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sample of 3500 hard sphere molecules, accumulating distribution
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SUMMARY

The Monte Carlo simulation method of G. A. Bird was applied to the
_ study of flow through a skimmer using various geometries, speed ratios, and
Knudsen numbers. The computer program followed a sample of 3500 hard sphere
molecules, accumulating distribution function profiles in each of 25 regions
of the flowfield, the beam profile at the downstream end of the flowfield,
and the mass flow through the skimmer orifice,

The results show beam intensities of the order of .3 of the no skimmer
interaction value a% Knudsen numbers of Ol and demonstrate clearly that most
of the interaction occurs from O to 4 mean free paths upstream of the orifice.
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INTRODUCTION

This repor:t deals with part cf the woriX we have been doing during the past
three summers on the development and testing of a number of computer programs
designed to simulece molecular flow problems in the transition regime. The
simulation is done with hard sphere model using the Monte Carlo methsd
developed by G. A. Bird (2).

We describe here i%s application to the study of the ficw through & skimmer
under conditions similar to those involved in the production of molecular beaus
of high intensity and speed ratio. We simulate the flow which oczurs in a
cylindrical region reaching upstream and downstream of the skimmer but nst
including the nozule.

Since its proposal by Kantrowitz and Grey in 1651, the free jet-gkimmer
combination has proved far superior to the cider methods using the e?fusive
flow from an orifice in an oven scurce. Nevertheiess, in practice vhe .ntensity
of a beam produced in this way is substantially lower than that one wiuia cbtaie
it the skimmer Just removed the portion of the free Jei around the beam region -
that is, did a perfect Job. Considerable experimental work has gca<= into siudying
the naturz and causes of this effect. Recently Govers, LeRoy and Deckers (b}
have studied the effects of background scattering on skimmzr iateraction; Bossel,
Huribut, and Sherman (3} have done experiments to study the magnitude of the
skimmer interaction for various gecmetries and Jet:.

The efiect of the skimmer interaction, whatever its nature, is Juit2 clear
If .n2 plots beam intensity in particles per sec. per steradian vs nczzle skimmer
separation, the graph starts at a low valiue for smeil separation, 1nireases 1o
a maximum and then drops rapidly as the ceparation ex:ecds the distancze o the
Mach disc (Fig. 4, p. 994, 6i. More or less successrul attempts have been made to
correlate the large amount of exper:imental data availalle to tnabiez sne %3 describe
& given situation with a fairiy small number of parameters  With skimmers of
similar geometry, the ratio of mean free path to skimmer crifice dianeter appears
to be significant  Roger Campargue {4) has discussed a number of dimeasionless
quantities relevant to the nozzle beam apparatus.

The theory associated with & nozale beam divides naturaily 1n0to rhree areas:

(a) Description of the free Jet = that 1s the density, velozity,
and speed ratio at every poiut dowustream oI the nozule.

{b) Skimmer interaction.

(¢! Development of the beam downstream of tha skimmer iassuming
that any moiecules involved in skimmer interaction leave
the beam).

A satisfactory theory rur (a) was published by Ashkoles and Shecman in  Gos
(L), A number uf authors have als) adequately studied {c.,, ¢ . g. Zapata ¢t wi
1in 1960 (8). A summary appears in Hagena and Mor'on (7). Thus ‘e (0' nas
eluded a savisfactory theoretical discussion. it .a the purpose I this M. & "o
shed some light on this dark area 1a the thecory of noseie Leams.

o ekt SR



DESCRIPTION OF THE PROGRAM
§1. METHOD USED

) ]
The Monte Carlo method used in this study of skimmer interaction is basic-
ally the method of G. A. Bird which has been described by him in a mumber of .
publications, fcr example (2). We include a short description here for sake of
completeness and to enable us to explain the changes we have introduced to
accommodate the peculiaritics of this problem. .

Bird's method is a Monte Carlo Algorithm for constructing a statistical
sample of given size N of the the moiecular paths occurring in some finite
regione of an actual flow. The construction process is an imitation of vhat
occur3 in nature, at least insofar as probtability distributions are concerned.
The particle paths are functions of time, so that at any instant only the ¥ -
coordinates in phase space (position, velocity~-space) appear in computer
memory. A time counter T is also kept in memory.

During each iterate of the calculations T ls advanced by a preset quantity
DTM (4ctually a number DT approximately equal tc DTM) and the coordinates in
the molecule list are updated. ‘

§2. INITIAL CONDITIONS

The initial sample is from a distribution based on what we would have if
the skimmer absorbed every molecule which hit it. Actually, the initial
distribution is of secondary importance since experience has shown that tae
molecule list approaches the correct steady state distribution in relatively
few iterations.

As soon as T reaches a preset value TEQ (time at which steady flow is
assumed to have been achieved) date collection for subsequent output i3 begun
and continues until T reaches TEND. Following output the program automatidally
stops or does the next case. )

§3. ONE ITERATION
Each iteration has two components:

(a) Chrnges to molecule list due to coilision. ‘
(b) Changes to molecule list due to convection.

