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FOREWORD

This technical report was prepared by the College of Engineering,
The University of Michigan, Ann Arbor, Michigan, on Contract AF 33(657)-
8867 for the Aerospace Research Laboratories, Office of Aerospace Research,
United States Air Force. The research reported herein was accomplished
on Task 7116-01, "Internal Flow Research,' of Project 7116, "Energy Con-
version Research, " under the technical cognizance of Everett D. Stephens
of the Thermo-Mechanics Research Laboratory of the Aerospace Research

Laboratories.

This report represents a continuation of the work, '"Digital Computer
Analysis of Condensation in Highly Expanded Flows,' by James L. Griffin
reported in ARL 63-206, November 1963.
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ABSTRACT

This report describes a digital computer program for calculating
vapor condensation processes that occur in rapidly expanding flows,
The treatment emphasizes the program logic required to satisfy the
requirements of the mathematical model. Among the most important
of these requirements are the search for the onset of nucleation, in
an isentropically expanding flow, and the iteration procedure neces-
sary for the joint solution of the nucleation and growth equations and
the diabatic flow equations, The program features flexibility in allow-
able input conditions, short execution time, and a coavenient output

format,
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1. INTRODUCTION

In Ref. 1, Griffin reported on a digital computer program for analyzing
condensation processes occurring in rapidly expanding flows of pure vapors.
The present report describes, from the computer programmer's point-of-
view, the current version of that original program. Additional details on
the basis for changes made in the mathematical model and on results ob-

tained with the current program are presented in Ref. 2,

As was the original program, this version is coded in the Michigan
Algorithm Decoder (MAD) language, Ref. 3, for running on an IBM 7090
with The University of Michigan Executive System. (Information on the
Michigan Executive System is available through the SHARE organization. )
In actuality the program herein described represents, except for a few
subroutines, a recording of the original program that allows consider-
ably more flexibility and at the same time a substantial decrease in
computer usage time per problem. Although the mathematical model has
not been altered significantly, the logical structure has been changed
considerably. The program has been tested and extensively use; however,

no guarantee as to its accuracy or functioning can be made.

Manuscript released by the author September 1964 for publication as an ARL
Technical Documentary Report.



2. MATHEMATICAL MODEL
(by K. R. Sivier)

The following listing of equations, along with brief comments about
their use and the interrelationships between them, forms the basis of
the mathematical model for the computer program and is included for
completeness, The treatment has been kept brief since the mathema-
tical model is discussed in detail elsewhere, Reference 1 presents a
detailed discussion of the mathematical model of the original program.
Most of this material continues to apply to the present modified pro-
gram. Reference 2 presents discussions of Tolman surface tension
correction, the change in the method of dealing with the vapor satura-
tion data, and the equations involved in the ISEN subroutine. The foreign
nuclei and variable step modifications involve program logic and opera-
tion only and, hence, require no new equations, They are, however,

also discussed in Refe;rence 2,

Much of the following material has been taken directly from Sec-
tion V-B of Ref, 1 with little or no change. The treatment there is

sufficiently concise to recommend its inclusion here,

2,1 NOMENCLATURE

The following list contains only those symbols used in the equations
in the present description of the mathematical model. To be consistent

with the computer program itself, all units are in the cgs system.,

A Nozzle cross-section area (sz)
A% Nozzle throat area (cmz)
Cp ) Vapor specific heat at constant pressure

(dyne-cm/gm-°K)

D Tolman constant used to correct surface
tension for finite drop size (cm)

g Mass fraction of the mixture that is in
the condensed phase

2
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(SIGMA) . . .
(SIGMA),

drop

4 3 3 3

Specific drop nucleation rate
(drops/sec-cm3)

Boltzmann's gas constanto
(1. 379 x 10-16 dyne-cm/°K)

Latent heat of vaporization
(dyne-cm/gm)

Empirical latent heat constants, see Eq, (12)
Mach number

Rate of mass flow (gm/sec)

Drop nucleation rate (drops/sec)

Avogadro's number
(6. 027 x 1023 molecules/gmol)

Free-stream static pressure
(dyne/cm?)

Supply (stagnation) pressure
(dyne/cm?2)

Stagnation pressure behind a normal shock
wave (dyne/cm2)

Saturation vapor preséure for a plane surface
of liquid (dyne/cm?2)

Empirical saturation curve constants,
see Eqs. (10) and (11)

Universal gas constant o
(8.314 x 10’ dyne-cm/gmol- K)

Empirical liquid density constants,
see Eq. (13)

Drop radius (cm)
Critical drop radius (cm)

Empirical surface tension constants,
see Eq. (14)

Free-stream static temperature (OK)
Supply (stagnation) temperature (_OK)
Temperature of a drop of condensate (°K)
Saturation vapor temperature for a plane

surface of liquid (°K)

3



U Velocity (cm/sec)

X Nozzle station measured from the throat (cm)
a Accomodation coefficient

Y Ratio of specific heats

ep Fractional deviation, in a distance Ax,

of the static pressure change from the
corresponding change for an isentropic
expansion

€1 Fractional deviation, in a distance Ax,
of the static temperature change from
the corresponding change for an isen-
tropic expansion

€ ... fractional deviation, in a distance Ax, of
critical . .
the change in static pressure or tempera-
ture, from the corresponding isentropic
change, that occurs at the condensation
onset point
L Molecular weight (gm/gmol)
p Free-stream static density of the mixture
(gm/cm3)
p, Supply (stagnation) density (gm/ cm3)
PL Liquid phase density (gm/ cm3)
o Surface tension (dyne/cm)
o Surface tension of a plane liquid surface
0
(dyne/cm)
6. Half-angle of the convergent section of
in
the nozzle (deg)
6 Half-angle of the divergent section of the
out
nozzle (deg)
Subscripts
( )con Refers to conditions existing at the conden-
sation onset point as established by the
program
(). Refers to the incremental step in which the

! droplets were originally formed

4



() Refers to the incremental step presently
being evaluated

() Refers to conditions existing in an isen-
tropically expanding flow

Refers to conditions existing at the vapor
saturation point

( )T Refers to an incremental step Ax, at
temperature T, that is being tested in
the search for the onset of condensation

2. 2 ISENTROPIC EXPANSION

The expansion of the vapor from its supply condition to the saturation
point and, if the condensation onset point is found, the expansion of the
supersaturated vapor from the saturation point to the condensation onset

point are governed by the following isentropic flow equations:

_Y_
p=po(Tloy_1 (1)
3
M{y‘-zl(;—o'l)} (2)
.
p=p 1+y;1M2) v (3)
y+ 1
A=%Ii[yfl “Yéle)ry-l) @
1
U=[2 cp (TO-T)]§ (5)

For a given value of T, the above equations are readily evaluated for
given values of Py To* Pos Vs pr and A*,

5



2.3 NOZZLE GEOMETRY

In the case of a wedge nozzle (two-dimensional flow), the nozzle

is assumed to have unit width and its area is given by

A = A* - 2x tan 6. (6)

upstream (x < 0) of the throat (x = 0), and

A=A*4+ 2xtan @
out

downstream (x> 0) of the throat.

