flow field. Among the
parameters varied were: Knudsen number*, Mach number, particle mass ratio
and diameter ratio, ,angle of attack, and gas number density ratio.

As a further application, the new three-dimensional programs were to be used
to analyze a satellite mission specified by NASA, Goddard ice Flight Center
( GSFC ), using best values of the expected real-flight conditions the test vehicle
would experience during its actual mission. Data produced by 4he external flow
program for a range of variations of several input parameters was examined;
selected results were then used as inputs for the internal flow program to ex-
amine conditions in a cavity of prescribed shape.

In order to save computer time (an average program runs about fifty minutes),
and to maximize the amount of data available for the GSFC-supplied test case,
it was decided that the general test runs of the prograin would be made using
the GSFC-supplied geometry. The geometry chosen was that of the Atmosphere
Explorer satellites, given in the GSFC Specification for Atmosphere Explorers
AE-C and -1)(5).

D. THE THREE-FLUID PROGRAM

The possibilities of constructing an operational three-dimensional, three-
fluid computer program were to be investigated. It was previously shown( 4) that
a three-species gas could be modeled using the two-dimensional, two-fluid pro-
gram. The current applications of the three-dimensional computer program
were, therefore, completed using the same modeling of the three species.

* The Knudsen number is defined as the ratio of particle mean-free-path to body
size. It therefore increases with altitude.

5
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When the fluid is treated as a mixture of inert gasses ( no dissociation or chem-
ical reactions), such modeling can be adequate, especially if one of the fluids of
interest is a minor constituent. If dissociation or chemical reactions induced by
the vehicle motion are to be treated, it is clear that three fluids must be used
and modeling by two-fluid analogs becomes of dubious value.

Extension of the programs to deal with three fluids is straightforward in theory
but is expected to strain the storage capabilities of the 360-91 computer and will
lead to a large increase in running time.

E. DOCUMENTATION

Documentation was to be prepared for the three-dimensionaii, two-fluid
internal-flow and external -flow computer programs. A final contract report
and monthly progress reports were also to be written.

a ,- '^.
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SECTION III

DEVELOPMENT OF THE THREE-DIMENSIONAL PROGRAMS

The basic theoretical foundations of Monte Carlo direct simulation techniques,
as used in this study, are described in References 2 and 4; only a brief recount-
ing of the method will be presented here. The major emphasis will be on new
additions to the programs. The external and internal flow programs are dis-
cussed separately.

A. THE EXTERNAL FL(TW PROGRAM

In using a Monte Carlo direct simulation method to get values for physical
parameters in the transitional flow region, the approach is to conduct numerical
experiments with a model gas on a large comp ,er. The renal gas is simulated
by a quantity of approximately ten thousand hard-sphere molecules, wi:lch may
be thought of as a representative sample of the billions of molecules in the cor-
responding real gas. By randomly selecting properties for the test molecules
from the gross properties of thf.- gas, the simulation is completed. Initially the
molecules are distributed uniformly over the sample space with velocity com-
ponents randomly selected from a distribution function appropriate to a gas in
Maxwellian equilibrium and moving at the required free-stream veloc Lty.

At time zero, the satellite test geometry is inserted into the flow and the mol-
ecules are allowed to move and collide among themselves and with the test body.
Post-collision velocities are, of course, again randomly selected with the pro-
vision that momentum and energy be conserved. The move and collide processes
are uncoupled by computing the collisions appropriate to a time interval, At.
and then by moving the molecules through distances appropriate to At at their
instantaneous velocities. The errors introduced into the molecular paths by
this approximation are small as long as at is small compared with the mean
time between collisions and is less than a typical transit time per cell. After
the system reaches steady-state, useful information can be accumulated about
the specific test Geometry and the flow field.

A fundamental difficulty in solving the problem of converting to a three-dimen-
sional program is deciding the manner in which to implement angles of attack
other than zero degrees*. Two methods initially showed promise. In one, the
body would be rotated within the sample space, and the previously ti.srad boundary

* The angle of attack is definod, in this study, as the angle between the flow
direction and the axis of symmetry. For the Atmosphere Explorer geometry,
the flow will nominally be normal to the aids of symmetry which, for the
computer program, corresponds to a 90 degree angle of attack.

7
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conditions would be applied: in	 n	 -pp	 the Cher, the body axis-of-symmetry and the
sample space axis would coincide, and the boundary conditions would be modi-
fied to a form which would be valid for flow direction at an arbitrary angle to the
body axis. While the former method initially appears to be less complex, the
latter method was selected as the more straightforward extension of the avail-
able program.

Test calculations showed that both methods would, in effect, give the same re-
sults. The selected method had the advantage of not drastically altering the
manner in which the sample space was divided into cells and it did not affect
the one-to-one relationship between cells near the body and segments on the
body's surface.

Upon implementing this u?w procedure and attempting test runs at an angle of
attack of 99 degrees, problems developed in attaining adequate statistical sam-
ples on all segments of the body within the expected amount of computer running
time. These problems were resolved by making two changes. 	 The most signifi-
cant change was in the manner in which new molecules were introduced into the
sample space. In previous programs, each new molecule was randomly placed
anywhere along a given boundary. Therefore, if only a small number of mole-
cules were added in a given time interval, statistically they could not be ex-
pected to have an even distribution.	 However, when considering that the real
gas, as represented by the sample particles, would have tens of thousands of
molecules entering the volume rather than the ten to fifteen samp"es molecules,
one would expect the incoming molecules to have a relatively even distribution
( since the gas density la uniform). 	 To assure a more even distribution, the
program has been changed such that if N particles are to be introduced along
a given boundary of length X in a given small time interval, At, X is divided
into N segments and each of the particles is randomly placed within a separate
boundary segment of length X/N. This process assures small scale randomness
within a relatively even overall distribution of molecules.

The second change made was do increase the total amount of computer time al-
lotted for each run to assure enough particles in each sample segment. These
two changes allow the current program to give adequate data samples at any
angle of attack.

B. THE INTERNAL FLOW PROGRAM

In order to successfully couple the internal and external flow programs,
several changes were necessary in each program. After looking at the proper-
ties of both free-stream and interacted molecules independently (see for example,
Figure 19) it was obvious that no single distribution function could adequately describe the

8



properties of both types of molecules. To circumvent this problem it was decided
that the most physically correct method would be to use two independent velocity 	 .'q
distribution functions*, one for those molecules having free-stream properties and
the other for molecules which have interacted with the body or with reflected
molecules.

