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A COMPUTER PROGRAM FOR THE CALCULATION
OF THERMAL STRATIFICATION AND SELF-PRESSURIZATION
IN A LIQUID HYDROGEN TANK

R. W. Arnett and R. O. Voth

1.0 Summary

This report presents a computer program developed for calcu-
lating thermal stratification and the associated self-pressurization of
a closed liquid hydrogen tank. The computer program is written in
Fortran IV language and has been run on both a Control Data Corpora-
tion 3600 computer and an International Business Machines 360/65
computer.

This report also presents the mathematical development of the
computer program. The boundary layer equations required for the
mathematical development used the classical approach for solution of
the turbulent boundary layer equations, except that no assumptions were
made as to the form of the thickness and velocity parameter solutions.
The resulting mathematical expressions require symmetry about the
vertical axis but permit axial variations of geometry and heat flux.

Comparison of the pressure rise data from both a ground test
and orbital coast data is provided with the tank pressure calculation
and test data agreeing within 4% or better.

Parametric data for a ground test conducted by the NASA-Lewis
Research Center are used for a sample calculation with the input format
and a typical program printout used to illustrate the use of the program.
The program incorporates subprograms containing thermodynamic and
physical properties of parahydrogen. These subprograms can be re-

placed by subprograms incorporating the properties of other fluids as



desired. A complete listing of the computer program is included as
an appendix to the report.
2.0 Introduction

During the launch sequence or space coast of a chemical or
nuclear rocket using liquid hydrogen as a propellant, it becomes
necessary, at some time prior to engine ignition, to suspend venting
of the hydrogen tank. This cessation of venting may be required as a
safety measure and may also be necessary from an operational stand-
point. Duration of this 'locked up' condition may persist for several
minutes.

During the time interval that the tank is 'locked up' heat trans-
fer through the tank walls results in energy increase in both the liquid
and the ullage space vapor, Experience has shown that this energy in-
crease is not uniformly distributed in either the liquid or vapor, but
rather that higher temperatures occur in the topmost layers of both
the liquid and vapor regions. This phenomenon is described as thermal
stratification and has been reported by numerous observers[l’ 2,3, 4].

Associated with this temperature stratification is a rise in tank
pressure due to a combination of heat transferred to the ullage vapor
plus possible vaporization of a portion of the liquid. A means for pre-
dicting the amount of pressure rise as it varies with time and tank wall
heat flux is needed in order to properly plan for propellant management,
to determine tank structural stresses, to determine tank venting re-
quirements and possibly to foresee the need for additional pressurant
gas. The extent of liquid temperature rise, separate from its effect
on the tank pressure, is also needed in order to determine the effect
on pump performance. Excessive temperatures can result in cavita-
tion due to reduction in NPSH, thus either damaging the pump or ad-

versely affecting the pump performance.



The purpose of this report is to present an analysis and a com-
puter program that can be used to calculate the thermal stratification
and self pressurization in a liquid hydrogen tank. The program results
compare well with certain space vehicle liquid hydrogen tank self pres-
surization data obtained from both a space coast and a ground test.

The ground test is used here as a sample problem to aid the user in
employing the program. The program was written using liquid hydrogen
properties but the basic program should also be applicable for other
fluids.

The program is written in Fortran IV for an IBM 360/65 series.
computer. A program listing and a description for each of the program
subroutines is provided in this report.

3.0 Previous Studies

Since the early work of Huntley 1 , humerous papers (see
additional references) relating to stratification phenomena have
appeared. Many of these papers were directed at the thermal strati-
fication but did not consider the self-pressurization aspect. Of the
reported work, that of the group at Lockheed (LMSC) was the m[c5>st ]

,67,89

concerned with pressure rise in addition to the thermal aspects
Schmidt, et al.[lo] utilized external pressurization in a vessel
with negligible sidewall heat leak to measure the liquid thermal gradient
due to heat transfer at the liquid surface. This test arrangement re-
sulted in a condensing type of heat and mass transfer at the liquid
vapor interface. Good correlation of the resulting temperature dis-
tribution throughout the liquid with the error function solution for a
semi-infinite solid was established.
Clark[“] reviewed the status of the generalized pressurization

and stratification problem. In this review, it was pointed out that

numerous assumptions are necessary in order to solve the mathematical



expressions involved. The validities of some of the assumptions which
are commonly made require evaluation by careful experimentation,

as Clark indicated. In addition, he pointed out that the interfacial
phenomena associated with mass and energy transfer, while quite
complex, can probably be taken to be in thermodynamic equilibrium
with little error,

[11]

Subsequent to the review of Clark , ho comprehensive
review of the situation has been published. Urquhart[lz] made a
survey but did not publish a comprehensive review. He concluded

[1 3] was

that the finite difference approach of Clark and Barakat
thermodynamically excellent but contained restrictive assumptions,
treated the laminar case only, and required excessive amounts of
computer time. Urquhart further concluded that the work of the LMSC
group[s’ 6, 8] was representative of the boundary layer approach to
stratification. He further suggested certain improvements which he
felt would be beneficial.

Urquhart suggested the following improvements to the LMSC
solution,

1. Utilization of both laminar and turbulent solutions to the

boundary layer flow, splicing these together where the laminar

to turbulent transition occurs.

Present Authors Note: It may be pointed out that for liquid

hydrogen (LHZ) in a normal earth gravity field with a relatively

low heat flux of 10 mW/cmZ, a turbulent boundary layer regime

is attained within 2 to 6 cm from the initiation point of boundary

layer growth. Thus, this suggested addition would seem to have

marginal benefit.



2. Incorporate transient effects of the establishment of the
boundary layer.

Present Authors Note: It appears that, in the majority of cases,
the vessel has been exposed to a constant heat flux for some time
and the liquid is saturated at its ambient pressure. Stratifica-
tion then begins at the time the vessel vent is closed; since
steady state conditions already exist in the boundary layer,no
significant transient effects occur.

3. Consider the possibility of nucleate boiling in the boundary
layer.

Present Authors Note: This would seem to be a reasonable
suggestion since the temperature rise in the boundary layer

is likely to approach or exceed the local saturation tempera-
ture, particularly in the upper portion of the vessel. However,
such boiling will likely occur only in the upper regions of the
tank, thus affecting only a small portion of the boundary layer.
Furthermore, since some vaporization is likely to occur any-
way, the exact location of such vaporization is probably not

of major importance.

4. Use variable fluid properties as the calculations proceed

in real time.

Present Authors Note: This seems to have merit and could be
considered, although the increased complexity does not seem
to be justified at the present time in view of uncertainties in

other areas.



In summary, it seems that the work of the LMSC group is
representative of the most practical approach to the stratification and
pressurization phenomena. The approach described in this report
also utilizes the basics of the turbulent boundary layer approximate
approach. However, it does not assume the vertical flat plate boundary
layer, nor does it assume either a '""'mixed ullage'' or a ''saturated
vapor' temperature for the ullage space.

The work reported here is an extension and refinement of a
paper presented by Arnett and Millhiser in 1965[14]. Important changes
from this previous development include the solution for the boundary
layer thickness and the velocity parameter without assuming a parti-
cular mathematical form; the removal of modifying factors which
formerly were used to force continuity of the boundary layer flow;
and departure from the previously used method for forcing decay of
the boundary layer in the thermally stratified layer.

4.0 Analysis

The development of the equations here will be in functional
notation, except for simple relationships. More complete equations
are presented in the Appendices.

Eckert and Jackson 15 developed expressions for free con-
vection turbulent boundary layer flow on a heated vertical flat plate in
a semi-infinite medium. The method of attack parallels that used by

[16,17]

Von Karman for a laminar boundary layer. This same approach
is used here, with modifications to adapt it to an inclined wall of finite

radius, i.e., a conical shape.



4.1 Boundary Layer Equations

Prediction of thermal stratification and the associated pressure
rise is based upon the assumption that heat transferred through the
vessel walls is carried toward the upper portions of the vessel via
a free convection boundary layer. Heat entering the boundary layer
through the liquid wetted portion of the tank thus tends to accumulate
in a layer adjoining the liquid surface and is manifested by a rise in
temperature of this layer. Evaporation at the liquid-vapor interface
usually occurs, depending on the pressure in the ullage space, this
being determined in turn by the initial ullage space conditions and the
amount of heat subsequently transferred to the ullage. The temperature
at the liquid surface determines the tank ullage pressure; if vaporiza-
tion occurs the liquid surface will be cooled due to the vaporization
while if condensation occurs the temperature, and therefore the pressure,
will tend to rise.