For the conical nozzle (three-dimensional flow), the area is given

by
2
*
A=77(\/-A—-—xtan9.) (8)
m in

downstream of the throat.
2.4 VAPOR SATURATION DATA

Vapor saturation data are supplied to the program in the form of
curve fits to empirical data, expressed in terms of In p,, and 1/ T .
Below the triple point of the vapor, the linear (Clausius-Clapeyron)

approximation

L . (PSAT) + (PSAT)

T Inp_~ (10)
0

1

is used and, above the triple point, the slight non-linearity in the data is

accounted for by the quadratic approximation

) 2
" (PSAT), + (PSAT), Inp_ + (PSAT), (inp )* (11)
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where (PSAT). . . (PSAT), are empirically determined constants.

4
2. 5 LATENT HEAT AND LIQUID DENSITY DATA

Latent heat of vaporization and liquid density data are supplied to

the program as linear functions of temperature;

L = (L) + (L), (12)

and

py, = (RHOL) + (RHOL), T (13)

1 "drop °?

where (L), (L)l’ (RHOL), and (RHOL), are empirically determined

1

constants and the temperature T is taken as the saturation tempera-

drop
ture corresponding to the local ambient pressure of the vapor,

2,6 SURFACE TENSION DATA AND CRITICAL DROP SIZE

Surface tension ddta, corresponding to an infinite plane liquid sur-
face, is supplied to the program as a linear function of temperature

(an EOtvos-type variation), i.e.,

o_ = (SIGMA) + (SIGMA), T drop (14)

dro
the local vapor pressure. An estimate of the surface tension for very

where T p is taken as the saturation temperature corresponding to

small drops is obtained from this value by use of the Tolman relation

GCD
g = , (15)

1+—I-)-
r

where D is taken as an empirically evaluated constant.

As shown by Eq, (29) below, the critical drop size is a linear func-

tion of surface tension, i e.,



r*g_Lo .

2
PL RT In >
o0
The joint solution of this relation with Eq., (15) for surface tension
results in the following simple expression for critical drop size with

the corrected surface tension value:

2u

D
\pL RT In >
0

o - D . (16)

r¥=

2.7 SATURATION POINT DETERMINATION

The state of the vapor at its saturation point is established by the
joint solution of the appropriate saturation data approximation, Eq.

(10) or (11), and the isentropic relation

The values of Poat and T thus found, are used with the isentropic

sat’
relations, Egs. (2) through (5), to calculate Msa

U

p Beap Psap 20

The location of the saturation point, x , is determined from

sat
and the appropriate nozzle equation, one of eqs. (6)

sat’

the value of A
sat

through (9). The total mass flow through the nozzle is calculated from

the equation

M = Ogat Usat Asa.t ° (18)

2. 8 ONSET OF CONDENSATION DETERMINATION

The point of onset of condensation is determined by taking incre-

mental temperature steps, AT, of supersaturation and testing for

8



significant condensation effects at the end of each successive step.
To initiate this process, the isentropic values for the state of the
vapor at the end of each AT step are introduced into the nucleation

equations for critical drop size and formation rate; i. €. ,

21 ooo
rT* = o D (19)
pr RT In{=
L 0
5 4 or"‘2
p i1 [2ou 3kT
Ipe (kT) ™ \/—-—1r 5% : (20)

Note that the choice of a very small AT will cause the first step to
remain very near the saturation point and that, for p/ P, near unity,
r* approaches infinity. However, r* falls off very rapidly as supersatura-
tion increases and for most cases a choice of AT > 5°K is sufficient to

avoid this problem.

Since it is assumed that the critical drops experience no growth in
the Ax increment in which they are formed and since the nucleation rate

for this increment is

NT = JT AT AxT R (21)
the mass fraction of condensate formed in this increment is
47p
Lo 3
Aer=3m Nr'r (22)
Next, the epsilon equations
A/l L
Ep = KK‘(-C—p—T- - 1) AgT (23)



~ -

€=A M L—IA
T AR|Ty-T|CT &

o (24)

L J
which test the effect of condensation on static pressure and temperature,

respectively, are used to determine if this amount of condensate is suf-
ficient to cause a significant deviation from the isentropic expansion,
Because of their relative sensitivities, ep is used for subsonic Mach

numbers and €1 is used for supersonic Mach numbers,

The value of €ps OT ep, is compared with the value of € ritical’

which is assumed to represent a significant condensation effect and

which is supplied as part of the initial data for the program, If the ¢ T

is less than € . . . the calculations are repeated at step T + AT,
critical

This process continues until € is equalled or exceeded. When

critical
exceeded, a bracketing procedure is employed to improve the estimate.
All quantities computed for Ag at values of € < € oritical 2T€ discarded
and it is assumed that there has been no condensate formed prior to
e=¢€_ .. . Oncethe condensation onset temperature | .ound, the
critical
isentropic equations, Eqgs, (1) through (5), and the appropriate nozzle
equation, Eqs, (6) through (9), are used to determine the following

values at the condensation point:

p., M

con s P A U ,andx o

con con con con con

2.9 CONDENSING FLOW

The condensing portion of the flow requires a joint solution of the
nucleation and growth equations and the diabatic flow equation., The
calculations are performed for increments of Ax, starting from the
bnset of condensation. The diabatic flow equations, in incremental

form, are

10



- rgts 0 (Continuity) (25)
% = - —UAUT- (Momentum) (26)
1-g =T
(1-¢g) m
Ap Ap AT Ag
— 2 — e —— State 27
D p + T a—-——_ g) ( a ) ( )
UAU + CpAT -LAg =0 (Energy) (28)

The value of Ag, appearing in the above equations, is determined from

the following nucleation and growth equations:

20U
* =
%5 RT In D_ (29)
L pOo
2
4mor* ;
p 2 4 Zoul/z "~ 3kT
I *%T| oo |7 N (30)
P A |
N. =J. A, Ax, (31)
1 1 1 1
1/2
Ar ,‘_1._.1.)_ Z 1/2 ﬂ (T - )Q{_ (32)
j LpL T uT drop U
i ==ri(J _nt Ar (33)
j-1
47p
L o 2 1. 3
Ag. = — N.r..” Ar. + = N. r* 34
8 m A VR R I (34)
i=1
=g, .+ Ag. 35
g = 8.1 + A8 (35)
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In the above, the subscripts i and j are numbered increments of x
starting from the condensation point. i acts as a label for each group
of droplets of a particular size and denotes the particular increment
in which these drops originated as critical sized drops. j denotes the
increments presently under consideration. Thus a designation T3
denotes droplets which were formed as critical drops in increment 1,
have undergone the growth Arz, and are now undergoing the growth

Ar3,

2. 10 ISEN SUBROUTINE CALCULATIONS

The ISEN subroutine is used to evaluate the changes in the local
flow conditions that have been produced by the condensation processes.
To do this, the conditions computed for the condensing flow are com-
pared with the corresponding isentropic flow conditions that would exist

if condensation was not occurring,

The isentropic flow conditions are based entirely on the geometric
area ratio. An inversion of Eq. (4) is performed to determine the isen-
tropic Mach number, MS9 corresponding to the local nozz'le area. MS
is determined by a half-interval iteration technique, starting with the

following first approximation for MS;

v-1
i 12—
Yy+1

'y+12y_1)

-1 —

M =1+
S

A
A . (36)

-]

Once Ms is determined, the isentropic flow equations yield the following

isentropic ratios for static temperature, pressure, and density:

12



o

- S
p =

y-1
= 1+7-1M2)
s P, S

(37)

(39)

In addition, MS is used to calculate the stagnation pressure ratio across

a normal shock wave for the isentropically expanded flow; i e. ,

Y

y-1 1
(p ’) (y+1) MSZW y-1

0 y+1
2 2
p (y~1) M, +2J 2yM " - (y-1)

o
S

The static ratios for the condensing flow are found simply from

the relations

S|

=L
T
0

(=3 |
"
S

© |
"
Sl

In addition, the Mach number of the condensing flow is used to obtain
the ratio of stagnation pressure downstream of a normal shock wave
to the upstream static pressure (completely neglecting the effect of the

condensate on the recovery process); i €. ,

13
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Y

— 1

1 y-1 —
p°=[W+1)Mﬂ { et PO (44)
P 2 J 2%M2—(7-1)

Finally, the ratios indicating the extent of the non-isentropic conden-

sation effects are found directly as:

. _
T=%1£- (45)
S Ts
p=L LB (46)
pS pS
) _
p=§=§- (47)
S S
and
p’ 9
Bl
A 0
poY = D T - p vp (48)
9 o
pO pO
S S

14



3. PROGRAM NOMENCLATURE

This partial dictionary of symbols used in the main program and

subroutines has been divided into seven groups. Two of these group-

ings are based on the universality of definition (special storage alloca-

tion) of the variables; four more are input lists for different parts of

the program and the remaining group is a partial list of output desig-

nators,

3.1 PROGRAM COMMON VARIABLES, GROUP 1

These symbols have the meanings given below in the main program
and the subroutines IFLOW;, CFLOW, NUCLE1, NUCLE2, CONDEN;,

ISEN and NOZZLE,

ASTAR
PZERO
TZERO
RHZERO
GAMMA
MU

CP

L

SIGMA

RHOL

ALPHA

Throat area (cmz)

Supply pressure (dyne/ cm2)
Supply temperature (OK)
Supply density (gm/ cm3)
Ratio of specific heats
Molecular weight (gm/gmol)

Specific heat ag constant pressure
(dyne*cm/gm* K)

Current value of the latent heat
(dyne*cm/gm)

Current value of the surface tension
(dyne/cm)

Current value of the liquid density
(gm/cm”)

Intermolecular distance in the liquid (cm)
Accomodation coefficient

Current value of the index. The main body
of the program is concerned with computing
the conditions at station N, based on the
conditions at stations 0, . . ., N-1,

15



3.2 PROGRAM COMMON VARIABLES, GROUP 2

All of these variables are vectors of length 500, Except for RADIUS
and DELRAD, the N-th entries of these vectors define the flow conditions

at the N-th station. These symbols have the meanings given below in the
main program and the subroutines CFLOW, NUCLE1, NUCLE2, and

CONDEN,

X(1)
DELX(I)

AlD)
P(1)

T(I)
RHO(I)
U(1)
M(I)
G(D)
DELG(I)

NDOT(I)

RADIUS

DELRAD

Nozzle coordinate at station I (cm)

By definition DELX(I) = X(I) - X(I-1).
The initial entry DELX(0) = DELX is
an input parameter.

Area at station I (sz)

Pressure at station I (dyne/ cmz)
Temperature at station I (OK)

Density at station I (gm/ cm3)

Velocity at station I (cm/sec)

Mach number corresponding to U(I)
Mass fraction of condensate at station I

Increase in mass fraction of condensate
between stations I-1 and I

Number of drops per second ormed
between stations I-1 and I

When computing the conditions at station N,
RADIUS(I) is the radius, at station N-1, of
the drops initially formed at station L
Clearly, only entries 0, . . ., N-1 are
thus defined when computing the conditions
at station N; the N-th entry is computed at
station N (cm)

When computing the conditions at station N,
DELRAD(]) is the increase in radius of the
drops, initially formed at station I, since
passing station N-1, When the conditions
at station N have been computed, RADIUS(])
must thus be incremented by DELRAD(I)
forI=0y , . ., N-1,

16
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These symbols have the meanings given below only in the main

program, They do not represent the entire list of input parameters to

the main program, but all of them are input variables.