In the external-flow computer program, a velocity sample is determined for
both the free-stream and the interacted molecules. Molecules are considered
free-stream or interacted according to the following, physically justified scheme:
initially all molecules are considered free-stream. As time begins, after any
molecule hits the body it is then considered as an "interacted" molecule. Also,
free-stream molecules colliding with interacted molecules then become inter-
acted molecules.

On any user-specified number of body-surface segments, a count is made of
the total number of free-stream and interacted molecules colliding with the Beg-
ment of interest. The velocity of each collision is also monitored. At the end
of the run ( and at certain interim times) a normalized velocity sample is printed
out for both the free-stream and the interacted molecules. This velocity sample
is in tabular form. A user-specified velocity range is defined by a number of
equally-spaced velocity values. The table lists the velocity values along with
the fractional number of colliding molecules whose velocities are less than the
tabulated values. The fractions of free-stream and interacted molecules are
also printed out. This information is used as input for the internal flow program.
A polynomial fit subroutine was added to the internal flow program. The input
velocity sample is curve-fitted by this subroutine with an m-th order polynomial
(m being a user-specified integer). The coefficients of this fitted curve are
then used to generate the velocity distributions of the molecules at the orifice
opening, and the program proceeds essentially the same as in the older versions.

In previous versions of the program, it was required that the velocity distribu-
tion function be symmetric about a plane. All calculations were then done con-
sidering only half of the cavity ( the assumption being made that since the veloc-
ity distribution function was symmetric, the interactions within the cavity would
also be symmetric). However, with two independent distribution functions, it
could not be assumed that both were symmetric around the same plane (or even
that both were symmetric). To eliminate this problem, the internal flow pro-
gram was changed to allow for calculations throughout the complete 360-degree
volume of the cavity.

* These are actually six distribution functions for each species since the three
rectangular components of each of the two functions are defined separately.

9



No attempt was made to physically combine the two programs. If thin were
done, the freedom to lengthen the running time or to reject completely the re-
sults of any specific external flow program, before proceeding with a lengthy
internal flow calculation, would be lost.

10



SECTION IV

RESULTS

A.	 THE EXTERNAL-FLOW COMPUTER PROGRAM

Much of the effort of the current study went into the writing and debugging
of the three-dimensional, two-fluid, Monte Carlo external flow computer pro-
gram.	 The computer program itself is one of the major results of this study.
Complete documentation of this program is being forwarded to NASA under
separate cover(6).	 This program is based on and adapted from a previously de-
veloped program, SONIC I(?)A description of some of the major differences
between the two programs and the reason for these differences is given in the
paragraphs below.

Initially, in order to facil!^:ate debugging efforts and to make large numbers of
production runs easier to prepare, several internal changes were made in the
program.	 Most of the dimensioned variables were removed from the previous-
ly existing COMMON statements and are now defined by DIMENSION statements
only in the subroutines in which they are required. 	 Additionally, all of the in-
put parameters to the program are in NAMELIST format rather than in the more
structured format used in past programs. 	 All of these parameters are now
given preset values within the program, and it is necessary to input only
those parameters which the user wishes to define as other than the preset val-
ues. These changes make it considerably easier to increase or decrease the
total running time and to make the overall computer program larger or smaller.

In the external flow program, the three-dimensional sample spare is now divided
into about eight-hundred cells of varying sizes; the smaller cells being at the leading
edge of the body.	 The cell sizes are selected such that the expected change in
flow properties over the width of each cell iL small.	 A typical cell geometry 13
shown in Figure 1.	 As can be seen from this figure, the major change from the
two-dimensional program is that the previously assumed concentric annular cells
are now segmented angularly by planes coming radially outward from the axis
of symmetry of the body. It is also possible to put more angular segments at the
leading edge of the body where, for large angles of attack, much more interac-
tion takes place.

In the current program, as in the preceding versions, many of the calculations
are done on a cell-by-cell basis.	 Many of the larger cells are subdivided into
smaller cells and the test body also replaces some of the cells near the center
of the sample space. 	 These subdivided or replaced cells are then given a volume
of zero, so that no calculations are done in them. 	 In earlier versions of the

11
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Figure 1. Typical Cell Geometry for an Axially Symmetric Body
for Three Levels of Cell 8izn

program, it was necessary to dimension many arrays to include these zero
volume cells, thereby wasting much valuable computer storage space. In the
current version of the program, the cells are renumbered before starting cal-
culations, with all cells of zero volume being omitted. Many arrays are now 	 Y.

based on the new numbering system, thereby decreasing their size by as much
as thirty percent.

In converthg to a three-dimensional program, the major change with respect
to individual particles was the addition of a third position coordinate. In the
SONIC I program, only two position coordinates were necessary, since the Sys-
tem was :assumed symmetric with respect to the third coordinate. The three
velocity coordinates are also monitored.

Aside from the above-described general changes in the programs, significant
changes were made in many of the individual subroutines. The major changes
are described on a subroutine-by-subroutine basis.

1.	 MAIN

This segment is the major one in the program. It calls all of the
subroutines and, in effect, keeps track of the program. In order to give the

12



program a restart capability, this segment was completely reorganized. This
capability is used when the user-specified, initial number of molecules causes
the maximum permitted number of molecules to be exceeded at some later time
(as often happens when a new geometry or altitude is tested). Instead of caus-
ing the program to stop, thereby wasting valuable turn-around time, the initial
number of molecules is now decreased by 100 and the program is restarted.

As described in Section III of this paper, velocity distribution functions for later
use in the internal flow program are now determined and not up in MAIN. Ad-
ditionally, Central Processing Unit time is now monitored and when thirty
seconds or less remain, the calculations cease and the latest data is printed
out. The number of copies of the final data set to be printed is now a user-
specified number.

In order to decrease the size of MAIN, several secti,)ns of it (which are also
used in other parts of the program) have been removed and are now separate
subroutines. The new subroutines PRINTA and PRINTS are used to print out
the initial cell volumes, positions, and centers, along with the values of many
parameters used in the program. The new subroutine DIAG now contains all
programmed diagnostic messages. These are intended to help the user in de-
bugging his computer runs.

2. Subroutine F UNC TM

This new subroutine is called by the Simpson's Rule Integrator. It cal-
culates the necessary coefficients for using a Simpson's Rule integration to ob-
tain the flux and velocity distributions necessary for the program. These dis-
tributions were needed when it became necessary to define velocity distribution
functions along all boundaries of the sample space.