Three parameters serve to describe the boundary layer flow:

(1) The temperature variation across the boundary layer, (2) thickness
of the layer, and (3) the velocity distribution across the layer. For
this development, assumptions of the form for the dimensionless tem-

perature and velocity variations are the same as those used by Eckert

[15]

and Jackson . These are
_ 1/7
Glew—l - (y/9%) ; (1)
and,
W/ = v/ 7T (- yre)t. 2)



The three parameters required then are ew, 8, and U. These are
interdependent and are functions of vertical location in the tank, acce-
leration field, the wall heat flux, and the fluid properties. The manner
in which B/BW and u/U vary across the boundary layer, as described by
(1) and (2),is shown in figure 1. Figure 2 displays the tank configura-
tion assumed for the mathematical model.

A fluid element of thickness, dx, bounded by two planes normal
to the vessel axis and a distance x from the bottom of the tank, is
analyzed in order to formulate a set of equations. A section of this
annular boundary layer is shown in figure 3.

The change in momentum flow, parallel to the wall, in crossing
the element dx is equated to the forces acting, also parallel to the

wall, on the element, i.e.,

x+dx

a .

— (rhu) dx = Z F=F_+Fg (3)
X

Momentum flow crossing plane ""a'"' is expressed as

o)
z mu = fu (u, Y, R, PrYs X), (4)
y=o0

and the change in mu in the dixtance dx is given by
)
g Z m ] d (4a)
ax u X.
y=o
The buovant force in the direction of flow is represented by

FB =fB (Y,R,X, psY): (5)

while a shear force along the direction of flow is described as

FS = fS (TW’ R,v, x). (6)
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Boundary layer nomenclature

Figure 3
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A wall shear stress correlation by Blasius[18’ page 143] is

used to substitute for T in equation (6). By combining the Reynolds

(18, page 203]

analogy , relating viscous shear stress to conductive heat

transfer, with the Blasius correlation and a Prandtl number correction

[19’ page 521; 18, page 324],a suitable substitution can

due to Colburn
also be made for Gw. The basic momentum equation is formed by
equating equation 4a to the algebraic sum of equations (5) and (6). When
the indicated integrations and differentiations are performed, an equation

of the form

dU dbd
i A (&, U) + B (5, U)E; (7)

is obtained.

A second equation can be developed by analyzing the heat transfer
balance on the element under consideration. For the purpose of this
analysis, the fluid in the core is considered to be at the datum condi-
tion. Since fluid entering or leaving the boundary layer aty = 6 is
at the datum condition, there is no heat transferred across this boundary.
Thus, the only additional heat entering is that transferred through the
wall at y = o. [Equating the heat flux through the wall to the change in
heat flow across the element, and performing the mathematical manipu-

lations, results in an equation of the form

db dU
ax =C (6,U)+D(6,U)FX— . (8)

A third equation can be derived by equating the rate of heat
transported across a horizontal plane located at x, to the rate of heat
entering the fluid through the tank wall below this plane. Solving the

resulting equation and rearranging yields an equation of the form,

U = E (8, x). (9)

12



Allowance for varying heat flux over the tank height is accomplished

by defining a term, qm, such that

X

X
q f dA:J" q d A. (10)
m o o W

Thus, if qQ, varies axially along the tank (circumferential uniformity
is assumed), qm will reflect the total heat flux pattern below the plane
at x. The local heat flux, qw, is assumed constant with time due to
tank insulation. T is used wherever substitution for GW is required.
Simultaneous solution of equations (7), (8), and (9) is achieved by an
iteration using Newton's method.
4.2 Growth and Temperature of the Stratified Layer

An arbitrary stratified layer thickness is selected and the time
for the boundary layer flow to occupy the stratified layer volume is
determined. The volume flow rate parallel to the wall in the boundary
layer at any horizontal plane can be determined by integration across
the boundary layer. An incremental time sufficient for a boundary
layer volume flow to occupy an arbitrarily small volume immediately

above the horizontal plane can then be determined,
AV
&

( jo uda)_

At =

A summation of these time increments for all volume increments
above an arbitrary plane will supply the time required, t =L At, for
the stratified layer to occupy the volume above that plane.

The problem remains as to how much energy is contained in
the stratified layer, and how that energy is distributed within the layer

as reflected by the temperature distribution.

13



Since we are considering a steady state boundary layer, i.e.,
the energy content of the boundary layer itself does not change with
time, all of the energy entering the tank sidewall during the stratified
layer growth time must be contained within the stratified layer. Thus,

L

Q =tq ’ dA. (11)

m )

Based upon inspection of various experimental stratified layer
temperature gradients, a vertical energy distribution of exponential

form is assumed:

E(Z)=m Z". (12)
We write
dQ = E(Z) dV, (13)
and
(.A
Q= J E(Z) dV. (13a)
o

Utilizing equations (11), (12), and (13) together with the tank geometry,
the value of m in the energy equation can be determined and the tem-
perature calculated from the energy and mass content of any incremental
volume. The above procedure thus enables establishment of the energy
distribution and the corresponding temperature gradient through the
stratified layer.

In the ullage space, an iteration method is used to determine
the thickness of the ullage stratified layer corresponding to the time
elernent previously determined for the assumed thickness of the liquid
stratified layer. Existence of a free convection boundary layer in the

ullage space, prior to the closing of the vent, is assumed although it is

14



recognized that a gradual change in the defining parameters of the
boundary layer occurs as the pressure and temperature of the ullage
vapor changes. This change is automatically included since ullage
space boundary layer calculations are redone for each step change in
the liquid stratified layer, with changes in the temperature, pressure,
and vapor properties incorporated in the new calculations.

4.3 Ullage Pressure Calculation

A determination of the pressure existing in the ullage space is
made following each calculated time increment.

Initially, the mass of gas present in the ullage space is computed,
based upon a uniform temperature (assumed saturated at the initial
pressure), pressure, and ullage volume. Using an iteration procedure,
the amount of liquid vaporized due to the heat flux through the walls is
balanced against the pressure rise due to the temperature increase in
the ullage space and the increased mass due to vaporization. Vapori-

zation is allowed in a surface layer of thickness Z_ , as illustrated in

1’
figure 4a, with the liquid in this layer being cooled to a uniform temper-
ature of TS by extraction of the latent heat required by the mass vapor-
ized. Using the temperature distribution for the ullage space together
with an assumed pressure, a mass for the ullage space is determined;
this is then compared with the initial mass, adjusted for the amount of
liquid vaporized. Successive iteration steps will result in bracketing
the value for the liquid mass evaporated (or condensed) and the change
in ullage mass required for equilibrium. A linear interpolation is
then used to establish a final value for the mass evaporated and the
corresponding ullage pressure.

When conditions are such that the calculated ullage pressure is

greater than the surface liquid saturation pressure when no mass is

evaporated, then condensation of some ullage vapor is required. Under

15
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Figure 4 Temperature gradients at the liquid surface.
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this condition, i.e., when the saturation temperature corresponding to
the ullage pressure is greater than the liquid surface temperature
determined during the stratified layer calculations, then an incremental
ullage mass is condensed, with the temperature increase of the liquid
layer being described by an error function as reported by Schmidt,

[10]

et al. , figure 4b. Again successive iterations result in a pressure
being established such that the ullage space pressure is in equilibrium
with the liquid surface temperature.

When the saturation temperature corresponding to the ullage
pressure matches the liquid surface temperature, then that pressure
is recorded as the ullage pressure corresponding to the time and a
new liquid stratification depth is selected to initiate a new series of
calculations.

Heat transferred through the bottom of the tank is treated separ-
ately from the computer program. Application of this program has been
limited to heat flux patterns where the bottom heat flux is relatively
small and its affect has been treated by assuming that the thermal
energy entering is uniformly distributed in the liquid. This results
in a uniform increase in TB. It is found that the increase in TB is
very small and has a negligible affect on the liquid properties. As a
result, this increase in TB can be added to the surface temperature of
the liquid and the corresponding saturation pressure used as the tank
pressure. In all cases encountered, this correction has amounted to
only a small increase in the ullage pressure.

Complete development of the equations and a description of the

computer program used to solve the equations and calculate the various

outputs are included as appendices.