PE

XRANGE

MAXG

MING

MNDELG
MXDELG
MNDELX

MXDELX

MXDELX(1)

XPOINT

Input parameter used as an initial approxi-
mation to the saturation pressure {dyne/cm®)

Length of the interval, starting at the initial
point, in which the flow conditions are to be
computed {cm)

If the mass fraction of condensate exceeds
this value, the calculations are halted

When the mass fraction of condensate exceeds
this value, then DELX(N) will be varied so
that DELG(N) is greater than MNDELG but
less than MXDELG

See MING
See MING

Minimum value that DELX(N) will be given,
regardless of the computed DELG(N) (cm)

Maximum value that DELX(N) will be given,
regardless of the computed DELG(N), This
bound only applies when NDOT(N) is zero {cm)

Maximum value that DELX(N) will be given,
regardless of the computed DELG(N), This
bound only applies when NDOT(N) is non-
zero {cm)

Only those stations with subscripts which are
integral multiples of XPOINT will be printed
in the three output tables,

3.4 SUBROUTINE VAPOR INPUT PARAMETERS

These symbols have the meanings given below only in the subroutine
VAPOR., Three of these names are in the PROGRAM COMMON GROUP 1;
however, VAPOR has no communication with PROGRAM COMMON and

17
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the meanings are different. These variables must be supplied to VAPOR,

as they provide the basis for the entries FSIGMA, FRHOL, FL, FTSAT

and LNPSAT,

PTP
TTP

SIGMA ., . .
SIGMA (1)

RHOL., . .
RHOL(1)

Lo o o
L(1)

PSAT. . .
PSAT(4)

The natural log of the pressure in dyne/ cm2
at the triple point,

The inverse of the temperature in °k at the
triple point,

Coefficients of the linear approximation to
the surface tension in terms of the drop
temperature, SIGMA + SIGMA(I)*TDROP.

Coefficients of the linear approximation to
the liquid density in terms of the drop
temperature, RHOL + RHOL(I)*TDROP.

Coefficients of the linear approximation to

the latent heat in terms of the vapor temper-
*

ature, L + L(1) TV APOR®

Coefficients of the linear approximation to
the saturation curve below the triple point,

1/T = PSAT + PSAT(1)*In(P)

and of the quadratic approximation to it
above the triple point

1/T = PSAT(2) + PSAT(3)*In(P)

+ PSAT(4)¥[1n(P) ]2

3.5 SUBROUTINE NOZZLE INPUT PARAMETERS

These five symbols have the meanings given below only in NOZZLE,

These variables, together with ASTAR, are read by this subroutine and

serve to define the nozzle geometry.

XMIN
XMAX
INANG

OUTANG

X co-ordinate of the nozzle inlet (cm)
X co-ordinate of the nozzle exit (cm)

Half-angle of the convergent section of the
nozzle (Deg)

Half-angle of the divergent section of the
nozzle (Deg)

18



WEDGE Switch denoting whether the geometry is
for a wedge nozzle (1B) or for a conical
nozzle (0B), This variable is of Boolean
mode and may assume only the values
1B =, true or 0B =, false,

3.6 SUBROUTINE CONDEN INPUT PARAMETERS

The symbols given below are defined only in CONDEN, The input
parameter EPSLON must always be provided, If EPSLON is gero,
then any PROGRAM COMMON symbol is a legal input parameter, If
EPSLON is non-zero, then a condensation point search employing the
e(T) criterion is initiated; in this case, these input parameters have
the meanings given below.

DELT(1) Initial step in T from saturation point

that will be used in searchmg for a
maximum DELG point (°K)

TRANGE The search for the maximum DELG point
” will be confined to the interval TgaT to
TsaT - TRANGE. If TRANGE exceeds
TgaT the lower end of the interval is
taken as zero (°K)

EPS Condensation is assumed to be started
if €(T) exceeds EPS at some point

EPS(1) Upper limit of the absolute error in the
temperature at the maximum DELG point,

EPS(2) Upper limit for the relative error of the
temperature at the condensation point,

3.7 SUBROUTINE ISEN OUTPUT VARIABLES

Except for the symbol MI, these names are not defined in any part
of the program, They are, rather, headings for some of the columns
of Table 1, All are computed by the subroutine ISEN, and are returned
to the main program via PROGRAM COMMON,

19



PHAT

THAT

RHOHAT

PZERO’HAT

MI

Ratio of the computed static pressure to
the corresponding isentropic pressure,

Ratio of the computed static temperature
to the corresponding isentropic tempera-
ture,

Ratio of the computed static density to
the corresponding isentropic density.

Ratio of the computed total head pressure
behind a normal shock wave to the corres-
ponding value for an isentropic flow,

Isentropic Mach number corresponding to
the local geometric area ratio,

20



4, PROGRAM STRUCTURE

Before beginning the general description of the logical structure of
the program, a few preliminary remarks are in order, To provide easy
communication between the main program and some of the subroutines,
many of the variables have been placed in PROGRAM COMMON; this stor-
age assignment function is conceptually the same as FORTRAN COMMON,
The function of the 'READ DATA' statement referred to below is explained

in the section on the data deck.

Because the development of the program has been essentially experi-
mental in nature, no attempt has been made to provide flow charts. The
program has been so organized, however, that the particulars of the
various iterations used in the calculations are easily obtainable from the
program listing in Appendix A, To a large extent, this is due to the fact
that the main program plays the role of an upgraded I/0 monitor for a
system of computational subroutines. Thus, this section, though intended
to be a description o;ﬂy of the main program, makes repeated references

to the subroutines and their functions.
4,1 PROGRAM INPUT AND INITIALIZATION

The first action of the main program, hereafter referred to as MAIN;
is the reading of the program initialization deck, This deck begins with a
set of T2-column comment cards which are continuously read and printed
until a card with ENDbbb(l)
following this, MAIN calls VAPOR which gives a "READ DATA? statement
to obtain the SUBROUTINE VAPOR INPUT PARAMETERS, It should be

in columns 1-6 is encountered. Immediately

(1)

A small "b' represents a blank,
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noted that these parameters uniquely specify the vapor and, as a conse-
quence, all problems in a given run are based on the expansion of a single
pure vapor, This input represents the end of the program initialization

deck, and MAIN proceeds to the processing of the first problem of the run,
4,2 PROBLEM INPUT AND INITIALIZATION

The data deck for each problem also begins with a set of 72-column
comment cards, in this case terminated by a card with DATAbb in columns
1-6, Following this comment card processing, MAIN gives a 'READ DATA!
statement to obtain the PROGRAM COMMON variables, TZERO, PZERO,
GAMMA, MU, CP, D and ALPHA, and the entire list of MAIN PROGRAM
INPUT PARAMETERS,

After printing these input data, MAIN calls NOZZLE with a first argu-
ment of $THROAT$(2)., Because of this value for its first argument, this
subroutine gives a "READ DATA' to obtain the PROGRAM COMMON variable
ASTAR and the SUBROUTINE NOZZLE INPUT PARAMETERS, NOZZLE
then prints these data and does some initialization for its computational
entries which are specified by first arguments of SAREAS$ or SINVERSS,

4,3 SATURATION POINT COMPUTATION

With these data, MAIN proceeds to the calculation and printing of the
conditions at the saturation point, The saturation temperature is computed
by performing an iteration on temperature and pressure that leads to the
point of intersection of the saturation curve specified by FTSAT and the

isentropic expansion curve given by

; |GAMMA/(GAMMA-1)