The computation, of (a) requires that the flow region be divided into
cells (Fig. 2) in such a way that the distribution function remains fairly
constant over each cell. At any moment the molecules regiding in a given
cell constitute a sample from the distribution for that cell. If these
molecules are allowed to collide among themselves then these collisions are
representatives of the collisions actually taking place in the given cel® The
theory backing this procedure is stronger than the above suggests. We refer o
Bird's original papers on the subject.

The details of the collision process are a3 follows: A pair of molecules
is chosen in such a way that the probability of being chosen is preoportional .
to the relative velocity. If ¥, and 9, are the velocities of the sair chosen,
they are replaced according to the hard sphere collision law with , vhere
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where 1 1s'chosen from the uniform diltribution on the unit sphere.
4

]
-The position goordinates rem&in unchanged and a time parameter DT i

7 a 1/?[;.'* Vot IV, -V ldl,

|
. DDT = TCONS' . '

e H
\ ‘ : n2|; -v ]

. The nymber TCONS is fixed for each tell. and is explained 1n £6. C:sllisioas
are computed for' a given cell until ) .
' . ! ' H
. P DT + DDT > DTM. ' ' :
! L \ .

The last collision is kept with probability

L ,

DIM - DT Yo
| DDT

and ignored otherwise. This last refinement is: essentla;'here because some cells
have iBuch low collision frequencxes that no collisions at all should be computed
during '‘some intervals DITM.

The computation of (b) is basically simple. The position coordinate. are
translated on the basis =f the time inﬁexval DIM and velocities. The computation
involves some whrk because 'we use cyllndr*cal coordinates ,in the program in which
the translation equations are ndnlinear. We have had to ‘introduce two additisnai
complleetlons which do not appear necessary at. first sight - referencing the
molecule list §9° - and stock Spllttlng §9. At the end of the collision convestian
cycle T is 'incremented appropriateiy and the whole process is repeated.

* ' i

8k, 1 GEOMETRY , ) C
. l '

Since the skimmer problem has cylindrical symmetry about ithe common axis of
the free Jet and the aklmmer, twp coordinates suffiice to,;specify position - the
axial ahd radiel. They are denoted by (x,¥), in the program (rather than iz,r}
as 1§ customary begause essentially the same progtam with a few changed subrautines
car, be used in Cartesian codrdinates). The velotlty cocrdinates (u,v,w) are
with respect to the Cartesian frame 1,0,k where 1 is in the axial direction, J
is5 in the radical direction and k is in' the directlon of increasing €. Thne actual
region of the flow under study is the eolld of revojiution genereted by the shape

in Fag. 1. |

N

The'flow region 1s'subdividedllnno cells as requiYed in the ofllisian Jal=-
‘culation. The 25 cells and the parametérs necessary to specify the geumetry
are marked in'Fig. 1. Tnese parameters are kept in common area (GEIN) {see
Appendix 1). Scme of them must be specified initially (see Bluck Data subprogram.
and the rest are compﬁted‘in gubroutine SETUP. '
,ss.‘ 8TOCK SPLITTING ! "

| \

! 1f the coordinates in computer memory simply conatitutad & aumple 2f %he
mclecular coordlnatea in an actual flow, we ahould find 'that their Jdensity an
the x,y-piane 'increased linearly with x. Thia wuuld be unsatdsfactary because
then most of the computation would beidone {or the region far from the axis voise

! , . !
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the statistical scatter for the beam region containing only a small number of
molecules would, render these results almost useless.

The solution we have adopted to this difficulty involves subdividing the
flow region into a number of subregions, using the stresmlines of the flow to
construct the boundary surfaces whenever possible. The subregions are then
assigned weights in such a way that a simulator molecule in a svhregion far
from the axis "represents" seversal times as many "real" molecules as one in
an axial region. For programming reasons we have found it convenient to make
the weights inversely proportional to the representation mult.pjles, so thet
the subregions farthest from the axis have the lowest weights.

Such an errangement calls for a special strategy when a molecule happens
to move between subregions of different weights. The strategy is this: When

a molecule moves from a weight W, region to & weight wé region, it is replaced
with -

INTR(W /W )
identical molecules. The random variable INTR is defined as follows:

[al with probability l-a+[a]
INTR (a) =

[a] + 1 with probability a-[a]

where [a] denotes the greatest integer less than or equal to & as is customary.
We have called this process "stock splitting".

§6. TCONS CALCULATION

The origiaal formuls of G. A. Bird for the time advance per collision is
DDT = QQK/( v) where Q_, n_, are respectively the volume, total number of
simulator molecules, and cross-~section per simulator molecule for cell k,and v
18 the relative velocity of the collision pair. When the cells are weighted

then a,. must be inversely proportional to the weight. That is if the weights
are W, then

a, v, = const = .

The adaitional requirements on 8, in an actual calculation are

(1) The cross-section density in a specified region of tne fiow
is given (see §10).

