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FOREWORD

This document is Volume III of the final report on NASA
Contract NAS8-24882, "Study of Cryogenic Propellant Strati-
fication Reduction Techniques.' The study was performed by
the Fort Worth Division of General Dynamics Corporation for
the George C. Marshall Space Flight Center of the National
Aeronautics and Space Administration. The program was con-
ducted under the technical direction of Mr. T. W. Winstead of
the MSFC Astronautics Laboratory. His assistance in the per-
formance of this study is gratefully acknowledged.

The final reports consists of three volumes:

Volume I. Large-Scale Experimental Mixing

Investigations and Liquid-Oxygen
Mixer Design
Volume II. Large=-Scale Mixing Data
Volume III. Computer Procedure for the Prediction
of Stratification in Supercritical
Oxygen Tanks
Volume I contains a presentation of the large=-scale experimental
investigation and liquid-oxygen mixer design study together
with a summary of the important findings of the study. Volume-
II contains a presentation of the experimental data utilized
in this study. Volume III describes the computer procedure
developed during the study for the prediction of stratification

development in supercritical oxygen tanks,
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SECTION 1

INTRODUCTION AND SUMMARY

The computer procedure described herein was developed
and used during this study to predict the thermodynamic state
of supercritical oxygen. This procedure, designated as General
Dynamics Procedure SW6, is used to predict the transient pres-
sure, density, temperature, and mass of supercritical oxygen
stored under a "zero-gravity" enviromment in a spherical tank.
Both temperature-stratified and -mixed cases have been analyzed.
In the stratified case, only radial variations in the thermo-
dynamic state are considered. The fluid is withdrawn from the
center region of the tank. Environmental heating occurs at
the outer tank wall. An internal electrical heater is used to
control the fluid pressure in the tank.,

For the mixed case (thermodynamic equilibrium), the thermo-
dynamic state of the stored oxygen is established by overall
mass and energy conservation along with an appropriate equa-
tion of state. 1In a similar manner, the thermodynamic state
of the radially stratified case is defined by the laws of

spacial conservation of mass, and energy, along with an equa-



GENERAL DYNAMICS
Fort Worth Division

tion of state. These governing equations have been solved

in an approximate fashion by the use of a finite-element,
numerical solution. Although the results are valid for a
compressible fluid, the stable time increment used is orders-
of-magnitude greater than that usually required for the finite-
difference solution of compressible flow. The large time step
that can be used for this solution is a direct consequence of
an assumption that the pressure is uniform throughout tank.
Typically, the fluid behavior during a mission of 10 hours can
be analyzed by the use of a few minutes of computer time.

The description of the computer program includes such
information as typical error diagnosis, sample problem input
and output data, and the computer program listing.

The equations solved by the computer program described
herein are similar to those solved by Kamat (Reference 1) al-
though the numerical procedure used differed appreciably from

that of Kamat.
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SECTION 2

PROGRAM DESCRIPTION

In this section, the program applications, the governing
equations, which were numerically integrated, along with the
appropriate boundary conditions are described. 1In addition,
the finite-difference approximations resulting from the govern-
ing equations and the corresponding numerical procedure are

discussed.
2.1 PROGRAM APPLICATION

Computer program SW6 was written to predict the transient
thermodynamic state (i.e., pressure, density, temperature) of a
single-phase cryogen stored in a spherical tank under a zero-
gravity environment with simultaneous environmental/electrical
heating and fluid withdrawal (including venting). A sketch of

the supercritical storage tank is shown below

Environmental and
Electrical Heating

Withdrawn

Supercritical Storage Tank
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Energy due to the environment or electrical heaters is
assumed to be added at the outer tank boundaries. Mass with-
drawal is assumed to take place at the center of the tank.
The mass withdrawal rate due to venting is included if the
tank pressure rises above a specified vent pressure. |

Temperature, internal energy, enthalpy, and density gra-
dients are assumed to exist only in the radial‘direction. |
The velocities developed in the tank due to heating and mass
outflow are also considered to occur in the radial direction only.

The predictions of this program include:

1. Tank pressure history

2. Radial temperature distribution as a function of
time

3. Radial density distribution as a function of time

4. Radial velocity distribution as a function of
time

5. Stored mass history

6. Mass flow-rate history.

Other quantities that can be easily obtained from the

computer output include:

7. Vented mass as a function of time

8. Electrical heater duty cycle, power requirements
history, and total accumulated electrical heater
power requirements

9. Mixer duty cycle

10. Energy added to the tank by the mixer operation.
4
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The program has the capability of plotting the first six
items mentioned as a function of time and the second and third
items as a function of radial position in the tank.

Some of the other capabilities and options of the program
include

1. An option to use one of two different finite-
difference equations of energy and mass

2. An option to use one of three different methods
of defining the velocity at the boundary of each
node,

3. An option to consider either an ideal gas with
constant specific heats or a real fluid, with
variagble properties defined by thermodynamic
tables.

Limitations of the program include:

1. One-dimensional (radial) property variations
(temperature, density, and velocity)

2. Mass withdrawal at the tank center region

3. Heating at the tank wall.

2.2 GOVERNING EQUATIONS

The governing equations used as the basis for this pro-
gram include the one-dimensional compressible form of the

o continuity,

0o energy,

0 r-momehtum, and

o thermodynamic state equations or thermodynamic tables.

5
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The continuity equation is

3p) , 1 8 (purh) =0
ot T 2
r Or
where » is the density
u is the radial velocity
r is the radial coordinate
t is the time.

The energy equation is

2 ’ 2
o _ 190 (phur®), _1 8  kr<gT
— (pe) = - = p + = = ( =)
ot r26r r2 or or

where e is the specific internal energy
h is the specific enthalpy
T is the temperature
k is the thermal conductivity.

The r momentum equation is

[ﬁ+2§_u_2_2]_92

du , udu 4
arz r or 2

ot or 3
where y is the dynamic viscosity
P is the pressure.
In addition to the above equations, an equation of state
or thermodynamic property table relating the internal energy
and enthalpy to two independent properties (i.e., p and P)

is required. The equation of state is

6
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P = P/ZRT

where Z is the compressibility

R is the gas constant.

For very low compressible flow (Mach number on the order

of 10—7), convective and viscous terms of the momentum equa-

tion can be neglected as can be shown by an
analysis. The momentum equation reduces to

.a_u+a—£=0

pat or

The above equation is coupled with the

tion to form a wave equation. Any sizeable

order-of-magnitude

continuity equa-

pressure fluctua-

tion propagates at the speed of sound and equalizes the tank

pressure. Consequently, the pressure gradients are essentially

zero. For the long storage times in which this prediction is

applicable, the momentum equation reduces to a quasi-steady

condition in which

Q)lQ)
H g
I
o

This condition along with the continuity and energy equa=-

tions and thermodynamic property tables serve as the basis for

the numerical solution.
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2.3 BOUNDARY CONDITIONS

The boundary conditions associated with this solution
establishes the energy and mass fluxes across the inner and
outer tank boundaries. On the inner surface three boundary
conditions are applied:

1. The velocity, u(ry, t), is

u(rl,t) = ﬁo/4wr1%i(rl,£)
where ﬁo is the mass utilization or venting rate
rq is the inmer radius
Pl is the outflow density

2. The heat transfer by conduction, qj, is assumed to
be zero; hence,

oT _
o7 (rl,t) 0

3. The energy transfer, E', by convection at (rl,t) is
E' = h(r),t)ulr,,t)P(r ,t)4mr 2
Three boundary conditions are also applied to the outer
tank surface at (rt,t):
1. The velocity, u(ry,t), is zero

2. The heat transfer by conduction is
2 koT
or

where Q is the total electrical and/or environmental

Q= 4nrt (rt,t)

heating, k is the thermal conductivity.
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Thus the transient behavior of the fluid in the tank is
completely defined by (1) the equations of continuity, energy
and momentum (uniform pressure within the fluid at a given
time) and equation of state (thermodynamic tables), (2) the
initial conditions in terms of density and pressure, and (3)
the boundary conditions defined in terms of the mass flow at

the tank center and heat transfer at the tank walls.
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2.4 FINITE-DIFFERENCE EQUATIONS

The finite-difference equations derived in this sub-
section satisfy energy and mass conservation on a finite-size
element. As a result, the form of the difference equations
differs somewhat from those that are conventionally obtained
from use of a Taylor series-type expansion of the governing

equations.,
2.,4.1 Cell Description

In order to facilitate the derivation of the finite
element equations, a description of the cells and the
corresponding mass and energy storage in each cell along
with energy and mass flow across the cell boundaries is
presented. In the description of the elemental cells, the
cell geometry and flow areas are also defined. A descrip-
tion of three means of defining the cell boundary velocities
is presentedos‘Finally, conserzation of mass and energy is

applied to establish the finite element equations.

10
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2.4.1.1 Cell Geometry

The cell geometry used in the finite-element solution is
shown in the sketch below. The element or cell is described in
spherical coordinates for a unit solid angle or steradian. The
energy and mass flow is assumed to take place in the radial
direction only. The inner tank boundary consists of the spheri-
cal surface of radius Ry. The last cell, n, is bounded on the
outer edge by a spherical surface which consists of the tank
- wall. The first cell, of thickness AR/2, is bounded by the
outer spherical surface of radius R = ﬁi. The interior cells,
2 to n-1, are of thickness AR and each cell, i, is bounded on
the inner spherical surface by Ei—l and on the outer surface by

R;.

Cell 2

Cell 1 /

+
= _ R

11
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Cell Flow Area

The cell flow area per unit solid angle is defined at the
inner radius, Rl’ and the outer tank radius, R, for the first
and last cells, respectively. The outer boundary area of the
first cell is defined at El and the inner boundary of the last

cell is defined at §£_1 as shown below.

R R 7
1 1 R.-1 Rn

First Cell Last Cell
The inner and outer flow area at the first cell boundaries

are

AL =R and A, =

-2 _ 2
1 1~ R

respectively. The inner and outer flow areas at the boundaries

of the last cell are

-2 — 2
Ap-1 =R 4 and An = R,

respectively.

For an interior cell, sketched below, the inner area is

12
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N

_ —A4R
R —
i-1 Ry 2 \\Ri
+ given by
—_ =2
Aj-1 = Rjq
and the outer area by
- -2
Ai = Ri
where
R, =R, + AR/2
i i
Cell Volume

The volume per unit solid angle (47 steradians for the

sphere) of the first cell is given by

1 =3 3
VOL(1) =3 (R - Ry )

13
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and for the last cell by
1 3 3
VOL(n) =5 (Rp-1 - R))

The volume of each interior cell is also defined per stera-

dian as

-3 -3
VOL(i) = % R; - Ry )

where
R; = R + AR/2

The tank volume, Vt’ is given by

Ve = AL R - R
It can be easily shown from the above equations that the
summation of the cell volumes equals the tank volume since each
ii cancels in the summation.
Another representation of the cell volumes and areas is
used as an option in the computer procedure. The volume rep-
resentation, however, does not sum to the exact tank volume.

Hence this option, which is derived from the finite-difference

equation, is not recommended.

14
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2.4.1.2 Velocities at Cell Boundaries

The velocity is defined at each cell boundary. For the
first and last cells the velocities are shown in the sketch at

the appropriate boundaries

n-1 Rn

The velocity at the inner boundary of the first cell is

2

Vy =m, /Gr R] pp)

where ﬁo, the mass flow rate into the tank and 2E the inflow
density, are computer input quantities representing either the

utilization rate (negative mo) and/or the vent rate (also

negative m,).

15
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The velocity at the outer boundary of the first cell is es-
tablished by one of three options:
1. The arithmetric average between cell 1 and 2
vy = (V1+V2)/2

2. The area-weighted arithmetric average,

= 2 2 = 2
Vi = Ry Vp + R V,)/2 (Ry)”  or

3. A computer iteration process by which the boundary
velocity is varied in such a manner that the pressure
between the cells adjacent to the boundary is converged
to within a specified pressure difference,

The velocity of the inner boundary of the last cell is

given by a similar set of options:

Lo Vo= Gy

+V )/2

n
-9 2 -2
(Rp-1 Vn_l + Ry Vn)/2 Rp-1

2.