3. Subroutine COLLIDE

In this subroutine an additional determination is now made for the purpose
of compu Ing the distribution functions in DRAG and for future flow-field data
analysis. Each particle is considered to belong to one of three sets. All par-
ticles entering through the boundaries are initially considered to be free-stream
partauies. Wuen two free-stream particles collide, both remain free-stream.
A particle whose last collision was with the body Lq considered to be a body
particle. All remaining particles not belonging to either of the two sets de-
scribed above are called collided particles. For computation of surface dis-
tribution functions in DRAG, the sets of collided and body particle® are con-
sidered one and are called "interacted" particles.

13
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This change was easily included in the program by adding another variable to
those used to describe each particle. If the value in this variable location is
zero, the particle is a free-stream particle; if it is a one or two ( two if the
particles last collision was with the body, one otherwise) the particle is
interacted.

4.	 Subroutine MOVE

In this subroutine, the particles are moved according to their latest vel-
ocity. The subroutine has been made completely three-dimensional. In the SONIC I
program, MOVE considered particles in a so-called zero plane. As a particle
moved out of its zero plane, it was necessary to shift the particle back to the
zero plane before considering cell related calculations. Since cells are now seg-
mented angularly, three particle coordinates are retained throughout the program.

b.	 Subroutine FLOW

FLOW is the subroutine which introduces new molecules into the sample
volume. At other than zero angle of attack, it is necessary to add significant
numbers of particles along more than one boundary. FLOW now defines veloc-
ity distribution functions along all boundaries of the sample volume. Addition-
ally, as discussed in Section III, the new particles are added more evenly,
thereby better simulating the physically expected uniform free flow conditions.

6.	 Subroutine DRAG

This subroutine calculates the required parameters (momentum and en-
ergy transfer) at the body in three dimensions. One section of DRAG has been
removed to form the new subroutine NORMAL. NORMAL calculates tho normal
to the body surface at any point. It was removes' from DRAG because body sur-
face normals are now required for calculations made in other parts of the
program.

The new distribution functions, needed as input for the internal flow program,
are now also calculated in DRAG. When a molecule collides with one of the
body-surface segments on which a velocity sample is required, its velocity and
species are monitored, and the proper section of the velocity sample is increased
correspondingly. A more complete description of this process is described in
Section III, Paragraph B.
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7.	 Subroutines PRINTI Tarough PRINTS

These five subroutines are used for competing and printing nut all of the
necessary output parameters of the program.

• PRINTI calculates and prints out the various body gross surface co-
efficients including heat transfer, drag, and lift.

• PRINT2 cnlrnlate i and prints body parameters such as number flux,
shear, pressure, and heat transfer as they are distributed over in-
dividual surface segments.

• PRINTS prints out the velocity samples, obtained in the subroutine
DRAG, for the selected body segments.

• PRINT4 computes and prints, on a cell-by-cell basis, the time-aver-
aged,aged, flow-field information. Among the parameters printed are:
average cell velocities and temperatures, number density, and mass
density.

PRINTS calculates and prints out the same quantities as PRINT4, but
_	 on an instantaneous basis before the steady-state time is reached.

The above list of changes for the individual subroutines is by no means complete.
Also, changes made in one subroutine generally affected several other subrou-
tines, and the general program alterations described at the beginning of this
section affected virtually every subroutine. For a more comprehensive descrip-
tion of the new program along with a complete listing, the reader is referred to
the external-flow program document.

B. THE INTERNAL-FLOW COMPUTER PROGRAM

Complete documentation of the internal flow program is being forwarded
to NASA under separate cover(s) . Only the major changes in the program made
during this study are described below. All of these changes were made in order
to facilitate the internal-external programs coupling.

After the three -dimensional, two-fluid computer program was written, it was
necessary to bring the previously existing internal flow program to a similar
operational status in order to proceed with the coupling. Since the internal flow
program, developed previously(4), was a three -dimensional program, the changes
necessary to bring it into accore. with the external flow program were not as
great in scope as those necessary to convert the external flow program.

`	 The major geometrical change, as discussed in Section ffi, paragraph .f,, wail
to make the internal flow program work through 860 degrees. Taia be; ac-
complished, it was necessary to introduce a polynomial-fit subroutine into the
pram •
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The output from the external flow program, 	 described in precedingtp	 p og	 , as sc	 p	 ng sec-
tions, is in the form of a velocity sample at discrete intervals, while the orig-
inal internal-flow computer program required a complete velocity distribution
function. This distribution function is the relative number of particles added
by increasing the velocity by an amount dU for all values of U and is, in effect,
the derivative of the velocity sample. However, obtaining the veiOcity distribu-
tion function by taking numerical derivatives of the velocity sample without first
smoothing the data can lead to large statistical errors. For this reason a poly-
nomial-fit subroutine was added to the beginning of the internal-flow program.
This subroutine fits the input velocity samples with a polynomial whose order
can be specified. The derivative of this polynomial can then be obtained analyti-
cally and after being normalized, yields the required distribution function used
in the remainder of the internal flow program.

In order to facilitate both data reduction and design synthesis, as discussed in
Ser `.ion III, all of the in-pats and results of the internal now program have been
normalized with respect to the free-stream results used in the corresponding
external flow program. Thus, outputs of the fluxes from the external flow pro-
gram ( normalized to the free-stream values) are fed directly as inputs into the
internal now program. An important consideration is that the geometry of any
internal flow run must be specified in terms of lengths measured in free-stream
mean-free-paths. Here, care must be exercised to choose a time increment
that is small compared to the expected mean-free-time within the cavity, rather
than that in the free stream. (In most cases the two will be significantly dif-
ferent.) A reasonable estimate can be obtained by use of the simple free mol-
ecular orifice formula. This formula gives the ratio of the mean-free-time be-
tween collieions in the cavity Teav to that in the free stream Tfs

"	 T cay	 1
Tfs R' 3.2S oo

where S.0 is the Mach number used in the external flow program and 0 is the
flux ( normalized to the free-stream value) at the orifice. This flux is one of the
input parameters of the program.

a	

All of the outputs computed in PRINTI and PRINT2 are normalized by the appro-
priate combination of external free-stream number density of the first species
(Nco ), the external free-strearn speed, Uoo, and mass of the f' at species (Ml),
where appropriate. 'Thus, to obtain the actual dimensional value of a variable,
one needs to multiply .^y the appropriate (dimensionally correct) combination
of those free-stream quantities. For instance, surface r.:umber fluxes listed in
the program need to be multiplied by the quantity N OO U.O to obtain the actual
number flux in particles per unit time per unit area. Surface pressures and
shear results must be multiplied by MiN.0 U.0 $ to obtain actual pressure and



shear in units of force per unit area. Heat flux results must be multiplied by
MiNooUoo s. Flow-field quantities are similarly defined with number density
normalized by the free-stream density Noo , while intensive properties such as
velocity and temperature are normalized by the free-stream speed of sound
and temperature respectively.