17



5.0 Results

Several calculations of pressure variation with time, using a
range of parameters which were selected to bracket the probable
actual parameters, have been made; in addition, various calculations
were made using the best estimates of input parameters matching
various actual tank pressure rise data. One of these reflects input
values for an unpublished experimental pressure rise test in the
Plum Brook B-2 space simulation facility, while another calculationuses
input parameters telemetered to ground stations during the coast phase
of the Centaur AC-8 flight[ZO].

The set of experimental data obtained during the Plum Brook
B-2 tests represents results of the most accurately instrumented and
most closely controlled experimental work so far performed on the
Centaur vehicle pressure rise phenomenon.

Figure 5 shows the comparison between the experimental
pressure rise data points obtained during the test conducted in the
NASA-Lewis Research Center Plum Brook B-2 simulation facility and
a computer prediction using the input parameter values measured
during the B-2 test. The maximum deviation in absolute pressure
over the measured time interval is less than 1. 5%.

A comparison of the measured temperature patterns with those
predicted does not reflect as close an agreement. Initial and final
temperature patterns for the experimental and calculated conditions
are displayed in figure 6. The initial computed temperature pattern is
assumed to be uniform at the initial saturated vapor temperature; the
final computed pattern results from the assumed energy distribution
and is further modified by the geometry of the Centaur nose cone. In
contrast, the experimental vessel displayed a significant temperature
gradient both before the tank vent closure and at the end of the pres-

surizing period. Each of these measured gradients can be approximated

18
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with a linear temperature pattern although a second or third degree
function would achieve a somewhat better fit.

For the purpose of determining the ullage pressure, a precise
knowledge of the temperature distribution in the ullage is not required;
rather, the value of the change in internal energy is of prime import-
ance — regardless of the distribution of that energy. For a perfect
gas the change in pressure of a constant volume system is determined
by the "ange in internal energy. Thus the nearly perfect gas be-
havior of hydrogen at the pressures encountered with liquid hydrogen
rocket tanks results in the pressure being determined by the internal
energy — and affected only slightly by the temperature distribution.

A close examination of figure 6 reveals that the final calculated tem-
perature pattern appears to have a mean value well below the final
experimental temperature. This is understandable when one realizes
that the assumption of saturated vapor for the initial condition results
in more ullage mass than is actually the case; thus the addition of the
required internal energy will result in a lower final temperature as the
plot shows. However the determining factor in the pressure rise is
the change in internal energy as discussed above.

Comparisons of calculated pressure rise and temperature
patterns with data telemetered from the Centaur AC-8 vehicle during
a low-g coast phase[20 are seen in figures 7 and 8 respectively. The
calculated pressure rise is seen to be slightly lower than the telemetered
data; the computed pressure is within 4% of the absolute pressure
measured throughout the interval, while the pressure difference is a
maximum of 15% lower than the measured pressure difference. Ullage
temperature pattern comparisons again are not as well matched. The
initial uniform saturated vapor temperature assumed for the calcula-

tions is seen to be a poor approximation to the actual temperature

21
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pattern. The final calculated temperature distribution has a shape
similar to that of the telemetered data but increases more rapidly in
the upper parts of the tank. As mentioned previously the temperature
distribution in the ullage space does not appear to be of great import-
ance — of more significance are the mass and total energy content
and volume of the ullage vapor. A comparison of the energy content
by calculation with that represented by telemetered data shows more
energy is stored as sensible heat in the liquid for the actual case than
is predicted from the theoretical calculations.

The influence of the location of heat input to a Centaur LH2
tank is shown in figures 9 and 10, Figures 9 and 10 use normalized
coordinates in order to compare results more easily. The normalized

pressure is defined as P_ = P/Pc’ where PC is the maximum pressure

N
attained for the uniform heat flux case; likewise a normalized time is

used, t__ = t/tc, where tC is the time to attain the maximum pressure

for the 1:]J.niform heat flux case. Cases 1, 2, and 3 shown in figure 9
are for a small (8%) ullage space and have the same total heat input

to the tank for each case. A uniform heat flux was used in Case 1,

a wetted wall heat flux 10 times as great as the ullage wall heat flux
for Case 2, and an ullage wall heat flux 10 times as great as the wetted
wall heat flux for Case 3. Note that increasing the heat input to the
ullage space increases the rate of pressure rise while increasing the
heat into the liquid decreases the pressure rise rate, the total heat
input being the same in each case. Figure 10 shows a similar result
for the situation of a large (65%) ullage volume — Case 4 being uniform
heat flux, Case 5 high liquid heat flux, and Case 6 high ullage heat flux,
again with the same total heat flux in all three cases. The trend of
pressure rise due to location of maximum heat flux is seen to be the

same for both the small and the large ullage cases.

24



9l

dwnioa 93B[N [[BWS ‘U0T3RO0( Indut 3BIY JO 30979

3WIL A3ZITVINYON

6 2an31 g

A 2’| ol 80 90 v 0
| ! _ ! I _ ! _ _ _

3WNTOA 39vIIN T1IVNS

XN[} DY wWioiun
xn|} jpay abojin ybiy

Xnjj joay abojyn mo")

A

3S1d 39NSS34d Q3ZITTYWHON

25



9l

14l

‘awnjoa adeqn @31®e] ‘uol3edo7 jndut j3esy jo 30911 (I @Indrg

JWIL d3ZITVWYON

2’| Ol 80 90 v0 20 0

T T T _ T T T T T T T _ T

FWNTOA 3JOVIIN 39YVI

Xn|} joay
abo|n mo

Xnj4 10ay
wio}iun

Xn|} jDay
abo|n ybIH

¢o

t'0

90

80

o'l

'l

3SIH 34NSS3¥d A3ZITTVINYON

26



6.0 Sample Calculation

A sample calculation, using the input parameters from the
Plum Brook B-2 test, is presented here. Pertinent parameters from
the Plum Brook B-2 test are as follows:

Liquid (hydrogen) level at station 333. 3.

Normal earth gravitational field.

Initial tank pressure, 11.41 N/cm2 (16.55 psia).

Final tank pressure, 13.79 N/c:m2 (20 psia).

Time, lockup to final pressure, 199 s.

Heat flux:

Intermediate bulkhead (bottom of tank) 440 W (1500 Btu/h).

Wetted sidewall 5568 W (19000 Btu/h).

Ullage sidewall 1495 W (5100 Btu/h).

Geometries of the actual Centaur tank and the equivalent tank
used in the calculations are shown in figure 11. With the input para-
meters given above, the liquid level is 183. 64 cm from the bottom,
the cylinder-cone transition is 502.93 cm from the bottom and the top
of the tank is 624.89 cm from the bottom. Tank cylinder diameter is
304. 8 cm.

Heat flux rates are determined as follows:

(1) Heat flux through the bottom is given as 440 W. This
heat input is assumed to be uniformly assimilated in the liquid; the
method of calculation is given later.

(2) Heat flux through the liquid wetted sidewall is 5568 W.
Wall area is 175847 cmz. Heat flux is then 5568/175847 = 0.03166 W/cmz.

(3) Heat flux into the ullage space is 1495 W, Wall area is
408 186 cmz. Heat flux is then 1495/408186 = 0. 003662 W/cmz.
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Figure 11 Tank configuration, actual and assumed, for Plum Brook B-2
test comparison,
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An initial pressure of 11,41 N/cm? is equivalent to 1.1262 atm,
the value used as the input for PS, A limiting pressure of 1,40 atm,
slightly in excess of the B-2 test final pressure of 13,79 N/cmg, is
used for PL,.

A summary of the input used for the computer program is as
follows:

Gamma =45,0 deg (nose cone half angle).

Acceleration field,"G" =980,67 cm/s®

LC =502,93 cm

L =183.64cm

H =624.89-L =441,25 cm
RC =152,4 cm

PS =1,1262 atm

PL =1,40 atm

Heat flux, given at distance x from the bottom of tank is:

S dw

0 0.03166 W/em?®
183,64 cm 0.03166 W/em® .
184,0 cm 0.003662 W/cm®?,
502.93 cm 0.003662 W/cm?,
624,89 cm 0.003662 W/cm?,

Note that a value for the heat flux mustbe given at the liquid level
and at the cylinder cone transition as well as at the bottom and top of
the tank, Different heat flux values may be given at any other location
in addition to these,

In addition to the above inputs based upon the physical condition,

additional required inputs are chosen as follows:
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Liquid depth increment, DL, assigned value of 5.0 cm.