(2) The total number of mclecules must be in the vicinity of
sone No smaller than the capacity of the molecule list.

Lev us say N, is the number of molecules obtained in the flowfield if the
skimmer caused no disturbance, i.e. absorbed everything that hit it. Let A,
be the total cross-section ((cross--section/molecule) x number of molecules) in
aell <. A cen Ye computed from the free jet structure and the cross section
dengity A ‘st the skimmer orifice (subroutine VPOL). Then

N = fg_z Ai?x
R a‘( . X-.

J IOV TP I
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§7. THE INCOMING DISTRIBUTION §

First the total influx rate CU to the flow region from the jet is computed
b from the jet cross-section. dengity Ag at the entry point, its velocity v (taken
3 = 1 in ocur units) and the weights of the cells receiving the molecules. The
total entering cell k (assuming all k borders on the entry piane) is

: Av
:" x area of entry surface element.

K

CU is the sum of all such quantities.

The number entering the £ ‘w region during time DT iz CU x DT. Each entering
molecule has its position coordinates chosen at random in accordance with the

Ashkenas-Shermar formulas [1] for variation of jet density with distance from the
; axis

i (R,8) _ . .2 (’I‘é
‘ p(R,0) _ °° \ 26

and the weight of the cell about to receive the molecule. The detaiis cf this
calculation appear in subroutine INPUT (Appendix 1).

; 88. BOUNDARY CONDITIONS

The boundaries in question are the skimmer wails and the artificial boundaries
introduced to enclose the flow field. A moliecule coliiding with a skimmer has &
choice of being reflected or reemitted from a cosine distrabution av & specified

temperature CR. The probability of reemission is a specified accommodation
coefficient ACCOM.

Tne artificial boundaries are:

(1) The entry plane,
(2) The upstream outer boundary,
(3) The downstream boundary.

Moiecules which collide with (1) and (3) are deleted. If & molecu:e 2cilides wit
(2) its velocity vector is rerlected and augmented by the vector Z2pn where r 1s
the outward normal to the wall the p is a specified constant. 1if the resuv:iting
velccity vecrsr points out of the region the moliecule is delsted; ostherv.se 1t

\

el y
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is allowed to reenter. When p is roughly equal to the normal component of
the average velocity of the molecules crossing the wall, its net effect is
to simulate no discontinuity in the flow due tc the boundary.
§9. REFERENCING THE MOLECULE LIST
We discuss here the actual arrangement of the molecule coordinates ;
Cd d =1,2,...in computer memory consistent with a fast method for referring !
t0 the coordinatee correspending to & given cell. :

The list is arrunged in such a way that

C LI ) ch

are in cell 1,

Cyaer =" Ono

are in cell 2, etc. The numbers NI are stored in an auxiliary 1list called MAP. [
The basic operations which must be performed on this list are P

(1) Removal of a molecule, and
(2) Addition of a molecule.

(1) ™o remove C, where Nj., < «& < Ni, store C in place of C o’ Cle in

place of CNl’ etc. until the end of the list is reabted. '
(2) To insert coordlnates C into cell i we make room for it by storing

the first molecule of each cell in-“the location following the last molecule,

starting from,the end and going up to cell i + 1. This leaves location Ni + 1
for C.

Of course, in each case MAP is uplated to reflect the new configuration.

It is clear that a simple transfer of molecule from one cell to another
does not require the operations to‘go to the end of the coordinate list. A
time saving procedure to accomplish this task is incorporated into the program.

§10. SIMULATING AN ACTUAL EXPERIMENT

The program takes the limiting mean centreline jet velocity to be 1. All
other velocities are given in terms of it. The simulator geometry must te
similar (in the geometric sense) to the real geometry, but the units are
arbitrary. Once the velocity and the distance unit are fixed, the time unit
is automatically determined. Since we are mostly concerned with the steady

state we do not even need to compare computed times with real times except
in the initial spproach to the steady state.

,The remaining parameter that .-ust be assigned is the cross section density
A at some reference point . . the flow which we have chosen to be the skimmer
orifice assuming perfect skimming. A has units of reciprocal length, in fact
it is just a multiple of 1/mean free path. Thus Ad, where d is the skimmer

orifice diameter is dimensionless, and we give it the same value in the
simuletor as it ‘'has in the experiment.

Though this prescription is simple, it has its problems, not the least
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being théf the hard sphere cross section of real molecuvles depends on thear
relative velocity. The best we can do is to use, some sort of average rerative
velocity. The realtive velocity of tlie beam and the molecules coming off the

skimmer wall 18 a good candidate because :his 18 when most of the collisions f
take place,

§11. OUTPUT FORMAT

The output from each run contains the following information (see Appendix
2).

(1) A printsut of DT and MAP for each intervai DIM for checking
purposes.

{2) A flow density profile at the skimmer orifi:e as weli asz a
totel particie flow rate,

(3) A flow density profile at the far downstream end of the
flowfield as well as the total particle flow rate through
the geometrical beam area. This last figur2 is useful in
estimating the centreline beam intensity

(4) Histograms for the integrated distribution function profilies
Sfdvdw, Jfdwdu, Sfdudv for each cell.