<

n-1

3. A pressure relaxing iteration process.

The velocity at the outer boundary of the last cell is
assumed equal to zero.

The velocity of the inner boundaries of the interior cells
is similarly given by

1. V4.9 = (Vi—l

-2 2 -2
2. Vi1 = R{4 Vi1 *Ri Vi)/z(Ri-l)

+ Vi)/2

3. A pressure iteration process.

16
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The velocity at the outer boundary of the interior cells

is given by

10 vi (Vi + Vi+1)/2

— 2 2 —2
2. V; = (Vg RY + Vi Ryg)/2 Ry

3. A pressure iteration process.

2.4.,1.,3 Cell Mass

i

The cell mass, M;, of the two boundary and the interior

12

cells is given by
M; = VOL(i) P

where Py is the density of the ith cell and VOL(i) is the cell
volume.

The tank mass, Mg, may be calculated by

j3 !

M, =E VOL(i) Py
i=1

or by

Mt = Vt pm

where V. is the tank volume, and
P, is the mean density
The new mean density, Pp, is calculated after one time

- step, At, by

17
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P = Mg +1 AE)/V,
or by
n
Py = E ; ( Py VOL(1))/V¢
i=1

2.4.1.4 Cell Energy

The energy, Ei’ stored in the ith cell is given by

Ei = VOL(i) pi ei

" where

e; is the specific internal energy.
The specific internal energy, calculated initially by the
computer procedure, is based on thermodynamic tables of tem-
perature and enthalpy as dependent variables and pressure and
density as independent variables. For an initial pressure and

density, the enthalpy, hi, at each cell is calculated. The

internal energy, e;, is then calculated by the equation

ei = hi - Pi/ pi

Thereafter, a new value of the specific internal energy,
ej, of each cell is calculated by the use of the finite-element
form of the energy equation.

The total internal energy, E., is given by

18
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n

E_= E VOL(i) p; eg

i=1
and also by
Et = Vt Pm e,
where Pn and e, are mean quantities.

The new mean internal energy, e',, is given by
e'm = (Et +I;lh1 /At)/ pm Vt
where hy is the enthalpy of the first cell.

2.4.1,5 Boundary Mass Flow Rate

The mass flow rate across both cell boundaries is defined
by use of a convention to ensure mass conservation and numeri-
cal stability.

For the inner boundary of the ith cell shown below,

® - T e
i-1 Vit i
Vl-l 0
Ri-1
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the mass flow rate per solid angle for Vi_l > 0 is

L]

mi_l = ( pi,l) Vi"l Ai"l

For v&_l < 0, the mass flow rate per solid angle is

o e —

myp = (P Vil A

Note that the density used is evaluated at the ''tail" side of

the velocity arrow, as illustrated in the above and below sketches.

@ < —
i-1 \ i
= V. .<0
Ri-l l"l

For the outer cell boundaries, the mass flow rate, ﬁi, is shown

below for v& >0

i i+l

<
o

e
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and is given by

For Vi < 0, the mass flow rate, mi, is given by

= P4 Uy Al
The mass flow rate across the inner boundary of the first
cell is
my = rho/ll-ﬂ
where m

o is the total mass flow rate into the tank.

The mass flow rate across the nth cell outer boundary

(i.e., the tank wall) is zero.

2.4,1.6 Boundary Energy Flow

The flow of energy across the cell boundaries is in the

form of convection and the conduction. The convection of energy

across the inner boundary of the first cell is given by

E] = Vq Ay ( P hy) for V; < 0O,
where hy is the specific enthalpy of the first cell,

The convection of energy across the outer boundary of the

first cell is given by

El = Vi Ki (P hl) for V& >0

'and

21
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ﬁl = Vi Ki ( py hz) for Vl< 0

as illustrated in the sketch below:

Ne
-
r
.

<l

. >0 Vs< 0

Here again, the thermodynamic properties, ph, being con-
vected are evaluated at the cell upstream or at the "tail" of
the velocity vector.

The energy convected across the outer boundary of the last
cell is zero because of the presence of the tank wall., The
energy convected across the inner boundary of the last cell is
given by

)

Ep-1 = Vp-1 Ap-1 ( Ppo1 B )

for V 1 > 0 and
n—

22
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En-l = Vn—l Kn-=1 (Pn hp)

for Vn-l

Similar equations for the convective energy across the inner

boundary or each interior cell may be expressed as

E{-1 = Vi_1 83-1 (A1 hy)
for Vi_l > 0.

The sketch below shows the inner boundary for each interior

cell, i:
P, 1h, 1 Vi-1
1-1 1- _ <z —
O  piby
i-1 Vi-1 *
— - \\
Rl"l Ri-l \\
N
Vi.p?0 Vi-i~0

For the outer boundary of each interior cell, the conductive

energy flow is

i

i = Vi Aj ( Pi hi)
for Vi > 0 and

E; = Vi A; ( pi4g hygg)

23
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for Vi < 0.

In addition to the convective energy flow across each cell
boundary, heat transfer by thermal conduction is present. The
rate of energy conducted from the first cell across the boundary

at the average radius, §i is

Qp = -KA; (T, - T;)/ AR

where K is the thermal conductivity.
In this analysis, the energy conducted across fhe inner
, tank boundary is assumed to be zero. The rate of energy con-

ducted into the last cell is

Qu-1 = -K Ap-1 (T, - T,.1)/ AR.
The rate of energy'addéd to the last cell takes into account
the rate of energy added along the tank boundaries by environ-
mental and/or electrical heater sources. In a similar manner,

the energy crossing the inner boundary of cell i is

Qi-1 = -K A; 7 (T; - T; )/ AR

and the energy crossing the outer boundary of cell is
ai = =K Ki (Ti+1 - Ti)/ AR
2.4.2 Conservation of Mass

The finite-element description of the cell properties given

24
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in Subsection 2.4.1 serve as the basis for the development of
the conservation characteristics in space and time. For any
cell, i, the change in the amount of mass stored is equal to
the summation of the mass rate of flow at the boundaries mul-
tiplied by the time interval., In mathematical form, the con-

servation of mass for the interior cells is written as

A VOL(i) - p VOL(i) = At (h, - m;_4)

i i i-1
For the first and last cells, similar equations may be written
as

VOL(i) - VOL(i) = At (51 - rTnz)

1 1

and

Php VOL(n) - P VOL(n) = At my
The primed densities are at the time, t+ At.

The new density may be determined, giving for the ith cell

Py = P+ At @y -ty )/VOL(L)

The mass flow rate across the boundaries have been defined
previously for boundary velocities greater than and less than
zero. In a similar manner, the densities at the new time, t+ At,

for the first and last cells are

Py= P +At (@ - m)/VOL(i)

25
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and
b= P+ At (ﬁn_l)/VOL(n)
The three above equations are used in the computer solution.
2.4,3 Conservation of Energy

The finite element form of the energy equation which is
used in the computer solution for the internal energy and tem-
perature of each cell is based upon the basic cell characteris-
+ tics previously derived. The change in energy of the ith
interior cell is equal to the net energy convected and conducted

across the cell boundaries and is given by

( Py e', = P eVOL() = At (Byq - ED+Ae@_ - Q

)

where Ei and ai are the energies convected and conducted
across the boundary at R = ii. Similar expressions can be
written for energy conservation for the first and last cells.
The new specific internal energy at the time t+ At for the
ith interior cell is
e' = piei/ pl' +At(§i_1-Ei)/ p;_VOL(i)+ At(Qi_l-Qi)/ p'iVOL(i)
The specific internal energies at the time t+ At for the
first and last cells are, respectively,

1 ry . = - ! .
e'l = Plel/ Pl +At(Ei-1'El+Qi_l"Qi)/ P1V0L(l)

26
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and

o' = pnen/ P, + At(Ey-1 + Qi_l-Qi)/ p_ VOL(i)

The new internal energy along with the new density at each
cell defines the thermodynamic state of each cell. A thermo-
dynamic table is nominally used (pressure and density as inde-
pendent variables and temperature and enthalpy as dependent
variables) along with an iteraction procedure to establish the
pressure and temperature of each cell., The computer procedure
possesses an option which permits the specific heat at constant
volume to be used to calculate the new temperature for the case
of an ideal gas. The ideal gas equation (corrected by use of a
constant.compressibility factor) is then used in this option to
calculate a new pressure at each cell.

Once the new temperature and pressure is calculated at
each cell an iteration process is initiated to relax the pressure
gradients in the tank to zero or a very small value before the
calculations for the next time step (t+2 At) are initiated. 1In
order to relax the nonuniformities in the tank pressure, cell

boundary flow is assumed as described in Subsection 2.4.5.
2.4.,4 Thermodynamic Tables/Equation of State

The thermodynamic tables provide a relation between any two

thermodynamic variables (i.e., p andp ) and any remaining

27
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variable, e,T, or h. The equation of state as used in this program

calculates the compressibility factbr, Z(p P), by

Z(p,P) = P/ PRT
where T = T( p,P) is found by interpolating tabular values of a
thermodynamic table. The compressibility factor in this program

is used for the ideal gas case and is not varied with time.
2.5 STABILITY CONSIDERATIONS

A conventional stability criterion is used to establish
the time increment. There is a characteristic stable time for

each cell which is given by

-1
At ;. = gﬁ_ +|Vi

st AR2 —[-l_l-i

where
a is the thermal diffusivity
V; is the node velocity
AR 1is the distance between cells.
The stable time increment used is the minimum value of

Atgi as calculated for each cell, The actual time step used

is some fraction, TF, of the minimum stable time step,

At = TF (Minimum Atsi)

28
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2.6 NUMERICAL PROCEDURE

The numerical procedure utilizes a forward marching tech-
nique in time to obtain the thermodynamic state history of the
supercritical oxygen. The program consists of data input,
problem initialization, new state calculations and a printout/
plotting procedure.

After the data is read in the initialization technique
includes

1. the calculation of the volume of the tank and of each
cell,

2. the determination of the initial temperature, internal
energy, enthalpy, and mass of the tank as a whole and
of each cell, and

3. the initialization of the velocity distribution.

The new state calculations include

4., the calculation of the new densities at each cell by
the use of the continuity equation,

5. the calculation of the new specific internal energy
at each cell by the use of the energy equation,

6. the determination of the pressure and temperature of
each cell by use of thermodynamic tables of the new den-
sities and internal energies and

7. the relaxation of any pressure non-uniformities by
allowing for mass flow in the direction opposite to
the pressure gradient.

Steps 4 through 7 are repeated as often as necessary to reduce

any pressure difference to less than a specified input value.

29
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The results are printed out and the time is updated.

Various checks may be performed with the optional outputs
from this program. The stored mass in the tank and total
internal energy is evaluated in three ways to insure accurate
predictions. It has been established that mass and energy is
conserved at each cell in the tank and in the whole tank. In
addition it has been eétablished as described in the method of
solution that the tabular thermodynamic state is satisfied
at each node for the stratified case and for the complete
tank in the case of thermal equilibrium.

The computer procedure consists of one main program and
four subroutines. The subroutines include

DATCHK
INTERP

NEWQUA
SIMPLT
SC102
DATCHK checks the input data for errors and inconsistencies.
The principle check is made on input data for the plot option.
INTERP uses the thermodynamic table to calculate values
of the temperature and enthalpy from input values of density
and pressure.
NEWQUA calculates the values of the pressure, velocity,

temperature, internal energy, density, at a new time step from

the old values.

30
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SIMPLT permits a group of 8 curves to be plotted on the
one graph.

SCl02 permits each curve on a'graph to be plotted by the
use of the "scores package'" for the Stromberg Carlson 4020

plotter.