Again, as is the case with the external flow program, other less significant
changes are discussed in the program document.

C. APPLICATIONS OF THE NEW PROGRAMS

1.	 Results Obtained From The External-Flow Program

In order to reach the objectives described in Section II, Para. C, thirty-two
production runs of the external flow program were completed using the Atmos-
phere Explorer geometry. 	 In eddition, two purely diagnostic runs (UP and
L2R), testing the sensitivity of the results to certain programmer-chosen par-
ameters, were performed. All of the external flow rune and the corresponding
labels and flow parameters are listed on Table 1. 	 In the table, the first column
gives an identifying label for each run. 	 These labels were selected such that
H-runs ware run using atmospheric properties corresponding approximately to
an altitude of 150 kilometers above the earth's surface, M-runs correspond ap-
proximately to an altitude of 135 kilometers, L-runs to an altitude of approxi-
matel,Y 120 kilometers and J-runs to an altitude of approximately 110 kilom-
eters`3).	 For each run, the following parameters are listed:

KnL	 Knudsen number, based on cylinder length,

Kn	 Knudsen number, based on cylinder diameter,

S	 Mach number (ratio of vehicle speed to speed of sound),

RM	 Mass ratio of species 2 to species 1,

DIR	 Hard-sphere-model diameter ratio of species 2 to species 1,

RN	 Number density ratio in the free stream of species 2 to
species 1, and

TIME	 Approximate duration of the 360-91 computer run.

COMMENTS	 See following text.

For most runs, which unless otherwise noted were performed for the case if
the cylinder axis perpendicular to the flow (i.e., 90 degree angle of attack),
the COMMENTS give the binary gas constituents being simulated. In other cases,
the variation of angle of attack or other special feature is noted. 	 The rune

17
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TABLE I. COMPUTER RUNS PERFORMED ON ATMOSPHERE
EXPLORER GEOMETRY

Label KA L Kn S RM DIR RN Time
( min)

Comments

H1 30 23 16.5 1.75 1.34 7.7 60 O-N=
H2 30 23 16.5 1.75 1.34 2.0 40 O-N=
HIE 30 23 16.5 1.75 1.34 2.0 50 0-NI
H4 30 23 16.5 7.0 1.7 2.0 50 He-N=
H5 30 23 16.5 0.875 1.0 2.0 50 02-N:
H6 30 23 16.5 0.875 1.0 7.7 50 02-N=
H7 30 23 16.5 0.875 1.0 2.0 50 0=-N3
Mi 10 7.6 18.0 1.75 1.34 2.0 50 0-N:
M2 10 7.6 18.0 1.75 1.34 7.7 60 O-N=
M3 10 7.6 18.0 1.75 1.34 20.0 60 O-N=
M4 10 7.6 18.0 7.0 1.7 20.0 50 He-N:
M5 10 7.6 18.0 0.875 1.0 2.0 50 O:-N=
M6 10 7.6 18.0 0.875 1.0 7.7 50 O:-N=
M7 10 7.6 18.0 0.875 1.0 20.0 50 01-N=
M8 10 7.6 30.0 1.75 1.34 7.7 60 M2 with S a 30

M9 10 7.6 10.0 1.75 1.34 7.7 60 M2 with S = 10
L1 3.0 2.3 19.6 1.75 1.34 2.0 60 O-N=
L2 3.0 2.3 19.6 1.75 1.34 20.0 60 O-N2
LL 3.0 2.3 19.6 1.75 1.34 7.7 60 O-N=
L4 3.0 2.3 19.6 7.0 1.7 20.0 50 He-N=
L5 3.0 2.3 19.6 0.875 1.0 2.0 60 O=-N=
L6 3.0 2.3 19.6 0.875 1.0 7.7 80 O:-N=
L7 3.0 2.3 19.6 0.875 1.0 20.0 60 O=-N=
L8 3.0 2.3 19.6 1.75 1.34 2.0 60 800 Angle/Attack
L9 3.0 2.3 19.6 1.75 1.34 2.0 60 85° Angle/Attack
J1 1.0 .76 20.0 1.75 1.34 2.0 60 O-N=
J2 1.0 .76 20.0 1.75 1.34 7.7 60 0-N2
J3 1.0 .76 20.0 1.75 1.34 20.0 60 O-N2
J4 1.0 .76 20.0 7.0 1.7 20.0 60 He-N=
J5 1.0 .76 20.0 0.875 1.0 2.0 60 03-N2
J6 1.0 .76 20.0 0.875 1.0 7.7 50 02-N2
J7 1.0 .76 20.0 0.875 1.0 20.0 60 O:-N=

L2R 3.0 2.3 19.6 1.75 1.34 20.0 60 (L2 DTM Larger)
L6R 3.0

1
2.3 19.6 0.875 1.0 7.7 30 (L6 Celle Smaller)
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labeled HIE and LL correspond approximately to the expected N 2-0 concentra-
tions ratios at 150 and 120 kilometers respectively. All runs used diffuse sur-
face reflection.

The runs were chosen to give information on surface and flow quantities as to
their:

• Variation with Knudsen number, corresponding approximately to
they 110 to 150 kilometer altitude range;

• Variation with free stream concentration of either Os or O from 5
percent ( extrapolated to trace situations) to 33 percent;

• Variation with mass ratios of 0.875 (NS/02 ) 9 1.75 (N=/O) and
7.0 (N$/He );

• Variation with Mach number from 1.0 to 30;

• Variation with small changes in the angle of attack near 90 degrees
(80 and 85 degrees).

Because of the tremendous amount of information obtained from even a single
computer run, it has been impossible to absorb and analyze all of the data in
the available time. Attention was concentrated, therefore, on those aspects of
the surface fluxes and surface distribution functions that appear most important
in the interpretation of High; data. Flow field quantities are presented only to
the extent that they are helpful in understanding the behavior of the surface
fluxes. Since one of the most important pieces of aeronomic data is the atmos-
pheric composition, the relation between the surface number fluxes of the in-
dividual species (which can be measured with a mass spectrometer) and the
corresponding "free-stream " fluxes which would be measured in free molecular
flow have been stressed. ( The relationship between the fluxes entering a sur-
face orifice and the measurements obtained by an instrument located in the
cavity behind the orifice is discussed in Section IV, Para. C2. Only selected
data has been used in order to indicate the effects that appear to be most
pronounced. The major results from the external-flow program are given
graphically in Figures 2 through 23.