The distribution function 1s broken down intu the distributicn function
of the molecules which have not undergone collisiun in the tlowfieid and the
remainder. The mean velocity, mean sjuare velo:zity, and mean number of moiecules
are also given along with a theoretical comparison number Ior no skimmer inter-
action. The histograms are obtained by time averaging regular cbsecvations Of
the flowfield for the duration of the computation after egu:librium 1s reached

RESULTS

A simuiator program such as tnis one shouid be v:ewed rather 1_K« an,
experimental racility suitabie fos investlgating a range o!f probiems >onnected |
with the sximmer. We describe here tne results of i study ot sk:mmec interactidn.

A preliminary study was done to checr a moder proposed by Frern:h .5) suggesting
a significant interaction downstream of the skimmer oriiice. This was done in a
program which preceeded the present onc by making the downstream oKimmer wail
absorbing. No downstream erfect was observed. A check >f the distributiosn fun:t.oas
1n the present study supports this coaciuslon.

In fact this study shows that the skimmer interaction is caused by a screen
of molecuies originating from the wall and from ccolliilsions exteading approximatery
one mean free path upstream of..the skimmer orifile  Tne supporting materia. for
this conclusion 1s contalned in the foilowing grapns and tab.zs

Table i shows the cases computed 1n this siudy.

Fig. 1 defines the geometric variabies in the program ana Figs 2 - & glve >
the spezific geometries used in the cal-ulations.
e ~e
Table 2 shows condition near the skimmer wali Fo: an assz:-ment of cases.
.t 15 most significant that for all but the sharpest sk.mme: .angLes 50~, su”:

the flow 1s subscnic. We suspect there 1s always a subsonic region ei.se to

.

>
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the ckimmer wall which is very'thin for small angles but grows rapidly as:
the angle increades. Also the surface interaction’with the skimmer plays

-8 significant role, since case 23 (ACCOM = 0) gives a high Mach number even
for a hlunt skimmer. J

Fig. 5 shows the.mass flow rate thrdugh the skimmer orlfice vs A in |
terms of the theoretical no interaction value. . The mass flow is less then

one in all cases computed but shaws a tendengy to go to 1 in'the cdld
skimmer and no lip cases,

Fig. 6 shows beam idtensity vs A. The importance of the skimmer lip:
sharvness is here clearly indicated. The'skimmer angle seems' to have less
effect than the skimmer temperature. Though the general shape of the exper-
imental beam intensity vs Knudsen number curves is evident, our results do
not show flecreases in intensity &s shrong 8 those in [3] for instance. « )

Figs. T, 8 show mass flow and beam 1ntensity vs 'various parameters. It
is most interegting that an increase in PRES which leads to & decrease in the,
number of molecules entering the flowfield through the outer upstream boundary
leads to a decreasell mass flow but no significdnt change in beam intensity.
Furthermore, 8 low acuommodation coefficient glres high values in both graphs.

,/ ! 1

Figs. 9, 10 were obtained by smoothing the h1stograms produced by the
program. It 1s clear that a Knudsén nuiber of 3/2 (4 =4) leads %o more or
less complete destruction of the bedm by skimmer interaction.

Figs. 11, 12 show clearly a sharp increase of molecules héving a bricad !
Gistrivution function and infiltrating.the beam reglon between Knudsen numbers
1/2 and 1. i

1 t ) . 1
Fipaliy.a note on the standard ‘deviation of -~ he results. The beam intensity
and mass flow curves have a relative standard deviation of between 3% and 5%.
It follows from the theory of Monte Carlo simulators that the' probability distris
* dution of each value obtained is normal. Accuracy 1s expensive; in these calcul-

ations. A folrfold increase in ccmputing nime would cut the. standard deviation
in half.