Number of increments used in stratified layer, ZINC = 50.0.

POWER = 2.0, exponent used to describe energy distribution in

the stratified layer; must be non negative.

TAMB = 300.0 K.

The data cards, located at the end of the program deck, are
made up of four sets. The first set, Table 1, is composed of 40 cards,
in pairs, containing thermophysical properties for parahydrogen in
the following order and within the punch card columns indicated:
pressure, atm (1-8); liquid specific volume, cm3/g-mol (9-16);
liquid (BP/ap)T, crn3- atm/gemol (17-24); liquid (ap/aT)p, atm/K (25-32);
vapor specific volume, cm3/g—m01 (33-40); vapor (BP/ap)T, Cm3- atm/
g-mol (41-48); vapor (ap/a’r)p, atm/K (49-56); liquid entropy, J/g-mol-
K (57-64); vapor entropy, J/gemol-K (65-72); saturation temperature,
K (73-80); next card, vapor specific heat, J/g=mol.K (1-8); liquid
specific heat, J/g-mol.-K (17-24).

These property data are followed by an input set of cards,

Table 2, as follows: GAMMA, deg (1-10); RC, cm (11-20); LC,

cm (21-30); L, cm (31-40); H, cm (41-50); next card, G, cm/s2
(1-10); QW, W/cm2 (11-20); DL, cm (21-30); ZINC, dimensionless
(31-40); NR, dimensionless (50); (note that a value for NR in column 50
of this card tells the computer to look for an additional set of data,
e.g., different geometry, liquid level, heat flux, etc. This next set
of data is entered, following a blank card, after the first set of heat
flux values; additional sets may also be entered so long as a number
is placed in the NR column and a blank card is inserted after each set
of heat flux data); next card, PS, atm (1-10); TAMB, kelvin (11-20);
PL, atm (21-30); next card, POWER, dimensionless (1-10).
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There then follows a set of 35 cards, Table 3, containing values
of kinematic viscosity in g/cm-s for saturated liquid at 35 temperatures
from 14.0 K to 32.7 K.; T, K (1-8); kinematic viscosity, g/cm-s,
(9-16).

The last set of cards is indefinite in length and contains values
for the sidewall heat flux at various vertical locations in the tank, Table 4.
There must be at least 4 cards giving wall heat flux: at the bottom of the
tank, at the liquid level, at the cylinder cone transition and at the top
of the tank. As many other cards as needed may be used. If no cards
are present in this location the program will use the value of QW given
in the previous cards as uniform over the tank. X, cm (1-10); heat
flux, W/crn2 (11-20).

The data deck listing, Table 5, shown on the following pages
shows the input for the Plum Brook B-2 test case with column numbers

ured 1n each case,

Table 2 Input data for the Plum Brook B-2 test comparison,
(1-10) (11-20) (21-30) (31-40) (41-50)
4560 15244 502.93 183464 441425
98067 0«05 50 500 1
le12616 30040 l¢40
240 NR”(if used)
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Table 3 Parahydrogen

kinematic viscosity data.

(1-8) (9-16)

144000 2506,7E=6
144500 23441E=6

15000 221.3E~§
156500 20743E=6
16000 19745E=6
166500 185,6E=6
174000 177e7E=6
17500 16845E-6
184000 160.5E-6
186500 153.8E=§
19000 147.0E=6
19500 14143E~5%

204000 135.4E-6 Table 4 Heat flux input data for the
206500 130,6E~6 )
214000 12543E~6 Plum Brook B-2 test comparison
224000 1164.1E~6 g ° ) 61031626
23000 10841E=-6 o .
240000 100.8E-6 183-34 04031666
254000 93 ¢5E=6 184 040036618

0 - 502,93 0«0036618
26400 87.2E~56
264500 B4.1E-6 624489 040036618

27000 814.0E-6
274500 7841E=6
28.000 7542E-6
284500 T2e4E=6
29.000 69.6E~6
29.500 67.0E~6
30,000 64 ,9E~6
30500 61+2E=6
31.000 58¢1E=6
310500 55075-6
324000 51+9E~6
324500 4Te5E-6
324700 43 49E~-6
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Output values are shown in the printout on the following pages.
(Table 5). After listing (optional) the main calling program and the
several sub-programs, the input data is listed in the order shown. The
mass of vapor present in the ullage space at time t=0 is also shown.
Note that PS has been truncated to two decimal places, for printing
only; also that gamma has been converted to radians.

A table of some property values for parahydrogen follows, both
at 1. 50 atm and at pressure PS. Next is a summary line giving the
thickness, DELTAL, of the liquid stratified layer, thickness, DELTAYV,
of the ullage stratified layer, and the time for these stratified layers
to develop.

Prior to the first tabulation of temperatures in the stratified
layers is a table giving the heat flux input values and the constants, AQ
and BQ, used in the linear fit established between successive points.
Boundary layer parameters at the bottom of the stratified layer are
then listed, velocity parameter and thickness for both the liquid and
vapor regions. Then follows a table of locations, temperature increases
and absolute temperatures through both the liquid and vapor stratified
layers.

Following this table the amount of liquid vaporized, DME, is
listed together with bracketing values used in a linear interpolation.
Next is listed the pressure existing after the time given earlier, the
surface tempsrature of the true liquid surface temperature gradient
and the intersection of the true liquid gradient with the gradient pre-
dicted by the tabulation above. For the vaporizing case the surface
temperature and intersect temperature will always be the same.

At this point the program increases the liquid stratified layer by

the amount DL and a new set of calculations is made. When the pressure
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associated with a given stratified liquid layer exceeds PL the calcula-
tions are stopped and a summary of pressure, time, stratified layer
thickness, pressure rise rate, pressure change and time difference
is tabulated together with a statement that the pressure limit has been
exceeded.

Adjustment of the computer-obtained temperatures and pressures
for the heat flux through the bottom of the tank must be accomplished
manually — if such a correction is deemed necessary. The mass of
liquid contained in the tank is obtained from the actual tank geometry,

the liquid level and the density of liquid at the starting pressure,

m =V .
e eoe

Assuming that all of the heat goes into the liquid, the temperature rise

e C

is then computed from qt = m C AT, which gives AT _—-q—-—-t—. A
P
linear variation of pressure w1th temperature is assumed and tEe

incremental pressure rise found from

AP max

AP = AT (AT max

)

For the Plum Brook B-2 test data the following values were
obtained:

V_ = 6.654 m> = 6,654 x 10° cm>,
3
= 0.03490 g=mol/cm”,

. m_= 232209 g=mol of LHZ'
q was computed previously to be 439.6 W. Cp has a value of 20.01
J/g=mol-K.



A tabulation of the adjustment for tank bottom heat input effects as a

function of time follows. Tabulations are for the summary printout values.

Table 6. Adjusted pressure values

Adjustment Adjusted Adjusted

Time, AP, P, P, P,
seconds atm atm atm N/cm?
0 0 1.12616 1.12616 11.41
12.78 0.0004 1.14231 1.1427 11.58
26.01 0.0008 1.15396 1.1548 11.70
39. 69 0.0012 1.16896 1.1702 11. 86
53. 87 0.0017 1.1853 1.1870 12.03
68.58 0.0021 1.20314 1.2052 12,21
83.85 0.0026 1.22155 1.2241 12,40
99. 72 0.0031 1.23890 1.2420 12.58
116.24 0.0036 1.26192 1.2655 12. 82
133.47 0.0042 1.28272 1.2869 13.04
151. 44 0.0047 1.30072 1.3054 13.23
170.24 0.0053 1.32514 1.3304 13.48
189.92 0.0059 1.35057 1.3565 13.74
210.56 0.0066 1.37131 1.3779 13.96
232.27 0.0073 1.40076 1.4081 14,27



Thus we have

AT =9.461 x 1077 ¢.
Also AP max = 2, 7824 N/cmz,
and AT max = 0. 83 K.

Combining the above we get

_ (9.461)(10'5)(2.7824)
- 0.83

AP t = 0.00317 t, N/cmz,

or 0.0000313 t, atm.
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7.0 SYMBOLS

2
area, cm .

. 2
area of liquid - etted wall, cm .
coefficients in linear equations.
specific heat, J/g-K.
functional notation for specific energy, J/g, also
linear equation constant.
force, 8¢
buoyant force, g
viscous shear force, 8
defined function.

defined function.

modified Grashof number, EE;—-CJ— .
v Kk

acceleration field, cm/s

liquid depth, cm.

mass, g.

constants in specific energy distribution function.
adjusted mass in ullage, g.

initial mass in ullage, g.

mass of fluid vaporized or condensed at liquid-vapor
interface, g.