Figures 2a and 2b show density contours ( normalized to the free stream value)
for the Atmosphere Explorer geometry ( short cylinder transverse to the flaw)
in the mid-plane. The results shown are for a typical mixture density and are
not too sensitive to concentration ratio or mass ratio of the constituents. Ex-
cept very near the cylinder edges, similar results are obtained in other planes
transverse to the cylinder axis. These results are shown primarily to indicate
the scale and relative magnitude of the high density region in front of the body.
It is this increase in dcnaity that produces increased interaction between the
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Figure 2. Density Contours for Flow About a Short Cylinder
( Density Levels are Referenced to the Fro..e-Stream )

particles and the body and thereby accounte for the rather pronounced effects
at the surface even when the free-stream mean-free-path it considerably
larger than the body (that is, at large Knudsen numbers). The compression
of the high density region (measured in terms of the body dimensions) as
Knudsen number decreases is also evident. Not noticeable oa these figures,
but readily apparent from the data, is the fact that the density immediately
adjacent to the stagnation point also rises rapidly with decreasing Knudsen
number. Figures 3a and 3b show similar results for a sphere (obtained from the
two-dimensional programs developed for the previous contract). The physical

20



3
	

i.s

(Kn-30.0,8-15)

2. 0

3.0

Cr.
4.0

10.0
1. 0

MO	 SPHERE	 R

0

•3.0	 •2.0	 •1.0	 0.0

IX/RI

a. Knudsen No. is 80.0

3.0

(Kn-1.0,8-28)

2.0

1.s

CC
3.0

4.0

10.0
1.0

0.0

SPHERE

C
•3.0	 •2.0	 •1.0	 v.v

Ix/RI

b. Knudsen No. is 1.0

Figure S. Density Contours for Flow About a Sphere ( Density
Levels are Referenced to the Free-stream)

21



1
parameters, othc: than geometry used as program inputs to obtain these figures
were qualitively the same as those used to obtain Figures 2a and 2b respectively.
The results are exactly as one would expect when considering the two geometries.
In the spherical geometry, the body influence does not extend as far forward as
In the cylindrical geometry, but qualitively, the features of the density contours
are similar.

The kinetic temperature variation of the two species along the stagnation stream-
line (Z = 0) in the mid-plane for both a high (23) and low (0.76) Knudsen number
is shown in Figure 4. At the higher Knudsen number, temperature is not a very
meaningful quantity, as it arises simply from the superposition of the incoming
and reflected distribution functions. 	 The decay of the temperature to free-stream
value `akes place purely on the basis of the reduced solid angle subtended by the
particles coming from the body. And, because the density of the reflected com-
ponent is so high, this process extends many body diameters. At the lower
Knudsen number, one sees the beginning of a shock layer. 	 However, its extnnt
and magnitude are very different from continuum results. 	 In the continuum
limit, the entire shock layer would extend no more than about twenty percent of
a body diameter, while the peak temperature for both species would be 125 times
the free-stream value.	 Note that for both species the extent is much larger while
the peak temperature is lower. 	 The differences between the light and heavy
particle temperatures are in conformity with the qualitative results expected
on the basis of incomplete collisional coupling between the two species.

A typical longitudinal variation of number flux per unit area, normalized to the
free-stream flux, * at 5 degree and 45 degree azimuthal positions, and at a
Knudsen number based on diameter Kn = 2.3, is shown in Figure 5. While
generally, the number flux at the mid-plane is somewhat higher than that near
the cylinder edges, the variation is no more than about 20 percent. 	 Results
for other Knudsen numbers are qualitatively similar. 	 Because of limited spatial
resolution, the present results cannot determine behavior very close to the cyl-
inder edges and should not be used to infer that a local variation much more
pronounced than that in Figure 5 does not oxist.

Figures 6 through 14 show some selected azimuthal variations of number flux
for a heavy and a light species of gas. Both values are normalized to the free-
stream value ( the free molecular value is also indicated on the plot as a means
of comparison) and are plotted for several Knudsen numbers. In aL cases the
body surface was assumed cold (temperature approximately equal to the free-
stream temperature) with perfectly accommodated diffuse reflection.	 Figures
6 through 10 are nor an approximate mass ratio of constituents, RM 9 of 1.75

* The free-stream flux is the free-stream number density, N. 0 , multiplied by
the free-stream velocity, Uoo.
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(Nito O ratio). The results presentedresented are for free-stream concentrations (num-
ber density) ratios, RN, of 7. 7, 20 and 2.0. Figure 6 gives an indication that
at a Kn of 23 the results, to within their accuracy, are free molecular. The
consistently higher value for the heavy species suggests, however, that the col-
lisional increase of surface flux is already apparent for the heavy species. Fig-
ures 7 and 8 correspond to lower Knudsen numbers (7.6 and 2.3 respectively)
and show qualitatively similar azimuthal variation but at increased values of
flux and greater separation between the species. Figures 9 and 10 are for a
Knudsen number of 0.76 and for concentration ratios, RN, of 20 and 2.0 respec-
tively. At this Knudsen number, the heavy species is eighty percent greater
than the free molecular flux at the stagnation point, and the separation between
the two species is very pronounced. Note that, while the hea-s,, species flux
varies oay slightl y between concentration ratios of 20 and 2. 0 9 the light species
flux is appreciably lower for the ratio-of-20 case. A similar flux profile for a
Knudsen number of 0.76 and for an approximate mass ratio, RM, of 7.0 (N= to
He) while RN is 20 is shown in Figure 11. The results here are very similar
to those in Figure 9, indicating that when the light species is a trace constituent,
the mass ratio is not an important parameter in determining the collisional in-
crease of flux of either species.
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Figures 12 to 14 show the normalized azimuthal Aux variation for a Knudsen
number of 0. 76, an approximate mass ratio of 0.876 (N= to O=) and for concen-
tration ratios of 2. 0, 7. 7 9 and 20.0 respectively. At an RN of 2. 0. no pro-
nounoed separation (in excess of the accuracy) is clearly discernible, although
a blight excess of flux exists for tic. more numerous light species. As the con-
centration ratio of the light to heavy species is increased, the light speoter flux
is only slightly decroased while t^ very pronounced depletion of the heavy species
flux appears at the stagnation point.