e
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CASES COMPUTED
i i
, CHARACTERISING PARAMETERS - COMMENTS
A SIA . CR: PRES ACCOM THLIP i GEOM . °~
.1 0.5 01 1.0 1. 0.5 0.1 '3 Sharp skimmer
2 1. 0.1 1. 1. 05 0.1 3
X 3° 2. 01 1. 1. 0:5 01 ¢ 3
i L., o 1. 1. u5 0,1 3 |
5 2. 01 1. 2 0.5 - 0.1 1 Effect of PRES
‘6 2. 0.1* 1. 1.5 0.5, 0.1 1
7 2. .0.1 1. 0.75 0.5 0.1 1
8 2., 0, 1. 0.5 0.5 0.1 1 ,
9 2, 0.0546 1., 1.- 0.5 :0.1 . 1 High mach number
10 1. 0.1 1. 2. , 0.5 0.1 1 Absorbing walls
11 0.5 0.1 0.5, X" 0.5 0.1 - 1 Cold skimmer series
B2 1. 0,1 0.5 1, 0.5 0.1 ‘1
13 2. 0.1 0.5 1. 0.5 0.1 1
i 4, Q1 0.5 1. 0.5 0.1 1
1% 0.5 0.1 .1, 1. 0.5 + 0.1 1 Standard series
26 1.0 0.1 1. 1. 0.5 0.1 1 ! blunt skimmer
17 2.0 0,1 1. 1. 0.5 0.1 1
18 40" 0.1, 1. 1. 0.5 0.1 1
19 0.5 0.1 1. 1. 0.5 0.0 1 Perfect edge .
20 1. 0.1 1. 1., 0.5 0.0 1
i ‘2.0 0.1 1. , 1. 0.5 0.0 - 1 ;
22 L.0o 0.1 + 1, 1, 0.5 0.0 1 .
23 2. 0.1 1. 1. 0. 0.1 ) 1 Effects of surface !
2k 2. 01 L. 1. 1. 0.1' 1 interaction
25 0.5 0.1 1. 1. 0.5 0.1 2 Intermediate angle
26 1. ,0.1 1. 1. 0.5 0.1 L2
! 27 - 2. 0.1 1. 1. 0.5 0.1 b2
28 - k. 0. .1, . 0.5 0. 2
: . !
i
\ v , \
Notes A v Knudsen numbér Kn '
A 0:5 2 y ' :
, Kn: & -2 1% 0.5 . , :

SIA, Cﬁ, PRES, ACCOM, THLIP are explained in Appendix -.

GECA 1, 2, 3"are shown in Figs. 1, 2, 3 respectively.
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15
18
2
8
1
4
23
25
28
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TABLE 2

CONDITIONS IN FRONT OF SKIMMER

CELL 1k CELL 1

0.55_ 0.64 0.51 0.55 .
0.52 0.79 0.3+  o.kk
0.62 0.88 0.48 0.57
0.33 0.4k ) 0.28 0.34
0.80 1.4 0.72 1.2
0.86 2.1 0.71 1.

0.87 2.2 0.75 2.3
0.68 1.0 0.60 0.82
0.71 1.3 0.53 0.73

Mean Speed _Mach # _ Inclination

0.83
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FIG. 5 MASS FLOW THROUGH SKIMMER UNDER VARIOUS CONLCITIONS
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FIG. 6 BEAM IKTENSITY UMDER VARIOUS CONDITIONS
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COMMENTS . | ;‘ !
A, Tﬁe Variables : ,
:Ccmmon;Area‘ Purpgsg ,
; /RG&D/ Storﬂvé arsa for beaﬁ and orifice profile histograus.

BPRFL and HPRFL resp. DBPR and DHPR are the widths of the
histogram cells in each case. |,
i [} ' [

'VGEOM/ GeqmetriEaI definition of the flow field - see Fig.

- i ( -

/NPRFL/ , For internaluse in the program to save computer time in
! the introduction of molecules through the input plane.

/CONS/ ' CU is the total number of molecules °nter1ng the flow field
i through the irnput plane per unit time, SIA is the speed
ratio,, in the jet, CR is a speed defining the temperature
“ ,0of tae skimmer walls, ACCOM is the accommodation 2oefficient,
, , PRES is related to the pressure on:the upstream outer
' ' boundary,'CLWT is the list containing the cell weights,.

) ' TCONS is the 1list .of time advance per coliision constants
for the cells. The: reneining variab;es are for internal
use of the program to ssve recompuﬂlng frequently used

' o numbers. They are 1nitiaily computed in SETUP.
I /BEGIN/ ,BE and BG are initial values for the seguencing variebies
of the random number generators. A 1s the cross section
) ] density at the or1ﬂ1ce and NST is starting number oI

,simulator molecules in the flow field.
v . } 1

/TIME/ T - Accumulated time variable for the program.
3 DT - Weighted time per iteration (DT~DIM).
4 ' DTM - Preset time allowance per iteration.
| TEQ - Value of T for which equilibrium 15 aszsumed <o have
. : " "been achieved.
o ' TEND - Value.of T &t which computat*oq ceases and sutput

P

E? ! is begun.
i ] , Tne remaining varlables were ndt actually used xn thas
| program. - . !
l . :
/STORE/ NCL is the ‘number of celis, MCP = 5000, and MAP is for

purposes of referenc;ng the list of molecules. The
. Pemaining var;ab;e; in this common area constitute the
i molecuiar list. ! !

: /HIST/ Storag° area for the histecgrams FU ete; CFU et:; the

! ! mean velocity vectors for each cell - UB etz. and ths

mean square velo 21ty vector for eazh csil UUB -

CORG cdunt s,:he number of molecules in each cetl which have
. , ;  undergene more than one uolL s;on.

' /sw/ Contains canzrol parameters for the data Zsilection operation.
v 1

i

1 "@3}“

i ‘i ' 1 1




Al-2

/RAND/ Contains the sequencing parameters for the random number

generators.

/VARS/ Temporary storage area ror one molecule to save address

computetion time while the molecule is being processed.