P = PZERO T7ERO

(2) Hollerith arguments to MAD subroutines may be given directly in
this form, e, g., NOZZLE, ($THROATS, X, A.)
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The conditions at the saturation point are then supplied by IFLOW and
NOZZLE ($3INVERSS); IFLOW provides the pressure, density, area,
velocity and Mach number corresponding to an isentropic expansion to
the saturation temperature, and NOZZLE provides the coordinate cor-
responding to this area and Mach number, The saturation temperature
and rate of mass flow, MDOT = ASAT * RHO U

SAT SAT® then serve
as the arguments to CONDEN,

4,4 CALCULATION OF THE INITIAL POINT

The initial point X = X(0) and the associated flow conditions A, P,
T, RHO, U, M, RADIUS, NDOT, G and DELG are supplied to MAIN by
the subroutine CONDEN, An explanation of how these initial conditions
are computed is given in the description of CONDEN and will not be re-
peated here. It should be noted, however, that CONDEN gives a 'READ
DATA? in order to decide how to compute these initial conditions, prints
these conditions, and may give an error return to MAIN if it finds "insuf-
ficient’ nucleation, If this error return is given, MAIN immediately
proceeds to the next problem, Having executed CONDEN with a success-
ful return, MAIN proceeds with the calculation of the flow conditions at
stations 1, 2, 3. . . The flow conditions to be computed at station N

consist of:

X(N), DELX(N), A(N),

P(N), T(N), RHO(N), U(N), M(N),
NDOT(N), G(N), DELG(N) and
RADIUS . . . RADIUS(N).

In passing from the conditions at station N-1 to those at station N, the
vector elements RADIUS , ., . RADIUS(N-1) are incremented by the
growth these drops experience between these stations and RADIUS(N)
becomes defined, Thus the entire set of conditions at station N-1 are

no longer available,
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4,5 ITERATIVE CALCULATION OF THE FLOW CONDITIONS

Given the flow conditions at station N-1 and taking DELX(N) =
DELX(N-1), the computation of the conditions at X(N) = X(N-1) + DELX(N)
is accomplished via an iteration on the value of G(N). Starting with
DELG(N-1) as an initial approximation to DELG(N), CFLOW is used to
solve the diabatic flow equations for the pressure, temperature, density
and velocity corresponding to X(N) and G(N). The initial approximation
to U(N) required by CFLOW is 2 * U(N-1) - U(N-2) on the first iteration;
thereafter it is supplied automatically by the previous iteration, These
values of temperature, pressure and velocity are then used by NUCLE2
to calculate the corresponding DELG(N) and, hence, a new G(N). This
alternating use of CFLOW and NUCLE2 is continued until two successive
values of G(N) differ by no more than . 00001 or until ten iterations have
been performed. If this iteration fails to converge, then DELX(N) is
halved and the compuiations are restarted. Consistent failure to con-
verge results in termination of the problem; however, only rarely has
this iteration failed and then convergence was obtained after halving

DELX(N) only once,

Assuming the iteration has converged, the values of X(N), DELX(N),
. « o are accepted as specifying the conditions at station N if any one of
the following is true,
1) It was necessary to halve DELX(N) in order to obtain convergence,
) G(N) does not exceed MING,
3) DELG(N) is greater than MNDELG but less than MXDELG,
) DELG(N) is less than MNDELG but 2 * DELX(N) exceeds
MXDELX or MXDELX(1), whichever applies,
5) DELG(N) exceeds MXDELG but , 5 * DELX(N) is less than
MNDELX,
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The decision to accept or reject DELX(N) as specifying the nozzle coordinate

at station N is reached by testing these conditions in the order given, If
DELX(N) is rejected, a new value is obtained by halving it when DELG(N)
exceeds MXDELG and doubling it when DELG(N) is less than MNDELG,

Note that conditions (4) and (5) insure that this new DELX(N) lies in the

range specified for it. Having thus obtained a new value for DELX(N),

MAIN returns to compute the corresponding flow conditions, Consideration

of these five conditions shows that a slightly more sophisticated technique

is required, since currently the program can enter an infinite loop by alter-
nately halving and doubling DELX(N). The essential point is that, at present,

the program does not remember whether or why it rejected the last value of
DELX(N). If a procedure for remembering this information was incorporated,
the algorithm would be improved and effective. To date there are no positive in-
dications that this loop has been encountered in our use of the program; however,
its occurrence could be forced with proper values for the parameters MNDELG,
MXDELG, MNDELX, MXDELX and MXDELX(1),

When MAIN accepts X(N), DELX(N), . . . as specifying the conditions at
station N, the internal subroutine IOCTRL is executed, If N is not an integral
multiple of XPOINT, this subroutine returns without taking any action, Other-
wise, JIOCTRL calls on ISEN to compute the SUBROUTINE ISEN OUTPUT
VARIABLES, prints the Table 1 output line for station N, computes MDRAD(N)
and RHODRP(N) and saves RADIUS(N) in SVRAD(N). These last three quantities

are printed in Table 3.
4,6 PROBLEM TERMINATION

Termination of these calculations occurs when any one of the following
conditions is found to hold.
1) N exceeds 500,
2) The next point at which the flow conditions are to be calculated
exceeds X(0) + XRANGE,
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3) The subroutine NOZZLE ($AREAS$) indicates that the next point
at which the flow conditions are to be calculated is outside the
nozzle,

4) The iteration on the diabatic flow equations in CFLOW has
failed to converge.

5) The iteration to balance the diabatic flow and nucleation equa-
tions has failed to converge.

6) The mass fraction of condensate exceeds MAXG,

The cause of termination and the output Table 1 line for this last station
are printed, Finally, Tables 2 and 3 are printed and MAIN continues to
the next problem, The output lines, in Tables 2 and 3, for the last sta-
tion are not printed unless the index of the last point is a multiple of
XPOINT. The contents of all three output tables are fully described in

the section on I/O structure,
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5. STRUCTURE OF THE SUBROUTINES

The following sections provide an explanation of both implicit (PROGRAM
COMMON) and explicit arguments, length, transfer vectors and functions of
the subroutines coded for this program. Subroutines dealing with 1/0O are
omitted from the transfer vectors., Of those system subroutines listed; all
but ZERO are fully explained by their names; this subroutine simply sets
its arguments to zero. The formulas underlying the computations performed
by CFLOW, CONDEN, NUCLE1 and NUCLE2 have been incorporated, while

those for the remainder may be easily obtained from the program listing.