31
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2.7 OPTIONAL CONDITIONS

Various options in the computer procedure include

1. 1ideal gas assumption

2. conventional form of the finite difference equations

3. method by which velocity at boundaries are evaluated

4. plotting option

The use of these options are described in Section 3.

The option using the conventional form of the finite
difference equation is not recommended since exact mass and
energy conservation is not achieved, even though the finite
difference equations are written in ''conservative form" as
described by Torrance in Reference 2.

Linear average of the velocity across the boundary is not

recommended.
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SECTION 3

INPUT DATA

The input data consist of thermodynamic property library

data, physical property data and control numbers.
3.1 LIBRARY DATA

The library data consist. of densities, temperatures,
enthalpies, and pressures. Jl values of temperature, enthalpy,
and pressure are read in for each density. 1Imn all, Il values

of density are read in. The library data are as follows:

I1, Jl

p(L)

T(]"’l)’ H(l’l)’ P(]"l)’ T(l,z)’ H(]‘,z)’ P(l’z)
T(1,3), H(1,3), P(1,3), T(1,4), H(L,4), P(1,4)
T(1,J1), H(1,J1), P(1,J1)

(2)
T(2,1), H(2,1), P(2,1), T(2,2), H(2,2), P(2,2)

T(2,I1), H(2,I1), P(2,Il)
p(1I1)

T(I1,1), H(I1l,1), P(I1,1), T(Il,2), H(I1,2), P(Il,2)
1]

T(I1,J1), H(I1,J1), P(Il1,J1)
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where

T(I,J) is a library table temperature, °R

H(I,J) is a library table enthalpy, Btu/lb

P(I1,J) is a library table pressure, psia

The two indices, Il and J1, are read in on the first
card and have a field width of five spaces (2I5) and must be
right-adjusted.

The second library card is used to read in the first two
sets of temperatures, enthalpies and pressures with a 6E10.Q
format statement. The first temperature, including decimal,
occupies the first 10 spaces, the first enthalpy occupies the
next 10 spaces, etc., up to 60 spaces. The additional sets of

T, H, P for the first density are read in on subsequent cards.
3.2 PROBLEM DATA

The problem data consist of the appropriate physical
quantities for the problem along with required control numbers.
Each problem data card is discussed below.

First Card Six values of the problem data are read in with a

field width of 10 spaces (columns):
0 10 20 30 40 50 60

Qe m AR P P Ry
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where Qe

AR

P]fIli':lX

Ry

is

is

is

is

is

is

Second Card

width:

Ry
where RM

10

TN is

TF

is

is

is

is
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the environment heating, Btu/sec
the main flow into the tank, lb/sec
the radial distance between nodes, ft

the pressure difference, psi, to which two adjacent
cells are relaxed

the maximum tank pressure, psi
the radius at the center of the tank (inner tank

boundary), ft

Six values are read in with a 10 space field

20 30 40 50 60
] k TF t
the tank ragius, ft
the dynamic viscosity, lb,/ft sec
the thermal conductivity, Btu/°R-sec-ft
the fraction of the stable time step
the initial time increment, sec

the initial density, lbm/ft3

Third Card Six values are read in:

P

10

20 30 40 50 60

Rg s Cv t5 oy,

where P is the initial pressure, psia

Re

is the gas constant,lbf ft/oR lbm

c. is the specific heat at constant pressure, Btu/lb °R

| %
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cy 1s the specific heat at constant volume, Btu/lb-°R
t; is the initial time, seconds

m, is the initial vent rate, lbs/sec (negative for outflow)

Fourth Card The six values read in are

10 20 30 40 50 60
Qn Qn on PVc Pho Pue
where Qp, is the electrical heating in Btu/sec

is the heat added to the tank by mixer operation in
Btu/sec

Pyo is the pressure in psia at which the vent valve is
open

P,. is the pressure in psia at which the vent valve is
closed

Py, is the pressure in psia at which the heater is turned
on

Py ¢ is the pressure in psia at which the heater is turned
off

Fifth Card The four values read in are

10 20 30 40 50 60

DT

o DTy £ CT PC - -

where DT, is the temperature difference in the tank at which
the mixer is turned on

DT, ¢ is the temperature difference in the tank at which
the mixer is turned off
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CT is the max computer time in one hundreds of a second

f :

PC is a fraction increase in the pressure used for

Sixth Card

5

10

IM NCOUT

where IM

NCOUT

NC2

NC7

IDM

NTIMEM

IMIX

THET

IVENT

NC3

NC4

NC6

is

is

is

is

is

is

is

is

is

is

is

is

derivatives obtained from the thermodynamic
tables

15 20 25 30 35 40 45 50 55 60
NC2 NC7 IDM NTIMEM IMIX TIHET IVENT NC3 NC4 NC6
the number of cells

a control number, if equal to 1 uses average
velocities across cell boundaries

a control number, if equal to 1 uses constant
density at all nodes

a control number, if equal to 1 uses the exact
cell volumes.

the maximum number of pressure iterations per time
step

the maximum number of time steps

set equal to 1 for initial mixing, O for no initial
mixing

initially set to 1 for the heater on, 0 for
heater off

initially set to 1 for venting, 0O for nonventing

a control number, if equal to 1, the initial
densities are read in.

a control number, if equal to 1 uses a constant
specific heat and compressibility

a control number, if equal to 1 uses boundary

velocities rather than velocities at the center
of the cell
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7th Card The variables using a field width of 5 spaces each

(1215)

5 10
NFI NWO NWl NW2 NW3 Nw4 NPCl1 INPRIN NTIT NW5

where NFI is a control number, if = 1,

NWO

NW1l

NW2

Nw3

NW4&

NPCL

INPRIN

NTT

NW5

is

is

is

is

is

is

15 20 25 30 35 40 45

graph I on separate graph

a control number, if = 1, writes
of specific heat

a control number, if = 1, writes
across each cell boundary

a control number, if = 1, writes
and compressibility

a control number, if = 1, writes
across each boundary

a control number, if = 1, writes
Subroutine Interp (Thermodynamic
lation subroutine)

50

55 60

plots each curve of

calculated values

the mass flux

the specific heat

the mass flux

the output of
Table Interpo-

a control number, if = 1, plots the results

the number of time steps between printing

the number of pair of points of the drain history

a control number, which when set equal to 1, writes
the input of quantities to Subroutine Simplt.

Card 8 through 15 These cards are for plotting the results

5
KXI( )
KX{(z)

KXI(8)

10 15 20 25

KYI(1) NUS (1) NGR(1) NcCC(1)
KY?(Z) NUS(%) NGR$2) NCC$2)

{ L i
$ 1 ?

KYT(8) NUS(8) NGR(8) NCC(8)

38

30
JN(1)
IN(2)

§
1

JIN(8)

35
JTN(1)
JT?(Z)

JIN(8)
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where KXI(I)

KYI(I)

NVS(I)

NGR (1)
NCC(I)
JN(I)

JTN(I)

]
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0 for a linear abcissa scale and 1 for a logarith-
mic scale :

0 for a linear ordinate and 1 for a logarithmic
ordinate scale

1 for point plots, 2 for points connected with
straight line

is the graph number to be plotted

the number of curves on each plot

the cell number to be plotted on the curves

the time steps to be plotted.

Card 16 through 19 History of mass flow into the tank can be

specified by these cards. The field width is 10 spaces, with

6 quantities per card as shown below:

10

10

20 30 40 50 60

ty my toy Mg t3

20 30 40 50 60

NTT tyrT

where m is the mass flow rate in pounds/hr

t is the time in hours and

NTT is the number of (m,t) pairs
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SECTION 4

ERROR DIAGNOSTIS

The two means of diagnosing input data and program errors
are

1. Error messages and

2, Optional printout

The error messages are self-explanatory. For example,
in Subroutine Newqua, if the absolute value of the pressure
difference between two adjacent cells is not less than a
specified. input value, the following message is printed out:

"Iterations did not converge in IDM steps'.

IDM is the maximum number of iterations specified by
the input data.

For the Subroutine Interp, if the value of either a given
pressure or density cannot be found in the thermodynamic table,
the following message is printed:

'"Enthalpy is outside of density library data' or

"Enthalpy is outside of pressure library data'.

Almost all pertinent intermediate data may be obtained by
the use of the proper input data control numbers described in

Section 3.
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SECTION 5
PROBLEM TIMING

A typical SW6 computer run will calculate the transient
thermodynamic state of supercritical oxygen for a period of
real time of about 10 hours using about 1 minute of computer
time with a distance between nodes of 0.1 ft and an outflow
velocity of 10'l ft/hour. Generally the computer time will
increase as the inverse of the square of the distance between

nodes and as the outflow velocity is increased.
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SECTION 6

SAMPLE PROBLEM
6.1 PROBLEM DESCRIPTION

The following sample problem consists of environmental
heating, mass withdrawal and electrical heating of super-
critical oxygen stored in a low gravity space environment.
The pressure history, temperature and density distributions

are predicted. A sketch of the tank is shown below:

Environmental and
Electrical Heating

3 — Y
Mass
Withdrawn

Some of the most pertinent parameters are
1. Environment heating, Q, = 0.0 Btu/sec

2, Withdrawal rate, my = - 1.0 pounds/hr

3. Distance between nodes, R 0.1 Ft

0.1 Ft

It

4. Minimum Radius, Ry
5. Maximum Radius, Ry = 1. ft

6. Initial density, p= 55 1b/ft3
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11.

12,

. Vent valve close pressure, P

GENERAL DYNAMICS
Fort Worth Division

Initial Pressure, P = 870 psia
Electrical Heater Power, P, =0.166 Btu/sec

Vent Valves open pressure, P__ = 2500 psia

voO

[

e 2400 psia
Heater on pressure, P, = 860 psia

Heater off pressure, P, = 1000 psia
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18 12
V.3+00
1.64+02
2+25402
3.04N2
4,0¥N2
5.,N0+02
60402
Ne6+0C
1. 775+02
2.25402
3.0+402
4.0402
5.0¢02
65,0402
1.0+00
1.895+02
2.25+02
3,002
4,N402
5.0+02
65.0N+072
1.5+00
2.7+02
2.5+C2
3.0+02
4,0+02
5.N+02
6.0+402
3,0+00
2.21+C2
2.5+02
3.0+02
4,0+02
5.0+02
65,0+02
6.0+00
2.465+02
2.75+072
3.25+02
4.,04¢02
5.0%#02
65,0402

The sample library data is shown below.

9.175+401
1.055+02
1.215+02
1.435+02
1.6575+402
1.3775+4C2

9.45+01
1.045+02
1.21+402
1.43402
1.655402
le 875402

0.92+02
1.035402
1.205+C2
1.45+02
l1.65+02
1.87+02

0.975+02
1.0825+02
1.195+02
1.44+02
1.6425+02
1.86+02

G.985+02
1.0525+02
la165+02
1.392%+02
1.62¢02
l.845+02

G,€64C1
10, 5+01
11.7+G1

13.475+01
15.8+01
18.125+01
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6.2 LIBRARY DATA

1.575+N1
2.2401
2.575+01
4,0+01
5.05+01
6.,05+01

3.45+01
4.3+901
5.85+01
T.9+01
10.0+01
12.1+01

€. 0+C1
7.15+01
9.75+01
13,1401
16,5401
2C.0+01

0.915+N2
1.18+02
1.454+02
2.0402
2.5+02
3,05+N02

1.88402
2.2402
2.75+02
3.85+0?
4,95402
E.0+02

3.52+02
4,24+02
5.44+02
T.2+02
9.5+(C2
11.75+02

2.068+02
2.5+Q2
3.5+07
4.5+02
55+02
6.5+02

23402
2.5+402
3.5+02
4.5+02
5.5+02
6.5+02

2eN+D2
25402
3.5+32
4,5+02
5.5+22
6.5+¢02

2.25+02
2.75+#02
3,5+02
4.5+02
5.95+02
6.,5+07?