Prandtl number,

thermal energy, J.
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heat flux, W/cr‘n2

mean heat flux over specified tank wall area, W/cm
local wall heat flux, VV/CmZ.

local tank radius, cm.

tank cylinder radius, cm.

tank radius at liquid surface, cm.

temperature, K.

bulk liquid temperature, K.

liquid temperature in stratified layers, K.
temperature of liquid affected by vaporization or
condensation, K.

time for liquid stratified layer to grow to depth A, s.
boundary layer fluid velocity parameter, cm/s.
local velocity in boundary layer, cm/s.

volume, cm .

distance from tank bottom, parallel to acceleration
vector, cm.

distance from wall, normal to acceleration vector, cm.
depth in stratified layer, cm.

depth in stratified layer over which vaporization or

condensation affects temperature, cm.
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Greek Letters

2
thermal diffusivity, cm /s.

coefficient of volumetric thermal expansion, 1/K.

half angle of nose cone, rad.
thickness of stratified layer, cm.
incremental value.

thickness of boundary layer, cm.

calculated incremental change in 6, cm.

temperature rise in boundary layer, T - T_, K.

B

increase in wall temperature over bulk liquid, K.

variable in error function integral.
. . . 2
kinematic viscosity, cm /s.
. 3
density, g/cm’.
. .. 3
density of bulk liquid, g/cm™.
. 3
density of saturated vapor, g/cm’.
2

specific viscous shear force, g/cm .

parameter in error function integral.

Subscripts
pertains to liquid.
pertains to vapor.

pertains to wall.

43



(5]

(7]

8.0 References

Huntley, S. C., Temperature-pressure-time relationships in a
cryogenic container, Advan. Cryog. Eng. 3, 342 - 352 (1960).

Neff, R., A survey of stratification in a cryogenic liquid, Advan.
Cryog. Eng. 5, 460 - 466 (1960).

Scott, L.. E., Robbins, R. F., Mann, D. B., and Birmingham,
B. W., Temperature stratification in a nonventing liquid
helium dewar, J. Res. Nat. Bur. Stand. (U.S.), 64C (Eng.
and Inst.), No. 1, 19 - 23 (January - March 1960).

Swim, R. T., Temperature distribution in liquid and vapor phases
of helium in cylindrical dewars, Advan. Cryog. Eng. 5,

498 - 504 (1960).

Tellep, D. M., and Harper, E. Y., Approximate analysis of
propellant stratification, AIAA Journal 1, No. 8, 1954 -
1956 (August 1963).

Vliiedt, G. C., A numerical approach to temperature stratifica-
tion in liquids contained in heated vessels, LMSC 8-30-63-4
(November 1963).

Schwind, R. G., and Vliet, G. C., Observations and interpreta-
tions of natural convection and stratification in vessels,
Proc. 1964 Heat Transfer and Fluid Mech. Inst., pp. 52 - 68
(Stanford University Press, 1964).

Harper, E. Y., Chin, J. H., Hines, F. L., Hurd, S. E., and
Vliedt, G. C., Analytical and experimental study of
stratification and liquid-ullage coupling, LMSC 2-05-65-1
(August 1965).

Vliedt, G. C., Stratification with bottom heating, AIAA J.
Spacecraft 3, No. 7, 1142 - 1144 (July 1966).

44



[10]

[11]

[14]

[15]

Schmidt, A. F., Purcell, J. R., Wilson, W. A., and Smith,

R. V., An experimental study concerning pressurization
and stratification of liquid hydrogen, J. Res. Nat. Bur.
Stand. (U.S.), 65C (Eng. and Inst.), No. 2, 81 - 87
(April - June 1961).

Clark, J. A., A review of pressurization, stratification, and
interfacial phenomena, Advan. Cryo. Eng. 10M-U,
259 - 283 (1965).

Urquhart, J. B., III, Propellant stratification and phase change,
Boeing Document No. D5-B487 (February 26, 1969).

Clark, J. A., and Barakat, H. Z., Transient natural convection
flows in closed containers, Heat Transfer Laboratory,
University of Michigan, Report No. 04268-10-T (August
1965).

Arnett, R. W., and Millhiser, D. R., A theoretical model for
predicting thermal stratification and self pressurization of
a fluid container, Proc. of the Conference on Propellant
Tank Pressurization and Stratification, Marshall Space
Flight Center, NASA (January 20, 21, 1965).

Eckert, E.R.G., and Jackson, T.W., Analysis of turbulent
free convection boundary layer on flat plate, National
Advisory Committee for Aeronautics Report No. 1015
(1951).

Von Karman, Th., On laminar and turbulent friction, National
Advisory Committee for Aeronautics Tech. Memo No.

1092 (Sept. 1946).

Von Karman, Th., Uber laminare und turbulente Reibung,
Zeitschrift Fur Angewandte Mathematik und Mechanik, B4 1,
Heft 4, pp. 233 - 252 (August 1921).

45



[18] Eckert, E.R.G., and Drake, R.M., Jr., Heat and Mass Transfer,
Second Edition, (McGraw-Hill Book Co., Inc., New York,
N.Y., 1959).

[19] Jakob, Max, Heat Transfer, Vol. 1, (John Wiley and Sons, New
York, N.Y., 1949).

[20] Lacovic, R. F., Yeh, F. C., Szabo, S, V., Jr., Brun, R. 7J.,
Stofan, A. J., and Berns, J. A., Management of cryo-
genic propellants in a full-scale orbiting space vehicle.

NASA TN D-4571, (1968).

46



Appendices
A. Mathematical Development
Development of the mathematical expressions used in this analy-
sis to determine the boundary layer descriptors, the extent of thermal
stratification, and the rate of pressure rise are based on several pre-
vious works. The development does, however, include certain methods

[16]

which are believed to be original for this problem. The translation

of Von Karman's original work 17] and the subsequent work of Eckert
and Jackson[15 were primary sources for the basic premise of relating
momentum flow, buoyancy force, viscous force, and thermal energy

in such a way as to permit determination of the boundary layer descrip-
tors such as thickness, velocity, and wall temperature.

This development assumes a finite geometry tank and axial
symmetry of both the tank geometry and the fluid behaviour. A cone-
shaped geometry is assumed which may occur over the entire height
of the tank or over only the upper portion of the tank. It is assumed
that the base of the cone is downward and that the acceleration force
field is directed along the tank axis. Nomenclature and physical
format are as shown in figures 2 and 3.

A.1 Momentum-~Force Balance Equations

Assuming a boundary layer flow parallel to the tank wall, an
equation relating the change in momentum flow over a differential
height,dx, to the forces acting over that same height is developed. It
is assumed 15] that the temperature variation across the boundary
layer is given by

1/7
———-—:1-(%) , (1)
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and the velocity distribution by

v 1/7 4
u _ Y 2)
7= (%) (1-%) . (

It is further assumed that the thickness is the same for both the tem-

perature boundary layer and the velocity boundary layer.