CFLOW

Arguments:

PROGRAM COMMON VARIABLES, Group 1.

PROGRAM COMMON VARIABLES,; Group 2.

DELA Area increment corresponding to N, A(N) - A(N - 1),

LOC Location'to be given control if the iteration fails to converge.
Length: 277 octal
Transfer Vector: FL, SQRT
Purpose:

Compute values of P(N), T(N), RHO(N), U(N) and M(N) that satisfy the
diabatic flow equations

DELRHO  DELU DELA _
RHO(N) & UM & A(N)

0o |, (Continuity)

DELP MU x U(N) + DELU

P(N) ~(1-GMN)*R*T(N) °* (Momentum)
DELP DELRHO A DELT DELG(N) s
P(N) - RHO(N) = T(N) 1 - G(N) ? (State)
U(N) * DELU + CP x DELT - L(T(N))
DELG(N)=0 (Energy)
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for the given values of A(N), DELA, G(N) and DELG(N), The symbol R
is the universal gas constant, The symbols DELRHO, DELU, . . . denote
the differences RHO(N) - RHO(N-1), U(N) - U(N-1), . . . The constants
MU and CP are obtained from PROGRAM COMMON, CFLOW uses FL to
compute the latent heat Ly, and leaves the final value corresponding to
T(N) in PROGRAM COMMON, An initial approximation to U(N) must be
supplied in U(N), Iteration on the value of U(N) is accomplished by solv-
ing the energy equation for DELT and, hence, T(N) and then using the
equations of continuity, state and momentum to compute the correspond-
ing DELU, The iteration is continued until the relative error between
two successive values of U(N) is less than 10_6 or until fifty iterates have
been computed. This iteration appears to converge quite rapidly, the
iteration limit of fifty being much too high, Having obtained values for
U(N) and T(N) from this iteration, P(N) is obtained from the momentum
equation using P(N-1), RHO(N) from the equation of continuity using
RHO(N-1) and

M(N) = U(N) * SQRT

MU * T(N) )
R * GAMMA| °

Finally, for those interested in recoding this progra. , it should be
mentioned that convergence problems occurred whenever attempts were
made to ‘improve' this iteration. Experience indicates that there is a
fine line here between a convergent and a non-convergent iteration, For
example, some of the attempted "improvements' did not seem to alter
the logic, but were aimed only at reducing the amount of computation per

iteration,

CONDEN

Arguments:
PROGRAM COMMON VARIABLES, Group 1,
PROGRAM COMMON VARIABLES, Group 2.
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TSAT Computed saturation temperature,
MDOT Rate of mass flow at the saturation point,
A * RHO *U

SAT SAT ~SAT
Length: 1124 octal
Transfer Vector: FL, FRHOL, FSIGMA, IFLOW, NOZZLE, NUCLE],
ZERO

Purpose:

Supply to MAIN an initial point from which the calculations are to be
started. The conditions at station zero are specified by X; A, P, T,
RHO, U, M, NDOT, RADIUS, G and DELG. In order to permit the intro-
duction of an externally computed initial point CONDEN first sets this
point to the saturation conditions with no condensate or foreign particles.
It then gives a *READ DATA' statement which must be supplied with a
value for EPSLON,

If EPSLON = 0, the saturation conditions with no condensate or
foreign particles and any overrides to the conditions at the initial point
due to this "READ DATA' statement are returned to MAIN,

If a non-zero value of EPSLON is obtained, CONDEN computes either
the point of onset of condensation according to the €(T) criterion or, if
this criterion cannot be satisfied, it finds the maximum point of DELG
as computed by NUCLE1l, This task is accomplished via a technique

similar to the half-interval method and is most easily explained as follows,

1) Initialize DELG to zero, T to TSAT and DELT to DELT(1),

2) T=T-DELT.

3) Use IFLOW and NOZZLE to obtain the flow conditions corres-
ponding to an isentropic expansion to temperature T.

4) Save DELG in DELG(1),
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6)

7)

10)

11)
12)

Use NUCLEL1 to compute the critical drop size, the nucleation
rate for the volume element specified by A and DELX and the
resulting mass fraction of condensate DELG,

If DELG is zero, return to step (2), otherwise compute

A L(T)
= * =) 4|
EPSLON = == * | i(M) * o2y & ) DELG
where
£(M) = MaX |1, CAMMA - 1/M2
» “GAMMA - 1 :

If EPSLON exceeds EPS, the onset of condensation occurs between
temperatures T + DELT and T and is obtained via a half-interval
technique which begins at step (9). If EPSLON does not exceed
EPS, continue the maximum DELG point search with step (8).

If DELG exceeds DELG(1), return to step (2), otherwise the maxi-
mum DELG point has been passed. Set T =T + 2 * DELT and
recompute the flow conditions (including DELG) for this tempera-
ture, I DELT is less than or equal to EPS(1) print these condi-
tions as the maximum DELG point and give an error return to
MAIN, otherwise divide DELT by 10 and return to step (2).
Initialize LOW to T and HIGH to T + DELT,

Set T =, 5 * (HIGH + LOW) and duplicate the calculations of steps
(), (5) and (6) to obtain EPSLON,

If EPSLON exceeds EPS set LOW to T, otherwise set HIGH to T,
If the absolute value of (1 - LOW/HIGH) exceeds EPS(2) return to
step (10). When this convergence criterion becomes satisfied,
accept the temperature T and the associated flow conditions as
those at the zeroth station, print them and give a successful
return to MAIN,
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IFLOW

Arguments:
PROGRAM COMMON VARIABLES, Group 1
A Area corresponding to an isentropic expansion to temperature T,
M Mach number corresponding to an isentropic expansion to
temperature T,
P Pressure corresponding to an isentropic expansion to temperature T,
RHO Density corresponding to an isentropic expansion to temperature T,
T Temperature for which the isentropic conditions are desired,
U Velocity corresponding to an isentropic expansion to temperature T.
Length: 167 octal
Transfer Vector: SQRT
Purpose:
Compute the area, pressure, density, velocity and Mach number corres-

ponding to an isentropic expansion to the given temperature T,

ISEN
Arguments:
PROGRAM COMMON VARIABLES, Group 1.
A Area

P Pressure

T Temperature

RHO Density

M Mach number
Length: 503 octal
Purpose:

ISEN is called from the internal subroutine IOCTRL of MAIN that
controls the printing of the first output table, This subroutine computes
PHAT, THAT, RHOHAT, PZERO'HAT and MI on the basis of the five

31



arguments and returns these values via the PROGRAM COMMON vector
ZQ, ZQ(1) . . . ZQ(5) respectively, The first four of these quantities

are easily computed from the value of MI; which is obtained via a modi-

fied half-interval technique so that the area ratio corresponding to MI

lies in the interval (A/STAR - . 001, A/ASTAR +.001).