2+25+#92
2. 154+32
3.5+02
4.,5+02
5.5+02
6.5+02

2.5+02
3,3+02
3.5"")2
4%,5+02
5.,5+102
6.5+02
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1, G125¢+02
1.11+02
1.325402
1.545+02
1. 7675402
1.39+4072

99,9401
1.1025+02
1.3175+02

1.54+02
1.765+¢02
1.985+02

0.98+02
1.09254+02
1.3154+02
1.535+02
1. 76+02
1.9825+D2

1.025+02
1.1375+02
1.325+02
1.53402
1.7525402
1.954072

0.99+02
1.1075402
1.284+02
1.5075+02
1. 7325+02
1.96+02

9.9+01
11,05+01
12.3401
14.55+01
16,975401
19.3+01

2.0+01
2.475+01
3.5+01
4,554¢01
5.55+21
5.55+01

3,75+01
4,75+01
5.85+01
3.754+01
11.1#01
13.1+4C1

6£.354+01
B.,J35+01
11.4401
14,.75+01
18.25+01
22.,0+01

1.05+402
1.325+402
1.72+#02
2.25+02
?.84072
3.,2402

1.375+02
2.4840°7
3.3+02
%4.374+02
5.4T7+02
6.55+02

3.62402
$.8+32
45,0402
3.4+02

10.6%+02

13,0402

203557L010901
003557L.010002
0035571710003
003557L010GC0¢%
Go3557L010005%
003557L0106006
003557L219Nn07
7025571LJ100CH
a03557L010009
0C3557L01001¢C
0C3557L010011
dC3557L010012
NC3557L010n13
N03557L010014
N33557L510015
N03557L010016
0C3557L012017
N03557L01C018
00355N 016019
203557L910)2¢C
0(:3557L010021
DC35571.210022
NC3557L010023
0C3557L010024
0C3557L010025
003557L010026
0C3557L0106527
203557L010028
003557L010029
0C3557L010723C
0C3557L710031
AC3%557LN10032
NC3557LN10G33
0C3557L010034
0C3557L010G35
003557L210036
0C3557L010037
nNC3557L010038
303557012039
AG3IS57L010040
003557L 010041
0C3557L010042
O03557L010043



19.04+0C
2:64%07
3.0402
3.,5+02
4.0+02
5.,0+02
l)o 0"'(\2
14.2+00

2. T19+ 07

A,040
1.54N02
L,5+07
5.5+72
haH4N72
18,0+00
2. 7H5%072
3.25+072
3.75+¢02
4,25+072
5.0¢02
6H.00¢07
25.N4+ 0N
2 176402
3.25+12
A.TB+N72
LoP54012
B.NeND
ANNENY
AL I+CD
2.775+07p
29+
3.75¢C2
G4 425+02
GboT5¢32
H.75+02
35.7+00
2aTHEND
3.,13¢072
3.34+02
3.63+02
SeN+NP
4.54¢02
4G, 0400
2. 125407
2.88+n07
3.13402
3.38+n7
40402

Ne9425+(C2
1.04+C2
1.17¢C2

1,2G6254C2

1.5325+02
1.77254C2

Be45+0 1
A,725+C1
11.0754+01
13.65401]

16.1+C 1
18.65+4C ]

DeBH+02
NeIBTH+C2
1.1225¢C2
1.2575+C2
1.4525+02

1.71+02

D.7T1+C22
9., 0401
10.45+0G1
11.375+C1
13.95¢C1
1606401

C,T4G2
Ne3a25+02
Ny yG2H+02
1.147504¢7

1o 285402
l1e42+402

CabaTB+N2
Ca 755402
Je bk 45+ (2
D.G15+02

19375402
l1.185+02

De 5G40/

{ «6H25402
fa7T1+Q2
Do R+02

. BR5+02
1.0075+02
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5.25407
6e435+#02
.05+
11.25+072
15.50+072
19.50+02

€.38+072
3,354+07
1175402
13.25+72
24.5+02
31075407

T 0+0?2
11.75+02
lé.44072
20.75¢07
21.5+Nn2
36.25+(2

715407
14.3+4+02
21754072
29.25+( 2
33.75+07
52.0¢07

1.22+02
16.6+#02
26,5407
37,0402
46,0+02
5E.0+02

T.1+02
15.25402
22.5407
2G.2+0?2
1G. G+ 02
51.5+#02

ba64+0N2
LCT5+02
19.25+472
28.5402
36, 75+N2
47,5402

Fort Worth Division

2o 75¢02
3,25+02
3.75+92
G45+02
5:.5+072
6.5¢02

2. 15+02
3,25+02
4,00+072
5.0+02
6.0¢02
TN N?

3,7+07
1.5+02
4403402
4.5+02
S5e5+92
EeS5+02

30()+()2
3.5+12
440402
4.5+02
S5.0+02
beH+N?2

2,1402
3.5¢02
4, +2
4,5+0?2
HaN+02
5,3+02

3,0¢N02
3.25¢2
3.5+57
3,75+97
4,25%+)?
4,75+072

2e15+02
3.0%92
3.25+02
3.5+92
3.75+02
4.254+72

48

N.375+02?
1.195+02
1.23+02
1.41402
1.65402
1. 83925+02

9,025+01
1N0.425+D1
12.350+01
14,35+01
" 1T7.4401
19,135+01

T.91 715402
1.0550+9?
1.19+902
1.2225+02
1.58+02
1.33540G2

B.275+01
9. 775+01
ll.19¢+01
17.575+01
15.275+91

17.9+01

V765402

N0.9175¢02

1.07+02
1.21402
1.3525+02
1.435+02

N1.7165+32
0, 7975402
N.875+02
N.955+02
1.115+02
1.2525402

D.595+07
Ce6T+02
Q0. 75%02
(e 342402
Ds 33402

1.C875+02

5.8+#02
7T.35¢02
12.10+02
13.%J0+D2
17.50+#02
21.5%+#D2

6.74¢02
12.1422
15.,0¢02
21.4+402
27.75¢02
33,75+07

Ga25+32
14.0¢52
13.5+0°72
23.0402
31.542°2
4,75+02

10 .6+D2
19.0+422
254422
325422
45,0422
53 .3*-02

11.75+402
21.6%02
31.75+02
41.50+02
57.5+02
53.04¢02

13.0422
13.5+22
25.,0¢02
32.25+02
45 ,0+02
53.,0¢32

723402
15.9422
23.T5+02
32.75+02
4).50+02
55.5+02

203557L 010044
003557L 010045
003557L010N46
N03557L010047
0035571010048
003557L010049
0G3557L91095C
N03557L 010051
003557L010052
N03557L1710053
0N3557L310054
003557L010055
003557L310056
003557L 010057
1035571710058
1C3557L210059
003557L210C60
NG35571.310061
203557LN01C062
003557L010063
3C35571.010064
AC355T7L.210065
203557L910066
003557L010067
0C3557L.)10068
J0355T7LI10N69
N03557L010070
NN2557L219371
0r3557L010072
NC2AS5TLD10073
D03857LD10074
O03857LO10NTS
0C3557L010C 76
0C3557L210077
ne3ss57L010078
DU3S57L 010079
NC3557L0102R0O
2C€3557L010081
003557L010082
0Cc2557L010083
003557L012284
003557L01n085
0C3557L0192086
J03557L01008RY
0C3557L010088
NC35%557L010089
N03557L010090
2035570010091
0C35571L010092



45,0+00
2.65¢07?
2.75+02
3,0+072
3.25+02
3.5+072
R, T75+02
50.0+00
2.535+02
2ab¥N?
?2.RAB6+D2
2.75+02
2.RB+02
3.13¢02
556.0+0C
2384072
2.428+02
2. 4764072
«5625+072
«6875+02
2.88402
6D.0+00
2.17+02
2. 196%0?
2:2234N2
2.25+072
235402
2.45+07
T1.35
165.4
167 .4
168 .9
170.12
172.6
177.2

0.51+02

0.545+02

C.€635+4¢02

N, T7175+02

0.815+02
0.9305+C2

4,2+01
4.375+01
4,7¢01

5.,075+4+01

5,55+01
6.5258+01

2,2+01
3.35401
3.575+01
4,0+01
4.65+01
5.55+01

2.375+401
2.425+01
Z+5+01
2. 7¢21
3.125+01
3.725+01
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5.6+02
9.25+0C2
2C.0+02
30.75+02
41.50+02
52.5+02

4,3+402
6.254+02
10.25+02
14.90+02
21.40¢07
36,0¢02

275407
4.94C2
BeT7+02

15.0402

24,0402

28.25+07?

L.65+02
292402
5.15¢02
9.0+02
17.75+02
34,50¢02

5“8.
BN,
1G6C0.
1176,
1500,
20C0.,

2.7+#02
2.83+02
2.13+0?
3.38+02
3,63+02
4,002

2.556+N2
2.643+02
2,729+ 02

2.8125+N2

3.,0+92
3,25+407

2:404+02
2.452+02
2.5%02
2. 625+02
2. 75%02
3.0+02

2.18+072
2.21402
2236407
2.3%#02
2.4+02
2.5%+02

166,73
168.2
169.5
171.5
174:9
180.2

49
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0.525+02
Na5740N2

D.6725+02

D.765+02

0. 8575+02
0.9775¢D2

4,275+01
4,.554+#01
4,925+01
5.3+401
6.0+01
6.975+01

3,275+401
3.45+01
3., 75+)1
4.3+01
5.025+01
6.025+01

24+01
2.45+01
2.5+01
2.875+01
3.44+01
4.0+01

5
4
45
]

Viw ow N

8'/016
12.407

7.2+402
13.64¢02
25.0+#02
35,20+02
47.0+¢02
51.2+02

4,854¢02
3.0+02
13.2+02
13.040°2
27 .64#02
43 ,5¢02

3.55+02
6.55+)2
11.5422
12.,0+02
30,0402
46 ,54¢02

2.164¢02
3.87+02
6.80+22
12.50%+02
19.25+22
45,3+02

732,
13,
1122.
1350.
1754,
2352,

N03557L110093
NC3557L010094
0C3557L310095
D7N3557L010096
JC3557L010097
003557L0109298
N03557L010099
a03557L0101CC
0C35857L010101
NC3557L010102
0C3557L017103
0C3557L010104
N03557L010105
OC3557L0102106
CO3557L010107

703557L0101C8

0C3557L010C109
003557L010110

003557L010111

0C3557L010112

003557L010113
0N35571.010114
0035571210115
N03557L010116
0C3557L019117
N03557L010118
0C35%57L010119
Ne3557L010120
NC3557L01912]

JC3557L010122
003557L010123
Q03557LN10124
0C3557L010125
003557L010126
003557L010127
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6.3 TPROBLEM DATA

lst Card:

10 20 30 40 50 60
Q, = 0.0 m=-.27x10"3R = 0.1 P = 0.01 P,,=3000. R; = 0.1
2nd Card:

10 20 30 40 50 60

R, = 1.0 p=1x10"® k=1x107> TF=.25 ©=10"3  p= 55.