The relative species fluxes in Figures 13 and 14 appearto contradict the
general trend of heavy soocies overabundance seen in the results from the other
mass ratios (1.76 and 7.0) in Figures 6 to 11. However, qualitatively similar
results were found at other Knudsen numbers. While no concrate explanation
can be given, major differences between the oases can be indicated. All of the
results for mass ratios of 1.76 and 7.0 represent situations where the heavy
species is dominant in terms of momentum and energy content of the flow, and
the light species has appreciably lower mass. The cases shown in Figures 18
and 14 represent the flow of a mixture of molecules of only slightly different
masses and with momentum and energy carried primarily by the lighter species.
Only additional computations and analysis in this range of mtjs and number
density ratios can explain the reasons for the apparent light upecies overabun-
dance.
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The azimuthal variatious of pressure ( normal stress) and shear in the mid.-
plane at a Knudsen number of 0.79 is shown in Figure 15. The pressure even
at this relatively low Knudsen number is not very different from free molecular
results. Simple momentum conservation requirements, together with the fact
that free molecular and inviscid continuum stagnation point pressures are only
a few percent different, tend to confirm the plausibility of this result. The
shear coefficient, on the other hand does show a decrease of the order of 20
percent. ( The shear coefficient must approach zero in the inviscid limit.)
This slight reduction of shear suggests an even smaller reduction of drag co-
efficient. A similar plot of the heat transfer coefficient* at several Knudsen
numbers is shown m Figure 16. From this figure it can be seen that the coef-
ficient of the heat transfer term ( or net energy flux to the surface) decreases

* The heat transfer coefficient may be expressed as:

q
1/2poo U o0

where pbo is the free-stream mass ratio and U co is the free-stream velocity.
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with decreasing Knudsen number with reduction of approximately twenty-five
percent at the stagnation point at a Knudsen number of 0.76.

The normalized flux results for a Kn of 0.76 at the stagnation point and a posi-
tion 45 degrees from the stagnation point in the azimuthal direction are summar-
ized in Figure 17. It shows the variation of the heavy to light flux ratio at the
surface normalized to that in the free-stream as a function of concentration ratio
and for several mass ratios. Figure 18 is a summary of the normalized flux
results. It shows variation with Knudsen number for two concentration ratios
( 20 and 2.0) but for a constant mass ratio of 1.75. Note that for Knudsen
numbers of 2.3 and higher, almost no effect of concentration ratio is discernible,
while at a Kn of 0.76 the results show a pronounced d-1ference which could be
expected from comparing Figures 9 and 10.

Aside from the direct effect of increased flux entering an instrument orifice,
the form of the distribution function can have very serious consequences on the
calibration of such an instrument. It is well known that even if the internal flow
connecting the orifice and the mesAuring instrument is free molecular, the re-
lation between internal pressure	 the entering flux is very sensitive to the
form of the distribution function ( "'. When the external flow is in the transitional
flow regime the input distribution function at an orifice must be composed of
two separate distribution functions from the two classes of particles: (1) the
"uncollided" particles, coming directly from the free-stream, and (2) the "in-
teracted" particles, coming from products of collisions between the free-stream
molecules and either the "body reflected" or the "interacted" molecules com-
ing away from the body. As explained in Section M. at preselected locations
the distribution functions of both collided and uncollided molecules can be mon-
itored. A typical result which has been "polynomial-fitted" for use in the in-
ternal flow program is shown in Figure 18. The first and third rows of graphs
represent curves directly fitted to the data (which comes as a list of values
designating the fractional number of surface collisions at that segment with
velocities below a specified tabulated velocity). Rows 2 and 4 show the deriva-
tives of the fitted curves and represent the distribution functions of the mole-
cules. Rows 1 and 2 give the free-stream molecules' curves while rows 3 and
4 give similar curves for the interacted molecules. Each function is divided into
three Cartesian Coordinates, normal, azimuthal and longitudinal, in directions with
respect to the body surface and flow direction. Note that the uncollided molecules
are peaked around a high incoming velocity with a spread of a few times the thermal
speed as expected. The collided nioelcules in turn have a broad distribution, in
general with a spread more representative of the vehicle speed. As can be seen
from the figure, should a spacecraft-borne instrument be a priori calibrated assuming
a very peaked flux distribution function, an appreciable portion of the collided mole-
cules could greatly alter the calibration, thereby producing erroneous results.
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The variation with Knudsen number of the uncollided fraction of the incoming
flux at the stagnation poir.A in the mid-plane is shown in Figures 20 and 21. In
Figure 20, two mass ratiois are shown for the carte in which the light species is
a trace constituent and in figure 21 the effect of varying concentration ratio and
surface location is shown !tor the mass ratio of 0.876. Note that, in all cases,
for Knudsen numbers near one a large fraotion of the flux comes from collided
molecules having a distr Lbution in no way resembling the free-stream particles.
Thus instrument calibration based on the highly directed molecular beams avail-
able in the laboratory may be of little value.

Some indication of the variation of several parameters as a function of Mach
number is given in Figure 22. A word of caution is necessary here to prevent
misinterpretation. The important parameter is really not the Mach number
based on the free-stream speed of sound. It is the Mach number based on a
sound speed based on body temperature that is relevant. Note that such a Mach
number, squared, represents a ratio of incoming kinetic energy to the energy of
the outgoing particles. As long as the free stream Mach number is relatively
large (S > 5), the free-stream temperature can be shown to play essentially no
role, at least on the forward portion of the body. The variation with Mach
number for this figure was essentially obtained by keeping the body temperature
equal to the free-stream temperature and thus varying the "body Mach number".
(which is, in actuality, the relevant quantity) simultaneously with the free-
stream Mach number. The results shown are for the relatively high Knudsen
number of 7.6. The surface flux does not show a pronounced change, but the
fraction of uncollided particles reaching the surface is definitely reduced for
increased Mach numbers. This is at least partially explainable by looking at
the increasing number densities in the "cell" immediately in front of the body
segment on which the collisions are being monitored,

:Figure 23 represents an attempt to obtain some knowledge of variation of sur-
face fluxes with body geomeby from the very limited imformation gained thus
far. This figure is a summary of results of the stagnation point flux on a
sphere, an infinite cylinder and the short cylinder ('L/R = 1.5) discussed in
this section. The plot is for a large mass ratio (RM > 7) and the light species
is again a trace constituent. The upper portion of the figure shows total flux
(primarily heavy particles) as a function of Knudsen number. Although there
are some differences between the three geometries, no pronounced trend is
discernible. The lower portion of the figure shows the heavy-to-light flux ratio
normalized by the free-stream value. There appears to be a definite trend,
showing increasing heavy species overabundance as one proceeds from the
spherical through the short cylindor tc the pur;: , two-dimensional, infinite-
transverse cylinder geometry.
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2.	 Results Obtained From The Internal-Flow Program