B. Subroutines

MAIN
BLOCK DATA

PROG

SETUP

VPOL
INFR

10C

COLI
SQM
TRBKP

INVRS

UP, DOWN

TRS, TR

TRANS

LCHK

EMIT

INPUT

This program is used to set up the cases. Each call to PROG constitutes
the computetion of one case.

Used to assign values to variables which are common to the computation
of many cases.

Control program for the computation of one case.

Computes variables not assigned in MAIN or BLOCK DATA and performs all
the initialization necessary to begin computation of a case.

Computes cell volumes and cell masses for the undisturbed free jet.
Sets up an array used to obtain the input profile by interpolation.
Function which computes the cell containing the coordinates (x,y). LOC
works by computing a word IX which has O or 1 in the k-th bit depending
on which side of the k-th boundary (x,y) is found. Then IX is compared
with a standard ordered list (MASK, 1DFR).

Collision increment for cell L.

Estimates the maximum relative velocity in a given cell.

"Translate and Book-keep". This subroutine essentially controls
computation of the convection increment.

Computes the cell number L of the M-Th molecule in the molecule list.

Used in inserting, deleting or moving molecules in the molecule
list.

Transfer of coordinates.

Checks a given molecule for collision with boundaries and it moves it
a distance appropriate to the time DT.

Changes coordinates of a given molecule appropriate to the time interval
m‘.

Checks whether collision occurs with a given boundary.
Emits a fully accommodated molecule in the direction C,S.
Reflects a molecule in the direction C,S.