* 3rd Card:
10 20 30 40 50 60

P = 870. Rg=48.3 Cp=.58  Cy=.337 t£1=0.0 m=0.0

4th Card:

10 20 30 40 50 60
th.l66 Qm=0.0 on=2500’ Pvc=2400. PHLo=860 th=1000.
5th Card:

10 20 30 40 50 60

DT_,=500. DI, =400. CT=6000. PC=.05

The first five data cards are shown below:

0.2 ~-0.,000277 0.1 0.01 13000.0 0,1 3733P010001
1.0 . 000CO01 .0C001 0.25 0.0C1 55, 3733P010002
NelbhT 0.0 250C. 2409, 860. 1000, 3733P010004
500 430, 6000, 0. 05 3733P010005
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6th Card:
5 10 15 20 25 30 35 40 45 50 55 60

M NCOUT NC2 NC7 IDM NTIMEM IMIX IHET IVENT NC3 NC4 NC6

10 0 0 1 150 40 0 0 0 2 0 0

7th Card:
5 10 15 20 25 30 35 40 45 50 55 60

NFI NWO NWL NW2 NW3 NW4 NPCL INPRIN NTT NW5
1 0 1 1 1 1 1 1 10 1

The 6th and 7th cards are shown below:

19 G C 1 150 49 0 0 0 2 J ©.3743P010006
8 1 v 1 1 1 1 1 10 1 3733P010007

The 8th through 15th problem data cards are shown below

8 g g ; i ; 1é 3733P010008
0 2 . 2 ¢ 2 10 3733P010009
o 0 Z 3 ¢ 32 3733P010010
0 . : : ¢ ;o0 3733P010011
. 0 2 A o 1o 3733P010012
. . : ° g 9 1ec 31733010013
: N ! ! 8 o 180 3733P010C14

: 3733P010015
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The 16th through 19th problem data cards are shown below:

Dol

C.0
101,90
151,

100G,

-1.0

-10.0

C. 0

13.0~-1. 0
120.
200.1.0

52
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6.4 PROBLEM OUTPUT

Typical problem data output is shown on the next page.
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%S

NADF N0

TN AN -

NTONE nN

P ARD Ny -

TIME

s & ©

DO I3

% &

ODDODOD De

0 TIME
0,3721R2F
N.3T21R2F
0.3771427F
NL,372192F
Ne3T21R2F
N.IT21RIF

14

®
n3

N3
n3
n3
na
n3

TEMPERATURE

Ne 24THCNF
N.247600F
0.247¢COF
0. ?4T7F0NF
Ce 24T76PNE
Co 2476 NNF

TEMPERATYRE

Ne?4T1567F
Ce 24754 7F
Qe 24T567F
0. 24756 7F
0.2475AK7F
N, 26 T8ATF

"
r3
2
3
c2
c3

C3

n3
03
03
2
c3
03

PPFESSURE

C.B7THINNOE
f.R7I000F
N, RATNONOE
N.370000F
N.87TN000F
N.ATONNOE

pPRESSURF

N,865201E
N.REK202F
N.8657208F
N.865202F

N ,RAK2NAF

N,3A5218F

A\
013
K]
n3
n3
03
03

N3
03
N2
n3
3
N3

DENSITY
N.55N00NE
0.55000NF
N.55000DE
0.550000¢E
0.,55000DE
N.550000¢E

NENSITY
0.549942F
N.549942F
Ne549942F
0.549942¢E
0.549942F
N.549042F

*

n?2
02
n2
n2
nz
02

¢
02
N2
02
02
02
02

VELOCITY v
-0,.40N7RBOF-N4
N.0
0.0
0.0
D.0
0.0

VELOCITY
=N .40 1906FE-04
N 1T71€2E-NS
-0 ;46999 7F-0¢
-0.152369€-06
-0 .582947F-08

n.0

UOISING YIIOM 1104
SOINVNAQ IVEHINID
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SECTION 7

PROGRAM LISTING

The program listing is shown on the following pages.
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G LEVEL

Cr&kk
Cxxks
CRxk®
Cexkx
CHEkk
CxEex
CxEx%
Cekkx
Ckkkx
Crek¥
CHE**
Crekx
CExk%
CHkkk
ChEkk
Crxxk
CHxdx
ChExk
Cruke
CHhsssk
Crxes
CrkEx
CHhEsig
Chexk
k¥ %
Crsrxk
Chkskx
Crex
Cekk
Chkke
CrEfx
CrEk¥k
Chsk
Crxxx
CHutk
Cxexs
Cokkde
Cr&x%
CaEge
Crexx
Ckak
CEkkk
Crkes
CHext
Chikk
CHxxk
Crexs
CHkkx
Cr&xx
Chaks
Coxhx
Chkkx

1, MOD 3 MAIN 3953 DATE = 70239 19722/ 34
SMOUTI IS THE DRAIN RATE s POUNDS/SEC SWEMO02
DELTAR IS THE DISTANCE BETWEEN NODES , FT SW6M003
PMM] IS THE PRESSURE DIFFERENCE BETWEEN ADJACENT NUDESFOR CONVERGESW6MCO4
NCE ,PSI SW6M005
T™ IS THE MAX TANK PRESSURE SWEMD060
RADMIN IS THE MINIMUM TANK RADIUS , FT SW6MO0O07T
RADMAX IS THE TANK RADIUS , FT SWEM008
VIDY IS THE DYNAMIC VISCOSITY SW6M009
COND IS THE THERMAL CONDUCTIVITY ., BIU/HR-FT-DEG F SWEMOLO
TF IS THE FRACTION OF THE STABLE TIME STEP USED SW6MO11
DELT IS THE IN{TIAL TIME STEP {SHOULD BE SMALL SAY 0.1 SEC ) SWEMO1 2
RHD1 IS THE INITIAL DENSITY , POUNDS/FY CUBE SW6MOL 3
PRESI IS THE INITIAL PRESSURE -y PSI SWeMO14
GASCON IS THE GAS CONSTANT SWeMO15S
SPHTP IS THE SPECIFIC HEAT (CON PRESS) BYJU/POUNDS- DEG F SW6MOL6
SPHTV IS THF SPECIFIC HEAT {CON VOL ) BTU/POUNDS—- DEG F SWOMO 17
TIMET IS THE INITIAL TIME ,SEC SW6MOL 8
SMVYENT 1S THE VENT RATE , POUNDS/SEC SWeMOL19
QHEATR 1S THE HEATING RATE OF THE HEATER, BTU/HR SWeMO020
QMOTOR [S THE MOTOR HEAT DISSIPATION , BTU/HR SWEMO21
PVENTU IS THE PRESSURE AT WHICH VENT VALVE OPENS ,PSI SW6MO22
PVENTC IS THE PRESSURE AT WHICH VENT VALVE CLOSES,PSI SW6M023
PHETON IS THE PRESSURE AT WHICH HEATER IS TURNED ON SWOEM024
PHETOF 1S THE PRESSURE AT WHICH HEATER IS TURNED GFF SW6M025
DTMIXN IS THE YEMP DIFFERENCE AT WHICH MIXEK IS TURNED ON SWOM026
DTMIXF IS THE TEMP DIFFERENCE AT WHICH MLXtR IS TURNED QFF SWoM027
CUMFM IS THE MAX COMPUTER TIME IN ONE HUNDREDS OF A SECOND SWeM028
PC 1S A FACTOR USUALLY MUCH LESS THAN 1 FOR SPECIFIC HEAT CALCUL. SWEMO29
IM IS THE NUMBER OF NODES Sw6M030
NCONT EQ 1 USE AVERAGE VELOCITY ACROSS CELL BOUNDARIES (LINEAR) SW&MO31
NC2 EQ 1 DENSITY QF ALL NODES REMAIN CONSTANT SWOMO32
IF NC3 EQ 1 READ IN INITIAL DENSITY AND MIXED DENSITY SW6MC33?2
NC4 EQ 1 USE CONSTANT SPECIFIC HEAT AND COMPRESSIBILITY SW6M034
NC6 EQ 1 USE VEL{I) AT THE CELL BOUNDARIES SW6MO35
NC7 EQ 1 USE EXACT EQUATION FDR VODLUME ELEMENTS SWEMO36
10M IS MAXIMUM NUMBER OF ITERATIONS IN SUBROUTINE NEWQUA SH6MO3T
NTIMEM [S THE MAXIMUIM NUMBER OF TIME STEPS SWE6MO38
IMIX IF IMIX = 1 o MIXKER ON SWeMO39
IHET IF = 1 » HEATER ON SW6MO040
IVENT IF = 1 ¢ VENT VALVE OPEN SWEMO41
NFI IF = 1 , PLOT EACH CURVE DF GRAPH 1 UN SEPARATE FRAME SWEMO 42
NWO IF = 1 , WRITE RESULTS OF SUB. INTERP FOR SPECIFIL HEAT— NODE2SW6MQ43
NWL IF = L , WRITE SMASL , SMAS2 , SMAS3 ETC SHEMO %4
NW2 IF = 1 , WRITE SPHTVVI{1)y ZCOMP(1) cow. SPHTVV{IMM)asos SWEMO04S
NW3 EQ 1 WRITE MASS FLUX CELL BOUNDARIES SWEMO46
N4 EQ 1 WRITE INTERP DUTPUT - FRe TPl ,TP2 ETC SWEMO04T
IF NW5 FQ 1 WRITE INPUTS TO SUBROUTINE SIMPLT SWEMO 648
NPC1l EQL PLOT RESULTS SWEM049
INPRIN IS THE NUMBER OF TIME STEPS BETWEEN PRINTING SW6MO50
NTT IS THE NUMBER OF PAIR UOF POINTS OF DRAIN HISTORY SH6MO51
KXT1{K} IS O FOR KTH GRAPH LINEAR SCALE, 1“FOR LOUG SCALE OF X COOR Sw6M0b2
KYI{K} IS O FOR LINEAR ORD SCALE, L FOR LOG SW6MO053
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vV G

LEVEL

Clkk
Crkxn
CRkxk
CHdexxn
CHhukw
Chxxs
Rk
CEknk
Csak
CHex
Ckik
C¥ut
CHmak
Chxxs
CkEks
ek
Crexx

1y MOD 3 MAIN DATE = 70239 19/22/34

NVS({K) IS 1 FOR POINT PLOT 4 2 FOR LINE PLOT FOR GRAPH SHEMD54
NGRI{K} IS GRAPH NO., 1 FOR FLRST,2 FOR SECOND ETC FUR PLOTTING SW6MOS55
NCCI(K) IS THE NUMBER OF CURVES ON THE KTH GRAPH Sw6MO056
JN{K) IS THE NODE NUMBER TO BE PLOTTED ON THF KTH CURVE SW6MOS57
JIN(K) IS THE TIME STEP TO BE PLOVYTED, WHEN JTN=NTIME SW6M058
SMT{I) IS THE DRAIN RATE ,POUNDS/HOUR SW6MO59
TIMT(I) IS THE TIME IN HOURS SW6M060
READ IN INITIAL DENSITY AND PRESSURE SWEMO61L
SMAS1T IS THE AVER DENSITY TIMES TANK VOLUME SW6EMO62
SMAS2 IS THE DENSITY TIMES THE VOLUME ELEMENTS SWEMO63
SMAS3 IS THE INI¥IAL MASS MINUS MASS OUuT SW6M064
ENOUTTY IS THE TOTAL ENERGY OUT SweM065
ENINT IS THE TOTAL ENERGY IN - SWEMO66

ENENTL IS THE AVER INFVERNAL ENERGY TIMES DENSITY VIMES TANK VILUMESWOMO67
ENENTZ IS THE INTERNAL ENERGY TIMES DENSITY TIMES VOLUME ELEMENTS SW6M(68
ENENT3 15 THE INITIAL TOTAL INTERNAL ENERGY PLUS ENG. IN MINUS ENGSWOMO6I

our SW6MOT0

COMMON/PROP/ENTHT(30+430) ,TEMT(30,303, PREST(30,30), RHOT(30) , SW6MQOT1

1I1MAX, JL1MAX ‘ SWeMGT72

DIMENSION TIT(108% » ABSA(108) , ORD{108}) , LABLCUI(320) SHeMO T3]
DIMENSION X(200.2) s Y{200,848B) 4 NVS{B) , NCS(8B) ,. NGRI{B8)y, KXI{B)SW6MOT42
1 +KYI{8)s JN(B) o NCCII(B) , JTNI(B)} NPI{B) SWeMO 753
DIMENSION SMT{5C), TIMT(50) SWeMOT64
CAMMON/CONTR /NW3 g N4 SW6MOT75
DIMENSION PRESSP{100), TEMPNP{100) , TEMPNU(100),PRESSU(100) SwemMQ078