To test the operation of the internal-flow computer program in its revised
form and to obtain some experience with the conditions expected in an instru-
ment cavity on a vehicle under conditions computed in the external flow program,
four "internal " runs were completed. Runs 11 and I2 used input, distribution
functions from the external ft-.w run J4 (see Table 1) at the 5-degree azimuth
location near the cylinder edge and in the mid-plane respectively. Runs 13 and
I4 used input distribution functions from the 5-degree azimuth location in the
mid-plane and are taken from external flow runs L4 and M4, respectively ( see
Table 1).
In all four runs, the instrument cavity geometry used was the same. The geom-
etry chosen was a model of a long cylindrical tube preceeded by a short cylindri-
cal constriction at the entrance, the short constriction leading from the orifice
to the cylinder. A sketch of the section through the axis of symmetry of the ge-
ometric configuration used is shown in Figure 24a. The diameter of the con-
strictior: (called the "Entrance Region" on Figure 24a) is approximately 2 inches
for a vehicle length near 50 inches while the diameter of the tube portion ( called
"Cavity Region ") is twice as large (i.e. , 4 inches). Figure 24a gives the di-
mensions in free-stream mean-free-paths for runs Il and 12. The corresponding
dimensions for 13 and 14 can be obtained by dividing the scale by 3 and 10 re-
spectively. Figure 24b shows the variation of surface number fluxea normalized
by the free stream value (Noo Uoo) for each species for runs 12 and 13. No at-
tempt was made to compute the azimuthal variation. This is because the angle
between the perpendicular ^ to the orifice and the flow direction is only five de-
grees. This low internal angle of attack implies only a very small amount of
asymmetry of the entering distribution function and thus a small azimuthal var-
iation within the cavity. The running times were insufficient to produce ade-
quate s tatis tics for detecting this variation.
Because of the limited number of runs of the internal flow program obtained thus
far, only preliminary identification of the major effect can be attempted. In
Figure 24b, the values of the normalized flux at 0.0 on the x-axis correspond di-
rectly to the flux per unit area entering the orifice (computed in external flow).
The surface flux within the entrance region is somewhat lower than that enter-
ing the orifice. This conforms to the expectation that a large fraction of these
particles can pass through the entrance region without collisions ,vith the walls.,
Beyond the entrance region, the surface flux is generally higher than that at the
orifice, with the effect more pronounced near the end of the cavity for the heavy
species, and more pronounced at lower altitudes ( notice Run 12).

While the number densities in the cavity are not shows, the 'trends are similar
to those for the surface fluxes. For example, immediately behind the entrance
region the light and heavy densities for Run 12 are, .espectively, about 23 and
61 times their free-stream values (i.e. , comparable to the 24.6 and 64.8
theoretically expected values behind a thin orifice). The densities rise mono-
tonically with X. similar to the surface flux rise shown in Figure 24. Near
the end wall of the cavity the corresponding densities are 38 and 207 times

i	 their free-stream values.
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The rise in flux toward the end of the cavity may be explanable on the basis of
particle-particle collisions. Collision-dominated ( continuum) theory predicts
the normalized surface flux within the cavity of the heavy and light species for
these runs at 10.3 and 3.9 respectively. Although, even for the I2 run, the re-
sults are not nearly this high, the effect of collisions is apparently significant
near the cavity end. For free-molecular flow entering an extremely short en-
trance rogion and followed by large cavity in which the gas is in equilibrium
with the walls ( the classic example), the normalized surface flux for both
species would be 1.0 everywhere within the cavity. This result is shown, for
comparison, in Figure 34b and labeled "free-molecular. "
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D. THE THREE -FLUID PROGRAM

The necessity of treating threo distinct fluids simultaneously is strongly
coupled to the desire to include vehicle induced dissociation and possible chemi-
cal reactions. Si.ace these tasks are beyond the scope of the current work and
since most three-species gases are treatable vAth the existin,I program (see
Section II, Para. D), no attempt was made to modify the current version of the
programs. While the procedure for performing this modification is trivial in
concept, it is very tedious in practice and requires extreme care in program-
ming in order not to omit any of the necessary changer..

However, it is possible to est ± mate the expected increase in storage and compu-
tation times required by Cie addition of the third species. Going from a two- to
a three -species gas mixture involves increasing the total number of particles by
approximately 50 percent. Therefore, about a 40 percent irtcresse in storage
requirement can be predicted by increasing by 50 percent all species-related
parameters in the program and increasing by 10 percent the length of the pro-
gram itself. Because of additional experience with the ex ternal-flow, three-
dimensional program, a somewhat more refined prediction of computational
times than that attempted from the two-dimensional program can now be per-
formed. A typical cycle time for once around the , '^v,putational loop (which
takes about 3 seconds in the present program) c.vti rF divided i.nto three separate

r operations:

1. Calculating particle-particle collisions iii k, -broutine COLLIDE,

2. Advancement of particle positions in subroutine MOVE, and

3. Bookkeeping operations involving updating of cell related properties
in MAIN.

The time required for Operations 2 and 3 scales directly with the number of
particles involved and thus a 50 percent increase for a third species would be
expected. Time required for the operations in COLLIDE should scale with tho
number of particles squared and thus necessitate a 125 percent increase for the
third species. In the current program, COLLIDE accounts for anywhere from
a very small fraction of the total cycle time at high Knudsen numbers to approx-
imately 1/3 the cycle time at low Knudsen numbers. On the basis of these
estimates, one can expect the three-fluid program to require about a 50 to 75
percent increase in computational time along with the 40 percent increase in
storage. Based on the current experience of 600 kilobytes and 50 to 60 minute
runs, a three-fluid program is marginally feasible on the 360-91 Computer and
definitely within the capability of the 360 -95 Computer.

1
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SECTION Al

CONCLUSIONS

An operational, three-dimensional version of the external-flow two-fluid, direct-
simulation, Monte-Carlo computer program has been developed. It is capable
of generating the information necessary for vehicle design and for the location
of flight instruments for measuring atmospheric properties in the altitude
regime from 80 to 150 kilometers. The internal-flow program developed under
the previous contract has been generalized so that it accepts as inputs infornna-
Lion directly obtainahle from the external-flow program. This capability should
be of great value in instrument design and future data reduction.

The extensive number of cases run for the Atmosphere Explorer geom-
etry using both the external- and internal-flow programs, together with the
results from the previous contracts, have generated appreciable information on
a number of phenomena expected to affect measurement of atmospheric proper-
ties in the lower thermosphere. The major affects are discussed below.