The change in momentum flow across the element is described by

)
d . d 2
— (mu)dx:&lifo?‘"o(R"Y)u dy cos Y]dx. (4D)

A viscous shear force acts parallel to the wall and opposite to the

direction of flow,

2= R
v -Tw cos Y

and a vertical buoyant force has a component parallel to the wall of

§
Fp =2ng cosv_[;(pB-p)(R-y)dydx. (5a)

Equating the forces acting to the change in momentum flow:
6
d 2w YfD(R ) 2 dy | dx
= T co -
I cos ; y)u dy

2T R

&
= T ' - - -
[2 g cos \J-(DB P (R y)dy]dx ’Tw cosYdX'

O
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Since small temperature differences are encountered, we may say
P/o_ =~ 1 , except for algebraic differences such as occur in the buoyancy

B
term, In the buoyancy term, we let QB- Pa 3 pB 8 . This results in

d 6 6 T R
o (R- )uzd =0_Bg O (R-y)dy - il ., (3b)
dx B o 4 4 B o cosl y

Evaluating integrals gives

2 2.2
4 [D (0.052315 R6U™ - 0,0065393 6" U )J
dx B
T R
0.125 R69 - 0,0333336°8 ) - ——s— _ (3c)
- QBBg (0. w w  cos?y )
Performing the indicated differentiation, this becomes
2 2
6 dU U 8 dbd U dR
o - =) — — -—_—) — — ==
0.052315 B 2U(1 SR ) T 5 (1 iR ) dx R ™
B W ) W
= ———— (1 - 0,26667 —) - T35 3d
8 ( 6 R ) 5cos? Y (3d)
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Neither & or T in this equation are known at this point. Using the

Vo [18, page 143]

Blasius correlation , we obtain

1/4

2/ v (14)
T -0,0228 p_U" (= -—)
W 0. 8 B <U5cos W)

Likewise, 9 can be determined by combining the Reynolds analogy

203 . . . .
page ] with the above Blasius correlation plus a correction term by

Colburn for Pr variation[lg’ page 521; 18, page 324]. This combination

gives,
2/3 1/4
anPr <U5cos Y) . (15)

8 =
0,022 U
W .ZSCQB \Y]

Note that ., is used for the heat flux term since ew should reflect the

total heat flux pattern below the plane under consideration. Introducing

these terms,

2 2
8 U U 8 dé U~ dR
2 -——) — — (]l - — ) — 4+ — —
O,OSZBISDB[U(I 8R)dx+ 5 ( 4R)dx+R dx]
¢8q pr2/3 1/4 1/4 0. 0228 p_ v 1/4U7/4
~ m 6 cos Y (1 - 4/15 _5) B
- 1 - h 5
0.1824 v /4U3/4 R 6 /4 0059/4 Y
(3e)
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From this we obtain

2/3 1/4 1/4 4
au 52.399 gB Pr qmé cos y (1 —15R)
dx 1/4 _7/4 5
0pCV U (1 -—2%)

1/4_3/4 Ul -
0.2179v ' "U U dR “ 4R’ db (7a)
5/4 9/4 4) - o) ) dx °
& cos v (1 _SR) 2R (1 - 3R ydx  256(1 —8R)

A.2 Energy Balance Equation
A second equation is obtained by equating the change in thermal
energy across the element to the total thermal energy entering (or
leaving). In all cases, the reference temperature is the bulk fluid
temperature,
Thermal energy entering in the fluid across the plane at x is

given by
¢
f 2mpcH(R-y) udy cos v,
o

and the change in thermal energy across height dx is then

o)
8(R-y) udy :)dx.

4 [2
T ﬂchcosyf

(o}

Mass flow entering or leaving the element normal to the wall at the sur-

face y = & is at the datum temperature T_; thus, 6 = 0 and no thermal

B
energy is transported. Thermal energy is gained from the heat flux

through the wall bounding the element in the amount,

2m R q
w
dx .

cos vy
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Equating these amounts, setting P = ¢ B’ and performing the indicated

integration results in

R qw dx

d
[ 8 Ub(0,03663 R- 0, 004785 6)} dx = >
W COBcos Y

dx

(16)

Substituting for ew and rearranging gives

d
s quul/4a5/4 1/4,9/4 | _ w

dx

- 0.1306 q_U

Differentiating, collecting terms and solving for d8/dx yields

ds 0.4979\)1/4q 48 5
w - (1-0.1306 =)

- 1
dx qur2/3U /451 /4(:059/4 Y 5q

dgq 4% dR

_m
dx 5R  dx

m

6
- 0, 2352 —
(1 .2 R)

8
§(1-0, 1306 E) dU
— . (Ba)

&
5U(1-0. 2352E) dx
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A.3 Gross Energy Balance Equation
Energy enters the boundary layer over the entire tank wall and
is carried upward by the boundary layer, We assume that all energy
entering stays in the boundary layer; therefore, the rate at which energy
is carried by the boundary layer across any horizontal plane is equal to
the rate at which energy is entering the boundary layer below this plane,

thus: 8
21 .DB ¢ cos one (R-y) udy = 9, A(x), (17)

where the plane is located a distance X above the tank bottom,

Evaluating the integral and substituting for ew results in

1. 6066 Pr2/3 RU1 /4 55/4

& A (x)
(1-0,1306 —) = (17a)
v L/4 R 2T cos /4 Y
Solving for U,
1/4 4
v Alx)
v 7 /4 5 5/4 - 0

10,095 Pr2 3R55 (1-0.1306E) cos Y

A .4 Solution of Equations

The above developed equations are of the form:
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du db
— = A(U, ¢ o) —
(U, 5,x) + B(U, 0) , (7)
do du
2. 8 5) ——
™ C(U, 8,x)+ D (U, )dX , (8)
and
U=U(%,x). (9)

Input parameters such as tank geometry, fluid properties, and
heat flux to the tank are required in all these equations. Solution of
the above equations is accomplished by a Newton's method iterative
process. A value for (:61) is assumed and a corresponding value for

U1 determined from equation 9a. These paired values for Uland 51

are then used in equations 7a and 8a to evaluate dU/dx and d%/dx, An
incremental change in x, Ax, is then made and, using the same 5 a new

value U2 is found, then ATJ = UZ- Ul . A term defined as f1 = 22 - -3%

is then determined, 6lis now increased by an increment A% = Axdb5/dx,

a new set of values for U and dU/dx is calculated and an fZ determined,
fz - f
Ad
initial 61 made of the amount - fl/f’. This new value for 0 is then

The value ' = is now found and an algebraic addition to the
used to initiate a new series of calculations. When |f1| approaches
zero within some predetermined value, then the corresponding values
for 5 and U are taken as the true values.
A.5 Growth of Stratified Layer
At any plane, the volume flow rate across that plane in the

boundary layer is given by
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8
Vo= JZ‘“COS Y(R-y) udy
o

2
= 2T(0.1464R>U - 0,027236 U) cos Y.

(18)
. . 2 . .
Since V At =R Ax , we solve for the time increment
R
at = 3 AZ, (19)
0.29278U (1-0, 1860 E) cos Y

By making AZ sufficiently small and summing the time increments,

n

the time, t = ZAt, for the stratified layer to grow to any thickness,
n

A= ZAZ,can be calculated,

The above developed equations apply to both the ullage volume
and the liquid volume,

A .6 Temperature Distribution

During time t, thermal energy in the amount qu{’t has

entered the liquid and will appear in the liquid occupying the stratified
layer. The question to be answered then becomes, how is this energy

(as revealed by temperature) distributed in the stratified layer ?
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For this development, it is assumed that the energy distribution is an

e xponential of the form

E(Z) = m 7", per unit volume, (12)

The energy entering through the wetted wall during time t is
- 20
Q= qu£ t. (20)

The energy stored in an infinitesimal layer of liquid (in the stratified

layer) is
2
dQ =mR E(Z) dZ, (13b)
thus
5 2 4
O=nfmR Z dzZ, (13¢)
o)

We assume that m takes on a series of values such that mR2 is a

constant; thus,

A 2 n+l

2 A

Q =rrmR z"az _TmR . (13d)
Yo n -+ 1
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Combining 13d and 20, we find that

quE t (nd-1) (21)
e 2 . n+l '
™R A
and therefore that
q A, tntl) (zY
dg - -2 n =/ dz. (13e)

Also, from the temperature of the layer:
2
dQ=mR" 0 c 8 dZ, (22)

Equating these expressions, we determine that,

n
A t(n+l) Z
0 . m (_) (23)
2 R2 pch A
& 7 thus represents the temperature pattern over the height of the

liquid stratified layer, The value for the exponent n is determined

empirically and has been assigned the value 2 for most of the calculations

performed, Experience has shown that the pressure rise rate is not

particularly sensitive to the value chosen for the exponent.
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The temperature pattern in the ullage space is determined by a
different method. In the ullage space, the stratified layer depth,
corresponding to the time t found for a particular depth of liquid
stratified layer, is divided into small vertical increments, All of the
energy entering through the ullage sidewall during the incremental time
it takes for the uppermost increment to develop due to boundary layer
flow is assumed to be uniformly distributed in this increment., Energy
entering the ullage sidewall below this first increment during the incre-
mental time to develop the next layer is evenly divided between the
first and second layer increment; during the next time increment, the
energy is evenly divided among the top three layers, then the top four, etc.,
continuing in this manner until the entire depth of the stratified layer
has been covered, In addition, each layer accumulates all of the energy
entering the sidewall area it is exposed to from the time the stratified
layer depth includes that layer until the total stratified layer depth ([\V)
is reached, Temperature in each layer is then obtained from the

equation

EZ
8, = —-—‘;—— (24)
V. mepcRaz_ "
v
A.7 Ullage Mass Determination
Mass contained in the ullage space is obtained by a numerical

integration, At any specific point in time, the mass contained in the ullage

volume below the stratified layer is given by
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In the stratified layer, a numerical integration is conducted with each

of the increments containing a mass

2
Am =17R Q(GZ) AZV, (26)
where the density, 5, is a function of pressure and the local tempera-
ture.
Tt »rass contained in the ullage at t = 0 is given by
m.=p V , (27)

1 S u

where O is the saturated vapor density at the initial pressure.
A. 8 Liquid-Vapor Interface Equilibrium

At time t = 0 it is assumed that the temperature of both liguid
and vapor is uniform at the saturation temperature corresponding to
the existing ullage pressure. The initial vapor mass contained in the
ullage space is determined by the methods outlined in section A.7. At
time tl, corresponding to the growth of the liquid stratified layer to
depth A!l and the accompanying growth of the vapor stratified layer to
depth AVI’ temperature gradients are computed for both the liquid and
vapor phases by the methods of section A. 6.