DAYA TIT/*FIGURE TANK PRESSJRE HISTORY +-FIGURE Swé6M0OT91
1 TANK TEMPERATURE HISTORY » FIGURE TANK DENSITYSWO6MO802
2 HISTORY + FIGURE TANK VELOCITY HISTORY Sw6M0813
X%, *SW6MOB24
3 2 FIGURE STORAGE MASS HISTORY y FIGURE HISwoMOB835
4STORY OF MASS FLOW +FIGURE TEMPERATURE STRATIFSWOMOB4S
SICATION +FIGURE DENSITY STRATIFICATION v  SW6MOBST
6 v/ SWeMO868
DIMENSION ENTHLP(100}, ENTHLO{100) SWeMo87

DATA ABSA/* STORAGE TIME, HOURS D SWéeM0881
1 STORAGE TIME, HBURS r STORAGE TIMESW6M0892
2yHOURS v STORAGE TIME, HOURS SweM0903
3, ety ! STORAGE TIME, HOURS v SSWOM(O9 14
4TORAGE TIME, HOURS ’ RADIAL DISTANCE, FSW6M0925
SEET v RADIAL DISTANCE, FEET + SW6MD936
& A4 SWoeMO9&T
DIMENSICN AQ{100}) SW6MO95

DATA 0ORD/® PRESSURE, PSIA v SWEM(961
1TEMPERATURE , DEGREES F v DENSITY, POUNDSSWEM09T2
2/CUBIC FT » VELOCITY, FT/HOUR Swé6M0983
L) *SWoMO994
3 STORAGE MASS. POUNDS FLOWSW6M1005

?
4 RATE , PUUNDS/ HOUR TEMPERATURE , DEGREES Sw6M1016

?
5R ? DENSITY , POUNDS/ CuBIC FT »  Sw6M1027
6 i v/ Sw6M1038
DIMENSION XAR{200) s YARI(200} ¢+ PRESSR{4,200), TIMER{200), IS(12) SHeM104
DATA LABLCU/'NODE » o STRATIFIED NSwoM1052
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10DE 0 HOURS®/ SW6M 1063
COMMON RHD{100), TEMPL{100}, RADIUS(100) , ENTHLY(100), SweM107
IVEL(100), VELN{100) , PRESS(100) , TEMPNILOO) +ENFHLN{L0O)., SWEM108
2SMFLUX({100), RHON(L100) » TAU{1Q0) , RHOO{100) , VELO{100), SW6M109
3ENVOL{100) , ENVOLN{100), ENVOLL(100) , ENVOLO(100)}, SW6M110
4ILAST(100) o JLAST(100) o IMAX. 4 DELT , DELR , DELTAR, IMy SWeM1 11
SNCLyNC2,NC3,NC &y, NC5y NC6 o¢NCT+NC8, QFLUX{I100)., TF,RADMAX,QTAN SWEM112
COMMON/PROR/ZCOMP{100) 4 SPHTVV{ 100} SW6M113
COMMON/VI1/VOLE(50) 4VOLTAN SW6M1 14
CUMMON/NEW/ GASCON, A{100) , 1DD , IDM ,PMM1 SWE6M115
CALL GSTART {*SW6°®,MOVER) SW6M11l6
GB TO (10,20),MOVER SWEM1L1Y

10 CALL LIB : SWoML18
Cxsxx JIMAX IS THE NUMBER OF LIB. DENSITIES SWOM119
READ(S,12) I1MAX ,JIMAX SWéM120

12 FORMAT (215) SWeM121’
Cexxkx JLMAX IS NUMBER OF LIB. PRESSURES SWeM122
DU 14 I=1,11MaX SWEM123
READ(S5,16)RHOT(I) SWoeM124

13 FORMAT(1IH ,1E16.8) SW6M125
15 FURMAT{1H ,3E16.8) SWEM126
16 FORMATI{LEL10.0) SWOM127
READ(SLT)(TEMT (I,J)e ENTHT(L,J) , PREST(I,J) 4J=1,JIMAX } SWeM128

17 FORMAT{6E10.0) SWoEM129
WRITE(E, 9) SWEM 130

9 FUKMAT('0"," DENSITY * ) SWem131
WRITE{6,13) RHOT{I) SW6M132
WRITE{(6, 8} SWeM133

8 FORMAT('0',?* PRESSURE + TEMPERATURE o ENTHALPY ") SWEM134
WRITE( 6915} (PREST(I U} s TEMT{I s} sENTHT{I¢J)2J=1,JIMAX) SW6M135

14 CONTINUE SWEM136
20 CALL PROB SWoM137
CALL STATUS(IS) SW6M138
COMPL = 15(8) SW6M139
READ{S,71) QJTANI, SMOUTI , DELTAR , PMMl, TM , RADMIN, SWOM 140

1 RADMAX , VIDY o COND o TF , DELT , RHOI , PRESI , GASCON, SWOEM141

2 9PHTP , SPHTV , TIME{, SMVENT , QHEATR , QMOTOR , PVENTO , SWeM142

3 PVENTC , PHETON y PHETUF , DTMIXN , DYMIXF,COMPM,»PC SWeM143
READ{5,72) IM 4 NCONT , NC2 4 NC7 3. IDMy NTIMEM, IMIX , SWEM 144

1 ITHET 5 IVENT +NC3 4NC4 9 NCE4NF I SWeM145
2sNWO, NWly NW2, NW3 , NWay, NPCl, INPRIN,NTT ,NWS SkoM1461
READLIS, TTI){KXI (K} KYI{K)s NVS{K), NGRI{K) s NCCL(K},JN{KSWOM14T2

1 )s JIN{K), K=1 ,8) SW6M1483
771 FORMAT( 715) SWEM1494
71 FORMAT (6F10.0) SWEM150
72 FIRMAT{1215) SWeM151
READIS, 21)(SMTII)y TIMT(I), I=14NTT) SwoM1521

21 FORMAT( 6E10.0} SWeM1532
WRITEL6,73) SWEM154

73 FORMAT(IH ,? ENVON HEAT-B/S, DRAIN RATE-P/S DELTA RADIUS-FT, PRESSW6M155
1 DIF. PSI, MAX PRES P8I, MIN RADIUS -~ FI ¥ ) SWEM156
WRIVE{&,74)UTANL, SMOUTI , DELTAR , PMML, TM , RADMIN SWOM157
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74 FORMAT(IH ,6E16.7) SK6M158
WRITE(6,75) SW6M159

75 FORMAT(IH ,* RADMAX, FT ¢+ DYN. VISC. + THERMAL COND » SWeM160
1TF ' DELT SEC ¢ LNIT DENSITY ) SWeM161
WRITE(6, 74)RADMAX 4 VIDY » COND , T# o, DELT , RHUI SWeM162
WRITE(6,76) SW6ML63

76 FORMAT{1H ,° PRESI PSI ' GASCON + SPHTP B/P-F 4 SPHTVSW6EM164
18/7P-F s TIMEDI SEC » VENT RATE P/S ) SW6M165
WRITE(6,74) PRESI, GASCON , SPHTP SPHTV 4 TIMEI , SMVENT SweM166
WRITE(6,78) SWeM1e7

78 FORMAT(LIH +' Q-HEATER B/S o, Q-MOTOR 8/S , PVENT-0O PSI , PVENSWOM16S
17-C PSI 4+ P-HET-ON PSI ,» P-HET-0FF PSI ) SWeM 169
WRITE(6+74) QHEATR , QMOTOR, PVENTOs PVENTC , PHETON , PHETOF SW6M170
WRITE(6479) SW6ML1T71

79 FORMAY(IH 4% DEL-TEMP-MIX~-ONy DEL-TEMP-MIX—-0OF ,COMPM,PC T)ISWEM1T2
WRITE(6474) DTMIXN, DTMIXF,COMPM,PC SW6MET3
WRITEU1€,82) SWEM1T74

82 FORMATI(1H ,* IM NCONT NC2 NC7 IDM NTIMEN LMIX IHET IVENT NLSWeM1T75
13 NC4 NC6 NFL NWO NWl Nw2 NW3 NWée NPCL INPRIN NTT NwSt) SWEM1762
WRITE{6481) IM , NCONT , NC2 , NCT7 , [OMe NTIMEM, IMLX, IHET,SWO6M1T77

1 IVENT o+ NC3 +NC4 yNCB 9 NFI SWé6M178
2yNWC, NWly NW2s NW3 o, NW4y NPCLl, INPRIN¢NTT,NWS SWOM 1791
WRITEL64773)( KXI(KIoKYI{K),NVSIK)y NGRI(K) , NCCILK) , JIN(KI, SWeM1802
1 JIN(K)y K=1y 8 ) Swo6M1813
T73 FORMATULIH 'KXTI=1,154% KYI='9I5¢" NVS="4,I5,%' NBRI=",1I5,." NCCI=Swb6M1B824
19,015, % UN=',15,* JTN=',I5 ) SW6M1835
81 FORMAT{1H ,2415} SWeM184
WRITE(6y 22) SWeM1851

22 FORMAT(1H ,*'DRAIN RATE-PBUNDS/HR , TIME HOURS ETC® ) SWoM 1862
WRITE(H,26 JISMTII), TIMTIII}, L=1,4NTT) SWé6M1873
26 FORMAT{1IH ,8El4.6} SWeM1884
IMAX = IM - 1 SW6M189
CALL DATCHK{KXI, KYIs NVSy NGRIs NCCIy JNy. JTNy ERR , IM, NTIMEM Sw6M1902

1 » NPC1 ) SWwoM1913
IF{ERR.EQ.1) GG TO 20 SW6M1924
MM = M + 1 Sw6M193
I~ =1 SWeM1941
QYAN = QVANI SWeM195
DIR = M - 1 SWeM1952
IF{DIR. NE. Ou.) DELTAR = (RADMAX — RADMIN)/DIR SWeM 197
ENINT=C.0 SWH6M203
NPRNT = 0 SWeM2042
RADIUS(1) = RADMIN SW6M205
X{1,2) = RADIUS(1) SWeM2061
X{IMM,2)= 0.0 SweM2073
RADIUS{IMM)= 0.0 SwWoM208
RADIUS({IM) = RADMAX SW6M209
X({IMqe2)= RADIUS(IM) SW6M2102

DO 31 1= 2,IMAX SWeM211
RADIUS{I) = RADILS(I-1) + DELTAR SWeM212
311 X(I+2) = RADIUSIID) SWéeM2132
31 CONTINUE SweM214
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251

27

28

29

32
34

40

1l MOD 3 MAIN DATE = 70239

SMELUX(1) = SMOUTI/(4.%3.1416)
DELR = 2.%DELTAR

VOLTAN = 3,.1416%4,%{RADIUS(IM) **%3,~ RADIUSH(1)1%¥%3,)/3.0

AREQUT = 3.1416%{RADIUS(1)*%2.) *4,
RATIC = AREOQUT/VOLTAN

XL = 0.0

XU = 0.0

YL = 0.0

YU = 0.0

ENOUYT =0.0

NTQ = O

IND = 1

DO 251 I=2, I[MAX

19722734

SHEM215
SWoM216
SWeM217
SWé6M218
SW6M219
SW6M220
SWeM221
SWHEM222
SW6M223
SWOMZ24
SWeM2251
SW6M226
SW6M2217

VOLE(I)= 4.%3,1416%( (RADIUSUL) +DELTAR/2.,)%#3 ~(RADIUS{I})~DELTAR/2.5H6M228

L)*%3 3} /3,
CAONTINUE

VOLE(1)= 4.%3,1416%((RADIUS(L)+DELTAR/2.)%%¥3, - RADIUS{1)%*%x3,) /3.