Introduces CU and DT molecules through the input plane on the basis
of the input profile defined by FNPR, DFNPR.
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Al-3 3
CBSFL Cubic Spline interpolation subroutine.
TABU Controls the accumulation of histograms and moments of the distribution ?
function. g
- FIT Inserts molecule at cell L. ;
SIFT Auxiliary subroutine to accumulate histograms.
INTR See §5,
' RANDG Standard normal random number generator.
RANDL Uniform on [0,1] random. number generator.
RANDR Uniform on [~1,1].
UMAX Finds the maximum element in an array.
ISGN ISGN(X) = 1 if x > 0)
0 otherwise 3
DUMP . Controls the output function of the program. ?
BAR Sets up one histogram bar for printing.
HIST1 Sets up one histogram for printing.
HIST3 Sets up and prints the 3 x 3 histogram describing the distribution
function in cell L.
-25.
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APPENDIX 1
PROGRAM LISTING
HFM!.QVQIN nn . L COMMNY JVARS/ XN, YO XM YM (MY, v, [N
N7 DRPROHPR (RPREL (50) +HPurL (10} COMMON JREANS DRSd NHOR JRPREL 150) ¢ P FL(10)
mm-m /rmu/ PELONTANS  NTAMS THL IR o 3L04SLE 2 XCALYRCB2 ICA NI CRA, * weRR
x SLDVeSLIP o XCANGXCRELICASHYCAL o VCA2 .vcn.vcu.vrus.vc-a.vcn. (LN
X Sl(ll-%lﬂh'ﬂ.ﬂh\lm.il')S- Sll!o‘llh HAOTNGDEISNE, XNLoYME, Ta0,
L13 [ (AT nha (F G L] U ANT S
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Alee 1708 “LO2e3, o8 0
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3T 8] YNDIe |, FHYP
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PRESe |, L4 CONTTANTIR SUR INPUT DENCTTY PRIFTTS
ACC e}, INPHE )20,
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CALELPRDGEL o} LRI LT T 1]
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WAL evE) FVErat) » EVETGUISCEYCHaL) : N |
NETURN k4| Futlel) o Ew{loL)eCFWID, LY .
3 CaLl HISTAP FULEVLEWLLY . i
FINGTINN RANDRIX WRITF(OeTA) VwO{(} 4
KSNIR  »7 FRANOT (¥ ) =1, 17 WRLIE 4,00 g s --"‘A!Wﬂ‘" TeVVRLL JgWHAEL) o LG (1 ) H
RETORM e MY FORMAT(Y WEAN VELICITY VELTORY, 3k 10., CwNRY ROUARe nELN(TTY v 4
END XCIOA*43F 1N S/ 0 TIME A“FRAGED WIMRER (1F NI EO%r o'y FRAUL LY 3
FUNCTION UMAX(XoL . XE I)Nnﬁnrnnﬁ NARF ‘l‘-uu nu; "m.,ysuw i Tk BLAFTELD ‘.‘ln,.ﬂ }
OIUENGIOM X(1) 14 \LLT) HEQRE A ACTIIN I0TAL =0, E1N,877; H
Yex(1} | WRITFEIALY) H
0Nt fere : REJuan bt :
TFIY=X{1}) 2elnt [T N :
2 Yaxi1) ‘ SURRNUTINFE RER(PoLoX) . i
t CUMT INUE DIMENSION PET) i i
AINpKeY i} DATA_STAM, AL ANK 4N T —_—
RET1RN f NelFIXULFLOATIL)~1oFA)ox}e] 1 M
. N 00 1 Injen - . N
Time 1INk T<HRIX) T ) PI1)aSTAR 1
1S6N20 . NaNe | ' ;
TFlaetFe0e) FSANxY ) nn > leN,l . )
RETIRE ! —2 PIl1)=BI ANK E
END ; RETURN
SURRDUT INE NIINY N END 1
COMNON /STORF/ NG MGPWP(120050) , SHRROUIT IMF HISTI(FoNePoKole T}
CUMMAN /RERN/ NRAPR o DHPR 4RPRFL {50} oHPREL (10) | € F 1% THE NaVFCTOR WHERF THELRIGURES ARr STNORAR .
COMNON 7GFNN/ Pn.nlsns.nnns.rm w.sg_n.n|.xcu|.lca:.:rn3.xrw.. C P 1S A 120XN ARRAY WHFRF THF MPSTNGRAM RAcS WILL AF SFT e
Aly L. X 18 INg LN ITLAL Chsi | c“]nu QF EACH Raw
X SLOL.SLN24SLNYS) nhSln'S' GLIS.\LM. RANIN, lwl. lNl.V“l. G L 1S THF LFNM OF THF RARS s
X XNfI YND, XNS.YNSe VOLI25},VED(26) « i € T IS THE LDCATIAN WHERE THE TNTAL UlL) A KIORED
COMNED JCONS/ ru.uA.su‘rn.cr.urnu,vnn.co/ur(?m.1rn~<4:n DIENSINN PY120,1)F(1) ' \
COMMON JREGIN/RR JRG oA (NS T 11RtIRAX (FoN)
COMMON 7 TIMEZ 1.m.mn.rsn.msn.lsun.unw.va T1F(N) 2.3.2
CORMMAN [HISTZ EIV [3Y] %) o FY sCFUL30,25),C¥VEIN.250, 2 (L3P !
1CFWE 10, 75).|m(75).vnl;ﬂ.unn).mm«nl.w (25) 4 WMRIDR ) F M1 125) 4 S0
COMMIN /RAND/R LG i KLwksel
INIFGFR RRGRG JR4G nn 1 oIxten
NANEQ IST/GRO/ PELJDISHSoDTAMS o THLIP4SLO0SE1 XCR1 o XCAZ 1 XEHDLXT Phy TekCl} :
x SLIToSLIP«XCANWXCRT ¢ XCESeYCRTYCAD 4 LRI YCREYERS S YLHALVEAT, S=6e2 * :
X_SL0).SL02, L0, SL0&, §LO6, S1]3eSL Ve, nn[u,nls 1o XNU,YNT, CALYL RAR(L(KoI)okel /1) v
X XNILYNOD. XMBLYMG, VDI 1 YR . ’ o *
NAYFL ISTZEON/ ru.%lA'Sln.rn.rl.knnn.vnshcwf «TENNS LA
NAKELTST/REG/ ARLAGLAGNST Ref N RFTURN .
NAKE IRT/TIM/ ToDT DTG TEO,DTSH, TEMRDTRP TRFP L } i
WRITE(AS D) i SURRNIITINF HTSTA(0,AeRaC of ) !
1 FORMATI® 1, 49X, S SKEMNFR 1971 %7/) L DIMENSION O110,]3y Al10s1)oRII0.11£000.1) H
WRIETF (A GFE ) ) D2 e, 10 !
WRTTE (Ao DN) . 3 Pl ==],240,38F1 DATLY) ‘ H
WRTTF(A,RFG) / CALL MHISTICANLl)e10aP024200TA) .
VRITF (A TIM) / CALL HISTI(AITG1)0)04P 23020, TR) ' i
FLTaT=T¢D CAIL HISTIIGTLat)010,Pekb 20,10 v
£ _PREVARATION OF HISINGRAMS FOR OUTPUT / MRITE(A.)) LLEIfo 1) Inloht)ednly)n} -
THRPR=0. 7 1 FORMATCJO(F L0, 5.sx.>m|.Hn.s.sx.?nu.ﬂm S SXeP0R] 51047 | B
00 21 1#1.50 WRITF(he?) TALTR,TC . '
1 sLOGIXCRE L F9DRPR) / H FORMATITH TOTA So2RX\F10.5¢ 23X eF10,5.75%E10.57 )
IHEEL1T,11) TRPR=APRELLTIZELY+TAPR RETIRN '
LAY
—_— . ,
21 RPRFI(1)= RF’HFUI)/(HUHU‘Hl‘b.?ﬂltﬂll -0,5)*#DAPR) . }
THPR =0 .
no 22 trlelo e . .
1 £10C{0, T8DHPR) H
mvn-mvnmvkﬂ(l)/l‘LINL)/Fl l N
—22 HPRE =HPR R3I)H*(]= i .
TNI=], 57n7qavcn?tvcnnnrcn~s(|, IV (/G WT()) !
N0 26 ExloNCE . | .
FIWTes L TOCLMTIL ) ! . .
O 23 =110 .
FOLL L) eFECToL) ZF TWT
[TE PN LIRS R VI3 1T I
FMETLLI2FW Lo L) /ETHT ' .
CEUlEo1 ) -CRLT L) 7ETNT . . .
CHVITL 1 )=CEV( T4 L}ZETWY !
22 CHRULLLE=CROLT o1 ) ZFTWT ! '
CORGLL YeCORGIT ) /FTWT .
=
JREL)=VREN ) ZELT *
WRIL)2WRUI)ZECT i
WORCLY sINREL) 7FL T
VVR{L)sVVAIL) /L T f
24 WWR{Y )L WWRLIL) ZFLT I
£ PRINTING OF MISTOGRANS . .
WNRITH(be41) s
41 FIRMAT(//7430Xo *FLUIX PROFIIE AT DRIFICE'W//+* DISTANCF FROW AX]RS, '
X 45X, TNHMRER PER (INIT TINE?,//) ' ' :
CALE HISTIIMPRFL.104P4 2440, TOTHY '
N &2 Yalll0
42 PL] o) w I8 THPR . 3
WRITE(A63) (W PlTs 1)elzledd ezl ol '
4% FORMATEROLF10,605X440A] 4F10,5/)) 1 .
WRITE (50 44) TOTH, THPR o TNT R !
46 FORMAT(Y INTAI* 46X F10.5//¢1 NOMRER/TIME THRY ORIFICE w0 610,86, . 1
X to THEORFTICAL FITURE FOR WO SKINMEK INTHRACTION =1.610,%)
MRITVE(he05) .
4% FORMAT(1H1430X, *REAM FIUX PROFILF AT €M NF FIOWFIELN®o/7 o ' 1 .
X f NISTANCE FROM AX]S? AOQX, NIIMRFR PEk LMIT TIME® /7)) « . N
CALL HISTIIRPRFT 4504942, 100, TNTR) ’ . -0
00 4s Jrl.50 f
&n Plled)= "+ DRPR ’
- WRITE(AyuT) ((PI}:0)slu]lo]02)s ¥mEo50) H [
«7 FORMATISO(FI0.S o140 ALLF10.5/)
WRITE(h,4B) TRPR,TOTR
4n FORMAT( /4% NUMRSS/TIME I8 RFAMO,F10,5, 757 $TNTAL 14F10.5)
£ DISTRIAUTION FUNCTION PART \
0O 72. 1 c 1L NCL M . H
WRITFLho0) 1 . . .
A FORMAS ! ’
X (IH16SXOVFINCTTY HISTAGRAMS FOR CELL 'oT4/4! THE FIRST WISINGR .
XM TRIPLE REFFRS 1D MOIECULES WHICH HAVE IINDERGONE ND COILISINNG | B
XN THE FYOWFIEID, '/ P OTHE SECOND 10 POLECHLES WHICH HAVE PNDF :
XRAONF AT (EAST ONF COLLISION, AND TrHe THIRD GIVES THE Shw ne Tug ¢ ' . ol
XIR&T_TWn. ¢/ ' LOWER (FLL_ANUNDARY VALHIES APPEAW NiwhM TuE , i
XLEET, TIME AVERAGED NIWAIR OF WOLFCHLES APPEARS AT Tof SICu] 4 £ A ¥
XCH RAR,t//% 1
CALY MISTP FlFV FHel) . ¥
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APPENDIX 3 : . '