Determination of the ullage pressure begins by assuming an
ullage pressure corresponding to the saturation pressure for the tem-
perature existing at the liquid surface. With this pressure and the
previously established ullage space temperature gradient, a mass con-
tained in the ullage is determined. This calculated new ullage mass is
then compared with the ullage mass at time t = 0; if the new mass is
larger than the initial mass, then the usual situation of liquid vaporization
is required; if the calculated mass is smaller, then condensation of some
vapor must occur in order to achieve equilibrium between the ullage space

and the liquid surface. In the unlikely case of the new mass being equal
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{6 the initial mass, then the ullage and liquid are in equilibrium and a
new series of stratified layer calculations can commence.

For the vaporizing case, a new temperature, less than the cal-
culated surface temperature, is assumed and the corresponding sat-
uration pressure for that temperature assumed for the ullage. An
ullage mass calculated using this pressure and the previously deter-
mined temperature gradient is compared with the adjusted initial ullage
mass (adjusted for the mass of liquid vaporized in order to reduce the
temperature of the liquid layers adjoining the surface to the assumed

temperature),

m =—m. + Am .
a 1 v

Successive calculations permit bracketing of the equilibrium value,
which is finally determined by linear interpolation between two
bracketing values. The energy contained in the surface layer of liquid
that is used for vaporizing liquid is found from
V4
E = 1RZT T ) dZ (28)
' OBC/ (T, - Tg)az
¢

The mass vaporized is then determined to be

Am =E /L . (29)
v £ v

For the condensing case, a similar process is followed; however,
the liquid temperature gradient produced by condensation is not constant
as is the case when vaporizing. Determination of the gradient proceeds

by assuming a surface temperature and computing a gradient from the

error function relation O],
T - T 2 o 2
-
Ts max Ts _ / o dn, (30)
s max B \)” o]
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Z
where ¢ =———— T is the assumed surface temperature for a
2 \/Qt s max

particular iteration. Eg is calculated as before (note that Eg will now

be negative since Ts > T and therefore Am _ will be negative). The
v

£
integration is carried only to the depth where Tg = TS.

Adjustments to the ullage pressure for the thermal energy enter-
ing the tank bottom are made for each pressure calculation step by a
manual calculation. It is assumed that all thermal energy entering is
uniformly distributed in the liquid, i.e.,

qt = p cVeAT,

B
where Ve is the volume of liquid in the tank. Thus

4t

AT =
e

"B
Pressure i1s assumed to be a linear function of temperature over the
small interval considered. The maximum pressure difference and
the corresponding liquid surface temperature difference are used to

establish a AP as a function of AT, thus:

Ap1'r1ax
AP = AT ———
4 AT
max
Substituting we have
. AP
q max
AP = t.
p_c¢c V AT
B p e max

This value is added to each pressure in the summary using the

corresponding value for t.
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B. Computer Program

A computer program has been written to solve and combine solu-
tions of the various equations developed earlier for the primary purpose
of predicting the pressure history of a closed liquid hydrogen tank. The
program consists of a main calling program, plus 26 subprograms,
together with some standard library routines. Development and pre-
dominant use of this program have been accomplished using a Control
Data Corporation* (CDC) 3600 computer; verification runs have been
made on an International Business Machines*(IBM) 360/65 computer.

Writing of the program was aimed at permitting the most general
input so that external parameters can be readily varied. Circumfer-
ential symmetry was assumed in the mathematical development and
must be maintained. Variables which can be inserted include axial
heat flux variations, tank geometry (i.e., radius, height, nose cone
slope), fluid properties, starting pressure, maximum pressure, liquid
quantity, and local acceleration force. When the nose of a tank is
tapered, the shape is approximated with a cone.

A brief description of the functions of the main calling program
and the subprograms is presented in the order that they would appear in
the deck. Listings of the program and the nomenclature of the important
variables are also included.

B.1 Program Description

RAVE

This is the main calling program; it calls the subprograms in

the correct order, detects when the pressure limit is exceeded

* Precise specification of the computer employed has been necessary
to make the description sufficiently meaningful. Identification of this
computer or its manufacturer by the National Bureau of Standards in no
way implies a recommendation or endorsement by the Bureau.
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and prints out a summary of the results. Input required by the program
consists of 40 cards containing fluid properties, plus four cards contain-
ing tank geometry, heat flux, initial condition, limiting conditions, and
exponent to be used for liquid temperature variation.

The general calling sequence of RAVE is MASSS, PROPERTY,
DTL, DTEMPV, THETAL, THETAV, and MASSC. This sequence is
used repetitively starting with an increment, A, of liquid stratified
layer thickness and successively increases this thickness by the same
increment until the ullage pressure exceeds the pressure limit estab-
lished as part of the input data. The printed summary includes the
stratified layer thickness, elapsed time, tank pressure, pressure rise
rate, pressure difference, and time difference.

Subprograms

MASSS

Calculates the initial mass of vapor in the ullage volume under
the assumption that the vapor is saturated at the initial pressure. Sub-
program FINDD is called by MASSS to determine the vapor density.
FINDD

Calculates the density of parahydrogen when given the pressure
and temperature. An initial estimate of density is needed when saturated
conditions exist in order to guide the result toward the liquid or vapor
value as desired. Note that this subprogram is for parahydrogen only;
if another fluid is used, then a different program will be required.

PROPERTY

Uses input cards of temperature and viscosity to calculate liquid

and vapor properties for use by other subprograms.
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DTL
Calculates the time for the stratified layer to occupy a specified
thickness, A. Calls subprogram ULIQ for use in calculations.

ULIOQ

This subprogram calculates the liquid boundary layer thickness
and a velocity parameter. It calls DOML, UCALCL and DUCALL for
use in the calculation.

DOML

Calculates the mean heat flux, q_ . over the tank wall below
location x and the rate of change of 9, with height at x, i.e., dqm/dx.
9, is drawn into the program from common via the values for the con-
stants in the linear equation for qa, (see QWL).

UCALCL

Calculates the velocity parameter U when given a boundary layer
thickness, . Used in the iteration procedure of DTL.
DUCALL

Given a paired set of values for U and & (from UCALCL) this
subprogram calculates a value for dU/dx. QWL is used in this sub-
program,
owL

From the set of heat flux values given as input data, this sub-
program fits a linear function between adjacent locations. Where a
change in heat flux occurs, and at the liquid-vapor interface, a finite
distance must separate heat flux input values, i.e., the heat flux at

any specific location must be unique.
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DTEMPV

Calculates the time for the ullage space stratified layer to reach
a certain depth. Determines a stratified layer thickness corresponding
to the time calculated in DTL by an iteration procedure. Calls UVAP
and INTEGRAT.
UV AP

Calculates, via an iteration procedure, a consistent set of values
for UV and 6V. Uses subprograms DOMV, UCALCV, and DUCALV.
INTEGRAT

Uses the Newton-Cotes numerical integration method to integrate
over a set of values using a minimum of seven evenly spaced points.
DOMY

Calculates values for the mean heat flux, 9 and the rate of
change of Uy with height, dqmv/dx. Uses output of QWV,

UCALCV

Calculates a value for the velocity parameter, Uv’ in the ullage
space when given a boundary layer thickness, 6v
DUCALV

Calculates the rate of change of UV with height, dUV/dx, when
given a paired set of values for U and év. Uses QWYV in the calcula-

v
tions.

owv
Uses the same set of input data for heat flux as QWL and supplies
a linear fit between successive values.
THETAL
Determines the temperature distribution in the liquid stratified
layer based on the assumed exponential variation of specific energy.