SW6M229
SWEM230
SW6MZ31

VOLELTIM)I= 4.%3.1416%(RADIUS{IM) %43, —(RADIUS{IM)—DELTAR/2.)%%3,}/3,5W6M232

DO 27 1 =1 , EMM
PRESS(I) = PRESI

RHO(I) = RHOI

CONTINUE

IFINC3. NE. 1) 60 TO 34

READ(S5, 28) (RHO(I), I=1, IMM)

READ(S 4281 (PRESS(Ils I=1,IMM )

FORMAT( 6E10.09

WRITE(E 429)

FORMAT(1H ,*THE INITIAL DENSITIES AREeewss * )
WRITE{6y 32)( 14 RHO(I), I=1 4 IMM )

WRITE(6, 32)( I, PRESS(I), I=1 o IMM )
FORMAT(IH ,15,8E14.6)

CONTINUE

CALL INTERPUIND, PRESS 5 RHO s ENTHLY , TEMP ,IMM)
TIME = TIMEI

NTIMES = 0

NTIME = 0

DO 40 I=1 ,IMM

ENVOLT = ENTHLY (1) ®RHO(I) — 0% LB5*PRESS(I)
VELNII) = 0.0

PRESS{L) = PRESI

ENVOL{I) = ENVOLI

SPHIVV({I) = SPHTV

ZCOMP{L)={(PRESS{I) /7{RHO(I)*GASCON*TEMP(11))*144,
CONTINUE

ENENTI = VOLTANRENVOLLIMM)
SMAS3 = VOLTAN*RHO(IMM)
PPFIVE = PHETOF + 0,5
PMFIVE = PHETON - 0.5
PMEE PHETOF ~. 0.5

PPFE PHETON + 0.5

DO 60 I=2,IMM

VEL(I)} = 0.0

60
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CONTINLUE

VEL{1 } =SMFLURLL} /{RHOL1) *{RADIUS{1})*%x2 ))

K52 = 0

GO0 10O SO

CONTINUE

IDD = 1

IF IMiIX = 1 o MIXER ON

IF IHET = 1 , HEATER ON

IF IVENT= 1 o VENT VALVE CPEN

DIT = ABS{TEMP(IM)- TEMP(1))
IF(DLT.GT.DTMIXN) IMIX= 1
IFID1ITLLE.DTMIXF) IMIK= O
IF{PRESS(2).GT. PVENTO} IVENT
IF{PRESS(2).LE. PVENTC) IVENT
IF{PRESS{2).LE. PPFE ) IHET =
DELIO = DELT

IF{PRESS{2).GE. PMFE ) IHET = 0

[}
Q

KDLP = 0
QTAN = QTANI + IHET*QHEATR +IMIX*QMOTOR
KONT1 = 0

TIMM = TIMT{I{1%*3600.
IF{TIME.LT. TLMM) GO TQ 121

SMOUTT = SMT{I1}/3600.
It =11 +1
CONTINUE

DO 122 1=1, IMM

PRESSO(I) = PRESSII)

KONT= O

CONTINLE

SMFLUX(L) = {SMOUTI + SMVENT*IVENT)/(4.%3,1416)

DO 129 I=1.1MM

PRESSII) = PRESSO{I)

VEL{L) =SMFLUKILY/(RHO {(L)*(RADIUS(]1)*%2}})

DELTT = DELT

RHON(IMM) = RHG{{MM) + VEL(1)*DELT*RHO(1)*RATID

CALL NEWQUAINCONT,DELY, RHO, VEL, TEMP , ENVOL o ENVOLN ,
IRHON , VELN o ENTHLY ¢ ENTHLN , RADIUS o QFLUX » GOND » PRESS,
2DELTAR, NC2, SMFLUX, QTAN, VIDY, TF, IMAX NCH4NCT¢SPHTV,SPHTP,
3 TEMPN , NC4 )

DLP = ABS(PRESSO(2)- PRESS(2) )

KDLP = KDLP + 1

IF(DLPGT. 1l1.}) DELT = DELTO¥*10./DLP

IFIDLPoGT. lleaAND. KDLP.LT. & ) GO TO 124

IF{KONTL.GT.0) GO TO 125

KONTL = KIONTL + 1

PHIG = 0.

PLOW = 0»

IF{PRESS{2).LE- PPFIVE)GO TO 127

SWeM268
SWoM269
SWeM270
SweM2 71
SWEM272
SwoeM273
SWoM2 74
SWeM2742
SWeM275
SWeM2152
SWEM2T76
SwoM2761
SWeM2772
SW6M2783
SW6M2790
SWeM2792
SWEM2T794
SWHM2795
SWeM2T796
SweMz2827
SWoeM2828
SWemMza3
SWeM2331
SW6M2832
SW6M 284
SWé6M285
SweM258
SWeM289
SW6M230
SweM2901
SWeM2902
SWeM2905
Sk6M2506
SW6M2907
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IF{PRESSO(2).NEL,PRESS(2)) PHIG =(PHETOF-PRESSO(2))/(PRESS( 2}-PRESSS5W6M2918

10121))
IF{PHIG.LE20. CRe PHIG.GT2.98) GO TQO 127

DELT = DELTU*PHIG

61
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GO TO 124

127 IF{PRESS{2).GE. PMFIVE }GO 70 125

125

215
220

237

252

1

IF(PRESSO{2).NE. PRESS(2)) PLOW= {PRESSO{2)~ PHETON)/{PRESSO{(2) -

PRESS(2) )

IF{PLOW <LE-Q«aOR.PLON .GT.0.98 ) GO TO 125

DELT = DELTO*PLOW

GO T0O 124

CONTINUE

DELYP = DELT

IF { IDD .EQ. =1 ) GO 71O 20

DELY = DELTT

SMOUTT = DELT*SMFLUX(1)*4.%3,.1416

ENEWAV= QTANESMFLUX(1) *¥4.%3.1416%ENTHLY (1)

ENOUTTY ENOUTT + DELT*SMFLUX(1)*64.%3,1416%ENTHLY§1)
ENINT ENINT + DELT*QTUAN

DELT = DELTP

IF ( IDD «EQ. -1 } GO ¥0 20

IFINC4.EQ.1) GO TO 220

IND = 1

DO 2151 = 1, IMM

ZCOMP (L )={PRESS{I)/{RHON{I ) *GASCON*TEMPN{L) ) )*144:

Hou

CONTINUE

CONTINUE

ENENT2 = ENVOLN{L)*VOLE(1) + ENVOLN(IM)®=VOLE( LM}
ENENT1 = VOLTAN®ENVOLN(IMM)

ENENT3 = ENENTT ¢ ENQUTT + ENINT

DO 237 1=2,IMAX

ENENT2 = ENENT2 + ENVOLN{I)*VOLE(I)
CONTINUE

SMAS]1 = VOLTAN®RHON({MM)

SMAS2 = VOLE{1)*RHONL1)

DO 252 I=2, IM

SMAS2 = SMASZ2 + RHON{I)*VOLE(IL)
CONTINUE

SMAS3 = SMAS3 + SMOUTT
IF(NWl.NE. 1 ) GO ¥O 240
WRITE(6,+238)

238 FORMAT(1H ,*SMASLI-POUNDS SMAS2-POUNDS +SMAS3-PDUNDS
s ENERIN-BTU LENENT1 -BTU 5 ENENT2 -BTU » ENENF3-BTU ,?)
239 FORMAT(IH ,8EL4.5)

1

WRITE{6,239) SMAS]L s SMASI2  SMAS3, ENOUTT o ENINT  ENENT L, . ENENT2,ENENT 3

240 CONTINUE

23

SUMP =(C,0

IF{IMIX.NE-1) 60 TG 25

DO 23 I=1, IM

RHOLI) = RHO(IMM)

TEMP(I)= TEMP(LMM)

PRESS{I)= PRESS{IMM)

ENVOL (I} = ENVOL{IMM)

CONTINLE

IFCTM, 17, PRESSE1) ) NTIMES = NTIMEM

25 CONTLNUE

62
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DO 8C I=1,1MM

RHO(1) =RHON{I)

TEMP{I) = TEMPN(I)

ENTHLY(I) = ENTHLN(I)

ENVOL (1) = ENVOLN(I)

SUMP = SUMP + PRESS{I)

CONTINUE

DO &3 I=1,8 S
IF(JTN(L).EQs NTIMES) K52 = K52 +1
X(NTIME,1) = TIME/3600.

DO 315 Ki= 1,8

IF{KL.NE. NGRI(KL)IGE TO 315

NGR = NGKI(KL)

NCC = NCCI(KI)

DO 316 J=1,NCC

NK = JN(J)

[FLJLEQ.NCCINK = [MM

IF(NK.EQ.DIGG TO 32]

IF(NGR.EQa 1) YINTIME,J yNGRI = PRESS(NK)
1€ INGRWEDa2) YINTIME,J NGR) = TEMPINK)
IFANGR.FQ.3) YINTIME «J 4NGR) = RHO{NK)
IF(NGR<EQ.4) YINTIME ,J JNGR) = VEL(NK)*3600.
CUNTINUE

K5 = ©

NKL=JTN(J)

[F(NGR.LT.7) GC TO 317

IFINKL.NFe NTIMES ) GO TO 317
DO 314 J2=1 4 IM

[FINGK.EQeT) YI{J2e J » NGR) = TEMPLUZ)
[F{NGR.FW.8) Y(J2y J v NGR) = RHD{J2)
CANTINUE

CIONTINUF

IFINGR.FWQeH) YINTIME,1,5 ) SMAS

o

IFINGR Feb)
CONTINUE

NP = NTIME
CALL STATUSI(IS)
COMP2 = 1S8{8) .
COMP = {OMP2 - (OMPL
NNN = O
NNH = C

IF{COMP.GE . COMPMINNN=1

IF(COMP LGE. COMPM J NTIMES = NTIMEM
IFINTIME «GE o 200o0R JNTIMESLGELNT IMEM)NNH=]
IF{NNN.EQ.O.AND. NNHJEQ.O JGO TO 105
CALL STATUSLISY
COMPPL = 15(8)
TF(NPCL.NE.1)
WRITE(6,115)
FORMAT{IH ,'CGMPUTER TIME AT START OF PLOT,IN SECONDS?)
CUMP = [0OMP/100

WRITE(E,LLA) CUMP

YINTIME 16 1} 4%3.1416%SMFLUK(11)%3600.

GO YO 371

63
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116 FORMAT(LIH 4F14.5) SWoM3Bo
DG 172 Jl =1, 8 SW6EM3BTL
IFINGRITJL).NEs J1 )} GO 10 772 SW6M 3883
NGR = J1 SW6M3895
KX= KXI{J1l) SWeM3907
KY= KYI(J1} SW6M3919
TFINGREQe 7o NR<NGR.EQeB) NP= I M SWeM3920
TFINGRLNE, T4 AND NGR.NE . 8) NP= NTIME SWeM3932
NGC= NCCI{J1) ’ SW6M3944
1F1 NGR.EQ+7 -0OR. NGR.EQ. 8} NCC = K52 SW6M3945
NV = NVS{J1) SW6M3950
CALL SIMPLT{KX, KY, X Y v NP » NCC & NV » NGK SW6M3960
1,717 s ABSA y ORD LABLCU o NFI ,JNyJIN, IMM,NuW5) SWeM3971
772 CONTENUE SweM3982
CALL STATUS(ISY SWEM399
COMPP2 = 15(8) SW6M400
COMPIT =(CQOMPP?2 ~CUOMPPL)/100. SW6M4OL
WRITE(&,10%) SWOEM40 2

109 FORMAT({LIH ,*CGMPUTER TIME IN SECONDS“FOR PLOT *) SWEM403
WRITE{6,112) COMPTY SWOM&D 4

112 FORMAT{IH ,E1l4.5) SWEM4Q5
371 CONTINUE SWEM4062
IFINNNLEQel )} NTIMEM = NTIMES SWOM4OT
NTIME = Q SWeM4082

105 CONTINUE SWoEM40G
IFINPRNT.NE. NTIMES)GO YO 500 SWeM4102

90 CONTINUE SweM4all
WRITE (6,201) SWeM412

201 FURMAT({*0?, *NODE NO , TIME ¢« TEMPERATURE PRESSURE v SWoeM413
1DENSITY ’ VELOCITY v ENTHALPY o DENSLTY—INTEN , RADIUS® )SWeM4ls
WRITE(6,205) (§, VIME, TEMP{I),PRESS{I},RHO( 1), VEL{I)y, ENTHLY{I),SWOM4ALS
1ENVCL{I) o KADITUSII) o I=1 » IMM) SWEM416
205 FORMAT{IH ,15,8E15.6) ' SWO6M4AL T
NPRNT = NPRNT ¢ [NPRIN SWeM4 ] 82