Arguments:

NOZZLE

PROGRAM COMMON VARIABLES, Group 1.

Al

A2

A3

Length:

Hollerith valued switch with the values *THROAT?, 'INVERS'
or "AREA', This argument actually provides three entry
points for NOZZLE, Throughout this report this subroutine
is referred to both by name and by the value of the first
argument enclosed in dollar signs.

Unused when Al = STHROAT$. Nozzle coordinate for which
the area is desired when Al = SAREA$. When Al = $INVERSS,
A2 must be the Mach number on entry and will be returned
as the nozzle coordinate with area A3,

Location for returning the throat area wher . = $THROATS,
the area at A2 when Al = $AREAS, and when Al = $INVERS$
it is the area for which the nozzle coordinate is desired.

541 octal

Transfer Vector: COS, SIN, SQRT

Purpose:

The origin of the nozzle coordinate is the throat and the coordinate

increases positively in the direction of flow., In this system, the X-

coordinate of the intake is always negative and that of the exit always

positive,

Since the meaning of the throat area is basically different

when using a wedge rather than conical nozzle, the type of nozzle is

given as a Boolean input variable,
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Al = $THROAT$. Compute the area at the X-coordinate in A2 and
return it in A3, If A2 is not in the interval (XMIN, XMAX), a zero area

is returned,

Al = $INVERS$, Compute and return in A2 the nozzle coordinate
corresponding to an area A3 and Mach number A2, If A3 is less than
ASTAR, A2 is set to zero and A2(1) to 1. The nozzle coordinate will be
computed in the diverging portion of the nozzle if the flow is supersonic
and in the converging portion if it is subsonic. If the computed nozzle
coordinate does not lie inside the nozzle, A2(1) is returned as zero;

otherwise it is given the value 1,

NUCLE1

Arguments:
PROGRAM COMMON VARIABLES, Group 1,
PROGRAM COMMON VARIABLES,; Group 2,

MDOT Rate of mass flow at the saturation point.

Length: 252 octal

Transfer Vector: ELOG, EXP, FSPILL, LNPSAT, RSPILL, SQRT,
ZERO

Purpose:

Using the current values of D, SIGMA, RHOL, T(N), P(N), A(N) and
DELX(N) compute: the critical drop size, a value for surface tension
corrected for the intermolecular distance, the nucleation rate for the
volume element specified by A(N) and DELX(N), and the resulting mass
fraction of condensate due to the formation of these drops. The nuclea-
tion quantities are returned in RADIUS(N), NDOT(N) and DELG(N) and
the corrected value of SIGMA replaces the old value. The values of
SIGMA and RHOL should correspond to P(N) via FSIGMA and FRHOL,
The subroutine FSPILL is used to control floating-point traps. This sub-

routine sets underflows to zero and transfers to the argument location if
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an overflow occurs., All quantities are returned as zero if an overflow
occurs, if RADIUS(N) exceeds 10-6, or if NDOT(N) is less than 1, The
computations are based on the following equations,

2 * MU

KBAR = RHOL * T(N) *R * (In P(N) - In

PSAT)

RADIUS(N) = KBAR * SIGMA - D

SIGMA = SIGMA - D/KBAR

2
_ 47 , SIGMA * RADIUS(N)
TEXP= - ¥ T

[ P(N) \2 1 2 , SIGMA * MU
NDOT(N) =(g T(N)] = RHOL *\/;* N,

* exp (TEXP) * A(N) * DELX(N)
DELG(N) = 43—' * RHOL * NDOT(N) * RADIUS(N)>/MDOT

where R is the universal gas constant, K is Boltzmann's constant, N A is

Avogadro’s number, and In P is computed by LNPSA™ 11d is the

SAT
natural log of the saturation pressure corresponding to T(N),

NUCLE2

Arguments:
PROGRAM COMMON VARIABLES, Group 1,
PROGRAM COMMON VARIABLES, Group 2,

MDOT Rate of mass flow at the saturation point,

Length: 157 octal
Transfer Vector: FTSAT, NUCLE1l, SQRT
Purpose:

Using the current values of ALPHA, D, L, RHOL, SIGMA, P(N),

T(N) and U(N) compute the mass fraction of condensate formed in the
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volume element specified by A(N) and DELX(N) due both to formation of
'new' drops and growth of *old® drops. The values of RHOL and SIGMA
should correspond to P(N), via FRHOL and FSIGMA, and L should cor-
respond to T(N) via FL. This subroutine first calls NUCLEI to obtain
RADIUS(N), NDOT(N) and the mass fraction of condensate due to the for-
mation of these *new' drops. The radial increment of the drops initially
formed at station I (DELRAD(I)) is not a function of the radius of these
drops at station N - 1 (RADIUS (I)); the radial increments for all *old*

drops is the same. The equation for this uniform increment is

1/2

x K *

2XKTN, + ALPHA * P(N) *DELX(N) , (n  _ )
7 * MU * T(N) L * RHOL * U(N) DROP

where TDROP is the saturation temperature corresponding to P(N) as

computed by FTSAT, The mass fraction of condensate due to this growth

of the *old® drops is

N-1

4% * RHOL , « X 2

“SoT Z NDOT(I) * DELRAD(I) * RADIUS(I)” .
I=0

The value of DELG(N) returned is the sum of the two mass fractions of
condensate,
VAPOR
FL
FRHOL
PSIGMA
FTSAT
LNPSAT
Argument:
ARG The entry VAPOR uses no argument, For the entries FL
and LNPSAT, the argument is a temperature; for FRHOL,
FSIGMA and FTSAT it is a pressure,
Length: 637 octal
Transfer Vector: ELOG, SQRT
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Purpose:

The entry VAPOR is used to supply, via a "READ DATA' statement,
the linear and quadratic approximations that form the computational basis
for the other entries, i.e., the SUBROUTINE VAPOR INPUT PARAMETERS,

The entry FL computes the latent heat corresponding to the temperature
ARG from the equation L + L(1) * ARG,