) the skimmer.

1

NoﬁInteraction Beam Intensity

I
We' derive here a formula for the beam intensity at points close ‘to

} ' )
Let D be the nbzzle skimmer distance, L be the skimmer-obaervetion
point distance and b be the skimmer radius.' Consider a particle in the
‘skimmer orifice plane at' pasition (r cos 8, r sin ) whose veiocity has a o
probability density function proportional to ‘ : | ’
-exp:[(u-l): ¥ (ver cos 9/D) + (w-r sin G/D)al/c

That is, the mean felocity vector points in the direction
. ] ;
. (1, r cos 6, r sin 8) :

D D

! ' !
The impact position of the particle on the plane normal to the axis distance
L downstream of the skimmer then has probability ﬂistribution !

' 1 12 ) ) i

- [(x—ar‘c08'9)2 + (y-ar cos 602] ' '

22 e Le ;. . X
Ld . ' ! .

vhere L+D . \
v &= D ’

1 ! ' )
. If the flux through the oriflce is ¢ particles per unit area then
the flux through the point x;y is . . i \
_ Cpemg 1 (L2 '
B (x,y) = ¢ I rar /7 52 o (53) [(x-dr cbs )2 ;
This integrai is mcssy in general, but if we ask omnly for the centreline

flux (x = y = o) we obtain ' :

¥

+ (y-dr sie )2

1]

1 y .
o em 112 22
-l-for.dr .fc a0 —5- e (-'-'I )7 «r

)
+ Lo Len

. . '
- . t

‘which Bne_can easily evaluate to obtain ) ' !
e i \

b1’ 1,.2, ‘
¢ = (n.ﬂ)) (3 [’E(E‘*B)] )- : } .
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