500 CONTINUE SWoM41L 9
IF{NW2,NF.1) GO TO 128 SWOM4202
WRITE(6e222) SWoM421

222 FIRMAT(IH (*SPECIFIC HEAT AND COMP. 00F NODE Jl1 AND IMM® ) SWoeM4 2?2
WRITF(64221) SPHTIVV{1) ZCOMP{1) (SPHTIVV(2),ZCOaMP(23,SPHTYV{IM}, SweMa23
1ZCOMP (MY, SPHTVV(IMM) s ZCOMP{IMM) SWOM 424
221 FORMAT(IH ;8El4.6]) SWOM425
128 CONTINUE SWEM426
TIME = TIME + DELT SWeM 427
NTIME = NTIME + ] SWEM&G2 8
NTIMES = NTIMES + L SWEM 4291
IF(NTIMES LE.NTIMEML GO TO 100 SWHM 430

700 GO TO 20 SWeM431
END SWoM432
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SUBROUTINE NEWQUA (NCONT, DELT, RHO, VELs, TEMP, ENVOL, = ENVOLN, SWHNOO1
1RHGN , VELN , ENTHLY » ENTHLN , RADIUS , QFLUX COND " PRESS, SWONGO2
2DELTARy NC2, SMFLUXs QTAN, VIDY 5 TF , IMAX oNC6yNC7,SPHTV,SPHTP ,SWONOO3
3 TEMPN yNC4 ) ' o ’ SWONOO4
COMMON/NEW/ GASCON, AK100) o IDD , IDM ,PMML . SW6NODO5
COMMON/PROR 7ZCOMP(100) 4 SPHTVV{100) " SW6NO0OS6, |
COMMON/VL1/VOLE(50) o VOLTAN SW6NOO7
COMMON/CUNTR/NRK3 yNH4G L o SWeNO0O0T2
DIMENSION BU100) +AA{L00), PRESSO(L00Y 7 RHOAL100)s ENN(100), SW6NDOT3
1ENNDO{100),ENNAT100} SWENOO 74
DATA AF/0.01/ o : SW6N0O0T75
DIMENSION RHO(LO0) 5 VEL{100) , TEMP(100Y) SWeNDOB.
DIMENSION ENVOLIL00), ENVOLN{I00), RHON(100) SW6N0O09
DIMENSEION. VELN (100}, ENTHLY{:100), ENTHLN(100} SWONCLO .
DIMENSION RADIUS(100), QFLUX{100), PRESS(100) SWENOLL
DIMENSION TEMPN {100) ,SMFLUX.{100) SWONO12
DIMENSION RAVER({100) , RAVERP{100) T SW6NO13
DIMENSION DELV(100) o DELP(100) , DELPO(100) SW6NO14
DIMENSION NSAME(100) , SWONOL15
DIMENSION ISKIP(100) B SWO6NOL6 .
DIMENSION SMAS{100), SMASP{100')y ENEGI100} ,» ENEGP{100) " SWeNOLT .
DLMENSION ENPLLOO) LENNPI(L10O). ' ) SWONOLTL
DATA TF2 /.03/ SW6NO1 72
SUBROUTINE NEWQUA CALCULATES NEW DENSITIES, VELCOVIES,AND INTERNALSWONO1S.
IF NC6é EQUALS 1 USE VEL{I} AT BOUNDARIES ' ) ' SW6NO19
ENERGIES PER UNIT VOLUME SWEN0Z0
IF ‘NC7 EQUALS ONE USE EXACT RELATI'ONSHIP FOR VOLUME ELEMENTS SWONO21
IDD = 1 e ‘ : SWEN022
IND = 1 .  SWOND22Y
IC =1 SWEND222
0PO =0. SWEN0223
CONTINUE. SWO6ND23
IM = IMAX + 1 SW6NO24
IMM = IM &+ 1 SW6ND245
SMASP(IM)= 0.0 SWEND25
CALL INTERP{ INDoPRESS, RHO, ENTHLNy, TEMPN , LMM} SWEND252
Q2 = 0.0 SWAN0253
IF( QVTAN.LT.0.0) Q2 = 0.0995 SW6N0254
ENEWAY = QTAN ¢ SMFLUXI1)%4,%3,1416%ENTHLY( 1} + Q2 SWOND2 82
ENVOLN(IMM) = ENVOL(EMM) + DELT*ENEWAV/VOLTAN SW6ND2 84
DO 25 I= 1, IM SWENOZ26
NSAME{L)I= 1 SWONO27
ISKIP(I) = 1 SWeN028
CONTINUE SWEN029
DO S I=1, -IMM SW6ND252
ENN(L) = ENTHLN{L) - 0.185% PRESS(I} /RHO(I} SWeND294
ENNP(I) = ENN(I) SW6N0295
PRESSO{I} = PRESS(I) SW6N0296
PRESS{1I) = PRESS{IL}) + 2, SWeNG297
ENNO(I) = ENNCI) SWEN0298
RHOACI) = RHO({} - 0.5 SW6N0299
DELVI -= 0.000001 SWOoND 30

65



LEVEL

7

a1
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Cwkkd
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320
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AB = 0.5 SwaeNO031
CALL INTERP( IND,RPRESS, RHO' ENTHLNy TEMPN » IMM) SW6NO0311
DD T Is1,IMM SW6ND312
ENN(I) = ENTHLN(I) - 0.185% PRESSUI)/RHOILI) SWONC3 14
AALI) = 0. SWeND315
IFCENN(I)«NES ENNO(I)) AALI) = {(PRESS(I)~ PRESSOLT))/LENN(I)~ ENN SWONQ316
1L 0t1) ) SweNO31L7
DELR = 2.,#DELTAR SWENG32
CALL INTERP{ INDPRESSQORHOALENTHLN, TEMPN , IMM) SWHNQ321
PO 8 I=1y MM SW6NO322
ENN(I) = ENTHULN(I) ~ 0,185%PRESSOILI)/ RHOA(I) SW6N0323
B(I) = 0. SWeNQ3 24
lF(RHDA(l).NE.RHO(I))B(I):vAA(l)*(ENN(I)w&NNO(K)II(RHOA(I)vRHQ(Il)SW6N0325
ENNOCI) 5 ENVOLEIY/RHOLD) SWHNO326
PRESSLIY = PRESSD{I) SWeNQ326
RHDA(I) = RHO({) SWeNQ0327
QFIN = QTAN/ (4. %3, 1416%(RADIUS{IMI%S2])) SWENDO33
D0 51 1=2,IM SW6N 34
RAVER(I) = RADIUS{I-1} + DELTAR/2, SWONO3S
RAVERP{I)= RADIUS{I } + DELTARZ2, SWeNQD36
DELV{I) = VEL{L)I*AB*{LRADIUS{L)/{RAVERIT)) ) %%2 SweN037
IF(VEL{LY. FQ.s OV DELVLLY = DELVE SweN 38
CONTINUE SW6NQ 39
IF{ IDD.EQ.1) GO TO 52 SWeN 13191
CALL INTERP{IND, PRESS ,RHQ , ENTHLN, TEMPN, IMM } SWoN 392
00 53 I=1, IMM SW6N 394
ENPLI) = ENTHLN(TY — 0.185% PRESHEUII/RHO (1) SWON 396
IF(ENPII)ANE. ENNP(I}) AAUl) =L{PRESS{I)~ PRESSU!!J)/(GNP(I)» ENNP{SwaN 398
1 1)) SWEN 399
CALL INTERP(IND, PRESS 4 RHON, ENTHLN, TEMPN , IMM ) SW6N 402
DO 54 I=1y IMM SWEN 403
ENN(L) = ENTHLN(I} - 0.,185% PRESS {1)/ RHDONII) SWoN 404
IF(RHON(I) s NELRHO(T) ) BALI)= ~AA(I)Y*4ENN(L)~ ENP (E))/Z(RHIN(I) ~ SW&GN 405
1 RHOCI) ) SHWHN 406
CONTINUE SWeN 408
1JK =2 SWEN 409
DO &3 1=2 , IM SWONQ41
QFLLUXCTY = COND*(RAVER(]})*%2), *(TEMP(I) ~ TEMP(I*[))/DELTAR SWOoNQO42
CONTINUE SWHNO43
1JK¥= IMAX SWENO44
DO 100 I= LJK, IJKM SW6N04S
RAVE = RAVER(1} SWoND46
RAVEP = RAVERP(I) SHONO4T
[F NCONT FQUALS ONE USES LINEAR AVERAGE VELOCITY ACROSS BDUNDARIESSW6END4S
IFINCONT oNE. 1 ) GO TO 320 SWOND49
IF ISKIPUL) EQ 2 SKIPS NODE I SWEN(SQ
VELB ={VEL{I-1) & VEL(I})/2, SWONQS1
IFCISKIP(I)LEQs 2 ) GO TO 100 SW6NOS2
VELBP ={VELI{+1)+ VEL(I))/2. SWHNODS3
GO TO 340 SWONDY %
CONTINUF SWENQSS

VELB = (VEL{I-1)*{RADTUSII-1)%%2) + VELITI®IRADIUSTI)M#**2))/((RAVESWONDSS
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255
Cokx s

385

386

286

100
CEEex

101

420

440
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1%%2)%2,) SW6NOST
VELBP= (VEL{I+1)*(RADLUS(I+1)#%2) + VELUDI*(RADIUSI T)4%2)}/((RAVEPSWONO58
1¥%2)%2,) SW6N059
CONTINUE SWeNO060
IFINC6,EQ.1) VELB= VEL(I)  SWENO61
IF(NC6.EQ.1) VELBP=VEL(I+1) SWEN062
IF{VELB .LF. 0.0)GO TO 212 SWON 063
CONDE = (RAVE¥%2 )* ( RHO(I-1)* VELB ) SWENO64
CONEN = CONDE*ENTHLY{I-1} SWEND65
GO 10 225 SW6N066
CONDE = (RAVE*%2 )* { RHO(I )% VELB ) SWENO6 7
CONEN = CONDE*ENTHLY(I} SW6N06 8
IF(VELBP  .LE. 0.0) 60 ¥FO 250 SWEN069
CONDEP = (RAVEP*%2)* ( RHOLI )% VELBPY SW6NOT0
CONENP = CONDEP*ENTHLY(I) SW6NOT1
GO TO 255. SWeNQT2
CONDEP. = (RAVEP*#2)% { RHO(I+1)%* VELBPD SWENOT3
CONENP = (CONDEP)®ENTHLY{I+1) SWONO T4
CONTINUE SWONOT5
DIFFU IS THE DIFFUSLVE TERM OF THE ENERGY EQUATION SWeN076
DIFFU={QFLUX (I+1)—-QFLUX(I1)/{DELTAR®(RADIUS{L}*%2)) SWENOTT
IF{ NC2.EQ. 1 4 GO TO 286 SWENOT8
IF{NC7.NE.1)GO TO 385 SWENOT9
CONDT =(CONDEP — CONDE}*3,1416%4. SWEN0BD
RHON(T) = RHO({} — DELT#CONDT/VOLE(I) SWON 081
GO T0 386 SWENDB2
CONTINUE : SWEN 083
RHON(I) = RHO(I) — DELT®*{CONDEP — CONDE)/(DELTAR®(RADIUSII))*%2) SW6NOB4
CINTINUE . SWENO8S
SMAS{I) = CONDE SWEN036
SMASP{I}= CONDEP SWENOB 7
CONENG = DELT®({ CONEN — CONENP)/(