The entry FRHOL computes the liquid density from the linear approxi-

mation RHOL + RHOL(1) * T , where T is the saturation tempera-

DROP
ture corresponding to the pressure ARG,

DROP

The entry FSIGMA computes the surface tension from the linear

approximation SIGMA + SIGMA * T p’ where T is the saturation

DRO DROP

temperature corresponding to the pressure ARG,

The entry FTSAT computes the saturation temperature corresponding

to the pressure ARG from the linear approximation,
1/T = PSAT + PSAT(1) *1n P, (L)

if In ARG is less than or equal to PTP, and from the quadr~tic approximation

1/T = PSAT(2) + In P * PSAT(3) + In P2 * PSAT(4)  (Q)
otherwise,

The entry LNPSAT computes the natural log of the saturation pressure
corresponding to the temperature ARG, When the inverse of ARG exceeds
TTP the result is obtained by solving (L) for In P, Otherwise, the roots
of the quadratic (Q) must be computed. The proper root is chosen by

taking the smallest root that exceeds PTP,
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6. 1/0 STRUCTURE

The following section describes how the input and output were imple-
mented and organized in the program. The inflexibility of this aspect of
the original program, Ref, 1, was one of the chief motivations for the
rather drastic changes that have been made, The two most important
changes concerning the I/0 abilities of the program are reflected in greater

flexibility in choosing the initial point and better organization in the output.
6.1 INPUT STRUCTURE

Since the M, A, D, "READ DATA' statement is used for obtaining the
numerical input, an understanding of the data deck requires a knowledge
of the function of this statement. The description of this statement given

in the MAD manual is:

"This statement causes information to be read from cards; no list
of variable names or format specification is necessary, The values
to be read and the variable names are punched in the data cards in a

sequence of fields of the form:

= = *
V1 ny, sznz,. o o ,VK N

The V1 s 0 0 oy VK are the variable names and Nysooss Np the
corresponding values. Reading is continued from card to card until
the terminating mark * is encountered. Only the first 72 columns
of a card may be used for data; . . . However, as a convenience,

the end of the card is treated as an implied comma . . .

For convenience in entering values of array elements, it is possible
to designate only one variable name and have successive numbers,
written without names, interpreted as the consecutive values of the

array, i e.,

V(J)=n1, gy e ooy Ny
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would be the same as

V(J):nl, V(J+1)==n2, o ooy V(J+K—1)=nK M
The use of this statement for input allows considerable flexibility, since
no list or format is necessary. Thus for example, if a number of prob-
lems with the same nozzle geometry are to be run the nozzle parameters
need only be read the first time, The remaining data sets for this sub-
routine could then consist only of a card with an * in column 1, This situ-
ation is in fact true for all inputs, except EPSLON which is read by the
subroutine CONDEN; that is, once they are read they maintain that value
for the remainder of the run unless specifically changed by a subsequent
‘READ DATA',

Finally, it should be remarked that many of the input parameters are
assigned to storage in PROGRAM COMMON. Those variables assigned
to PROGRAM COMMON have been divided into two groups. Some of the
subroutines have no access to these variables, some have access only to
the first group and some have access to both groups, In those subroutines
that have access to some of PROGRAM COMMON and that also give 'READ
DATA' statements, care should be taken as to what is puncned on the data

cards,

An example of an input deck and the resulting output have been included
in Appendix B. The input deck was listed on an IBM 407, The problem

required 9. 5 seconds of execution time on the IBM 7090,

The input deck for a run consists of the program initialization deck
followed by any number of problem decks., The program initialization

deck structure is as follows:
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(14)

(2)

Any number of 72-column comment cards, For those familiar
with FORTRAN, each card is read according to a format of
12A6 and immediately printed with a double space.

A single card with "ENDbbb', where b’ denotes a blank, punched
in columns 1-6. This card is used to terminate the comment
card deck,

A deck of cards containing the SUBROUTINE VAPOR INPUT
PARAMETERS. These parameters are obtained by a "/READ
DATA' statement. The variables that must be supplied at this
point are PTP, TTP, PSAT. . . PSAT(4), SIGMA. . .
SIGMA(1), RHOL ., . . RHOL(1) and L . . . L(1). Only these

variables may be given values in this deck,

A program deck consists of essentially four parts.

(14)

(1B)

(2)

Any rnumber of 72-column comment cards. These are processed
exactly as the comment card deck in the program initialization
deck. They are double-spaced and are immediately preceded by
the heading "BEGINNING OF PROBLEM NUMBER __ ', which
always begins a new page.

A single card with 'TDATAbb' punched in columns 1-6. This card
is used to terminate the comment card deck.,

A deck of cards containing the PROGRAM COMMON parameters
TZERO, PZERO, GAMMA, MU, CP, D and ALPHA and the
entire set of MAIN PROGRAM INPUT PARAMETERS. These
variables are obtained by a '"READ DATA® statement. If any of
these expected parameters do not appear, then they maintain
their current value in the computer. The following is a list of
the parameters that are loaded initially with the program and,

hence, need never appear in the data deck unless these values

are unsatisfactory:
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(3)

XPOINT = 1 MNDELX =, 001
MNDELG =, 0005 MXDELX = 1,
MXDELG =, 0015 MXDELX(1) =, 1

Note that XPOINT is an integer and hence its value must be given
without a decimal point. The remaining parameters are not pre-
set by the program and must appear at least in problem 1. Since
all problems of a run must deal with the same vapor, normally
GAMMA, MU, CP, D and ALPHA will appear only in the first
problem,

A deck of cards containing the PROGRAM COMMON parameter
ASTAR and the SUBROUTINE NOZZLE INPUT PARAMETERS,
again obtained by a 'READ DATA' statement. Only these param-
eters should be included. Note that the two half-angles are
specified in degrees, that XMIN is negative and that XMAX is
positive., Since the parameter WEDGE is of Boolean mode, it
has only two possible values; i, e., OB = true and 1B =, false.
The final deck of cards is obtained via a "READ DATA® statement
in the subroutine CONDEN and must supply a value for EPSLON,
If EPSLON is given a non-zero value, the only other parameters
that should occur are DELT(1), TRANGE and EPS. . . EPS(2).
These five parameters are preset, however, and thus need be

supplied only if the values

DELT(1) = 5.0 EPS =, 001
TRANGE = 100, 0 EPS(1) = . 01
EPS(2) =. 00001

are unsatisfactory. If EPSLON is given a value of zero, however,
then any of the parameters specifying the flow conditions at the
initial point are legitimate inputs; i, e., X, DELX, A, P, T,
RHO, U, M, RADIUS, NDOT, G, or DELG, If not supplied,

these values will correspond to those at the saturation point.

4