A. FLUX INCREASE AT THE STAGNATION POINT

The flux of particles per unit area at the stagnation point or, to a lesser
extent, on any clement on the forward portion of a vehicle increases rapidly
with decreasing Knudsen number (for a fixed-vehicle geometry, decreasing
Knudsen number corresponds to decreasing altitude). At a Knudsen number near

^.'	 one (corresponding to an altitude of about 110 kilometers), and using a vehicle
having the titmospherP Explorer geometry this increase approaches 1.00 percent.

The limited experience with different geometries (a short cylinder correspond-
ing to the Atmosphere Explorer configuration, an. infinite cylinder transverse to
the flow, and a sphere) suggests tho t when the heavy species is dominant, the rise
in flux of that species is not strongly affected by geometry. This trend is indi-
catc;d in Figure 23.

B. DECREASE OF FREE-STREAM FLUX FRACTION AS .ALTITUDE
DECREASES

A result ,^)f great significance to the calibration of any instrument that will
operate in the transition flow regime has been obtained. This is k}.e computation
of the extremely large reduction, with decreasing altitude, of the fract? n of mole-
cules arriving unperturbed at the surface of the vehicle. These results, pre-
sented in Figures 20 and 21, suggest that great caution be used in the interpre-
tation of any results from an instrument designed and calibrated for a highly

I
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peaked, free-stream distribution. As can be seen from Figure 18, if any ap-
preciable number of particles are of the interacted type, the incoming distribu-
tion function will be very broad, with particles reaching the instrument entrance
with almost equal probability from all directions.

C. OVERABUNDANCE OF HEAVY PARTICLE FLUX

It has been consistently found that whenever the heavy species is a. major
constituent, the flux increase of the heavy particles on the forward portion of
the vehicle is appreciably more pronounced than for the light particles. This
heavy species over-abundance appears to be strongly geometry-dependent on the
basis of the cases considered in Section V, Para. A, and prasented in Figure 23.
For Atmosphere Explorer geometry, the expected measured helium mole factor
would be about 40 percent too low and the atomic oxygen mole fraction 28 percent
too low at an altitude of about 110 kilometers.

D. EFFECTS OF MACH NUMBER

The variation of Mach number (or speed ratio) has only a slight effect on
the number fluxes on the forward portion of the body. A change of Mach number
produces a much more pronounced effect on the fraction of those molecules col-
liding with the surface that had arrived previously unperturbed by the presence
of the body. It is important to note that the relevant parameter in high-speed
flow is the Mach number based on the body temperature, and not on the free-
stream gas temperature. 'Thus, in a situation where the vehicle temperature and
speed remain constant, the vacation of free-stream gas temperature would he
expected to have practically no effect on measurements at the forward portion of
the vehic'.e. The effect on regions near 90 degrees from the stagnation point would
be more pronounced. However, in order to obtain accurate results for this effect,
extenaive and very long computer runs would have to be performed in order to
reduce statistical scatter in this region of very low flux. This is particularly
true at lower Knudsen numbers.

E. EFFECTS OF OTHER PARAMETERS

Effects of other parameters, such as moss ratio ane mixture ratio, are
not as pronounced as those of Knudsen number. Huwever, from the limited
information so far obtained, certain general trends can be predicted.

•	 Increasing mass ratio generally increases species separation
near the stagnation point.

•	 Increasing the mole fraction of the light species generally doereases
the species separation effect (i.e., the heavy species are not as
overabundant when the light species is a, major constituent).
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F. INTERNAL FLOW CONCLUSIONS

Preliminary information has been obtained on the conditions inside an in-
strument cavity consisting of a long tube with a constriction at the t ntrance ( see
Figure 24a) and with the incoming flux distribution corresponding to the external
flow results. Two effects are noteworthy.

1. There appears to be a consistent flux rise with increased distanco
from the entrance, suggesting that the model of thermal equilibrium
within the cavity is not very good for this geometry.

2. The transmission coefficients in the forward and reverse directions
across the entrance regions are very nearly equal. If the usual
model of a highly peaked, free-stream, incoming distribution func-
tion and an outgoing distribution function In thermal equilibrium with
the cavity walls were used, the forward-to-reverse transmission co-
efficient ratio would be near 2. This results in a lnwer prediction
of the cavity-pressure rise uver the free-stream value than that ob-
tained on the basis of free-molecular theory.

42

.,,»



i
1
1
t

I:
f
f

f

I

SECTION VI

RECOMMENDA 'T'IONS FOR FUTURE WORK

Now that a functional three-dimensional external flow computer program exists
and is coupled with a functional three-dimensional internal flow computer pro-
gram, future work in two fields is recommended. Improvements in the model
used in the computer program should be continued. However, the present pro-
grams can also be used as they currently exist in order to give immediate en-
gineering help in the design of experiments for satellites which will operate in
the transitional flow regime. Details of these recommendations follow.

A. IMPROVED COMPUTER-PROGRAM! MODEL,

While the current programs give adequate results for all of the atmos-
pheric conditions and geometries tested, certain simplifying approximations
and limitations were incorporated. More accurate reduction of data, for sat-
ellites and rockets in the 90 to 150 kilometer altitude range, will result from
an investigation of these limitations, and their effects should be considered.
Three important effects, which were not included in the existing program,
should receive emphasis:

1. The approximation of a binary gas mixture, while suitable for many
analyses, should be refined to include such physical processes as
dissociation and chemical reaction. Analysis of the local alteration
of the gas composition by these processes will require provision for
three significant species (i. e. , two reacting species plus an inArt
background gas).

2. Collisional cross -sections are velocity dependent rather than con-
stant, as assumed in the current program.

3. Molecules contain internal structure ( such as rotational and vibra-
tional states). Therefore, translational energy is not necessarily
conserved it all collisions. The current program assumes hard
sphere molecules with only energy of motion being conserved.

An improved program which includes the above considerations, will result in
more confidence in the data analysis, and could improve the accuracy of the
reduced data by as much as 25 percent.
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B. CURRENT ENGINEERING DESIGN

Both of the current three-dimensional programs are developed to the point
where they can be of practical use in the design and placement of experiments on
satellites and rockets operating in the transitional flow regime of the atmosphere.
Specifically, they can be applied to the design and integration of certain expori-
ments scheduled to fiy on Atmosphere Explorers C, D, and E.

All of the following information is obtainable from the existing programs:

1. Determination of the effect of perigee altitude on measurement
errors arising from the fluid environment of the satellite.

2. Optimization of position of the instrument on the satellite.

3. The effect on measured data of varying the size and shape of any
instrument cavity and its orifice.

Most of the above information will be obtained by using the internal flow pro-
gram. The external flow program will be used primarily to compute the initial
velocity samples at various altitudes.
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