The exponent used is part of the input data. Subprograms ULIQO, DOML,
and INTEGRAT are used.
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THETAV

Determines the temperature distribution in the ullage stratified
layer by the method described by equation 24, appendix A. 6. Uses
PTCP in the calculations.

PTCP

Calculates specific heats for either the liquid or vapor state using
input data from CSUBP or CSUBV. Values produced are for para-
hydrogen only and substitution must be made if another liquid is used.
MASSC

Determines equilibrium value for liquid vapor interface. Sub-
programs VP, MASSU, INTEGRAT, ERF and DMF are used. Iterates
on a final value that assures pressure and temperature equilibrium at
the interface as well as a mass and energy balance.

VP

Calculates a saturated vapor pressure corresponding to a given
temperature. Gives values for only parahydrogen as written; a cor-
responding program would be needed for a different fluid.

MASSU

Calculates the mass contained in the ullage volume when given a
temperature distribution and a pressure. Uses subprograms FINDD
and INTEGRAT.

ERF

Calculates values of the error function for values of the argu-

ment supplied by the using subprogram. Used by MASSC to treat the

condensing case.
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DMF

Calculates the latent heat of vaporization at an average pressure
between the pressure of the previous step and the current try. Used in
MASSC to compute the mass vaporized or condensed. Values are for
parahydrogen only; a corresponding program would be needed for a
different fluid.
CSUBP

A tabular set of data of constant pressure specific heats for
parahydrogen only. Used by PTCP.
CSUBV

A tabular set of data of constant volume specific heats for para-
hydrogen only. Used by PTCP.

In addition to the above described programs, certain other library
programs are used in various of the subprograms. These are:

TANFEF

Returns the tangent of an angle when given that angle.

COSF

Returns the cosine of an angle vwhen given that angle.
SORTF
Extracts the square root of a number.

EXPF

n .
Returns the value e when given n.
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B.2 Program Nomenclature

Symbol Description
AL Thermal diffusivity, liquid, cmz/s.
AQ Constant in linear equation for 9,
AV Thermal diffusivity, vapor, cmz/s.
BETAL Thermal coefficient of volumetric expansion,

liquid, 1/K.
BETAV Thermal coefficient of volumetric expansion,

vapor, l/K.

BQ Constant in linear equation for 9,

COSA Cosine of GAMMA,

COSG

CPL Constant pressure specific heat, liquid, J/g=mol- K.
CPV Constant pressure specific heat, vapor, J/g=mol. K.
DELTAL Stratified layer thickness, liquid, cm,

DELTAV Stratified layer thickness, vapor, cm.

DENL Specific volume, saturated liquid, cm3/g-mol,
DENV Specific volume, saturated vapor, cm3/g-m01_
DPDRL Value of (3P/9d D)T s

3
saturated liquid, atm.cm / g=mol.
DPDRV Value of (d3P/3d P)r ,

3
saturated vapor, atm.cm /gemol.
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DPDTL

DPDTV

DRDX

GAMMA

LC

MASSI

NUL

NUV

PL

POWER

PR

PRV

PS

Value of (0P/3T),,

saturated liquid, atm/K,

Value of (3aP/aT) 0

saturated vapor, atm/K,

Rate of change of tank radius with height,
dimensionless,

Half angle at nose cone, rad.

Axial acceleration field, em/s

Distance, liquid surface to top of tank, cm.
Height of cylindrical portion of tank, cm,
Height of liquid in tank, cm.

Initial mass of vapor in ullage space, g.
Kinematic viscosity, liquid, cmz/s.
Kinematic viscosity, vapor, cm /s.

Tank pressure upper limit, atm,

Exponent used for specific energy distribution

in liquid stratified layer,
Prandtl number, liquid,
Prandtl number, vapor.
Current tank pressure, atm,
Initial tank pressure, atm.

2
Wall heat flux at discrete points, W/cm .,
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OwW

RC

RHO

RHOV

RS

SL

SV

TAMB

TANG

TB

TDL

TDV

TH

THV

TIME

Linearized value for wall heat flux over
tank height, V\/'/cm2

Cylindrical radius of tank, cm.

Density used during current calculation,
liquid, g/cm3.

Density used during current calculations,
saturated vapor, g/cm’.

Local tank radius, cm.

Tank radius at liquid surface, cm.
Entropy, saturated liquid, J/g-mol- K.
Entropy, saturated vapor, J/g-mol- K.
Ambient temperature, K.

Tangent of GAMMA,

Bulk temperature, liquid, K.

Local temperature increase in stratified layer,
liquid, K.

Local temperature increase in stratified layer,
vapor, K,

Boundary layer thickness,

liquid, cm.

Boundary layer thickness,

vapor, cm.

Current time to achieve DELTAL, s.
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TSAT

uv

ZINC

YA

Saturation temperature corresponding to P, K,
Boundary layer velocity parameter, liquid, cm/s.
Boundary layer velocity parameter, vapor, cm/s.
Vertical distance variable, cm,

Number of increments of DELTAIL and DELTAYV,
Vertical distance in stratified layer,

liquid, cm,

Vertical distance in stratified layer,

vapor, cm,
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B.3 Program Listing

PROGRAM RAVE

DIMENSION TABSL(101)sTABSV(101},2Y(101)
1 COMMCN AL,AQ(100)sAVsBETALsBETAVsBQ(100)+sCOSA»COSGICPL(20)+CSLy
CPV(ZO)9CSLA9C5V(20)’DELTAL(SO),DELTAV(5O)QDENL(ZO),DENV(20)90L9
DPDRL(20)sDPDRV(20)sDPDTL(2C) sDPDTV(20) sDRDXsDVP»FP »Gs GAMMA 4 H,
IQIDX’[U’IXV9IZ;JERROR,JTR,KB;KD,L9LC9MASSQMA551’NPT,NTR,NUL’
NULAQNUV9NXSP’PA(50)QPOWER9PRQPRVQPT(20)QQ(IOO)’QW’R’RCQRHO!
RHOVsRSsSL{20) 9SLCsSV(20) s TAMBy TANGsTB»TOL{101) s TOV(101)sTH,THV,
TIME(S50) s TSATIZ0) s1UsUVeXsXB(100) sY(101)sZ(101)sZINCsZV(101)
2 FORMAT(10C840/2E1040)
3 TORMAT(4F1040)
4 FORMATI(5F1Ce0)
5 FORMAT(4F104099Xs11)

REAL LoeLCeMASSsNUL LV sNUV

BN

[oANRSL

NTR = 1
NPT=1
JTR = 1

READ(592 ) (PT(I)>DENL(I)sDPDRL(I)sOPDTL(I)DENV(I)sDPDRV(I)+DPDTV(I
1) oSLIT JoSVII)»TSAT(INsCPVII)sCPL(I)sI=1520)

8 READ(5+4) GAMMA, RCy LCs» Ls H
9 READ(53s5) GsQWsDLZIMNCHNR
10 READ(5,3) PSy TAMB, PL

READ (5,1111) POWER
1111 FORMAT(F10.0)
GAMMA= 341415926535*GAMMA/18040
JJ=ZINC
NPTS=JJ+1
JERROR = 1
KB =1
KD =1
DO 600 I1=1+50
600 DELTALITI)=00

11 DELT LO = 040
12 DELT Vo = 0.0
13 DVP = 0.0

14 KR = 1

16 P = PS

17 CONTINUE
WRITE{(65171) DLsPL $ZINCsPSsTAMB
171 FORMAT(18X»2HDLs17Xs3HPL 916Xs4HZINCs17X92HPS»16Xs4HTAMB/5F2042)

172 FORMAT (10X, 91H GAMMA RC
1LC L H /F206554F2042)
WRITE(6+172) GAMMA sRC oL CyL oH
WRITE(6+173) GsQW

173 FORMAT(16Xs1HGs20Xs2HQW/ 2F20e3)
UWRITE (651112) POWER
1112 FORMAT(12Xs12H POWER = oF10.48)
18 CONTINUE
19 CALL MASS S
WRITE(6,180)
180 FORMAT(50Xs16HMASS S INCREMENT)
20 CALL PROP TY
190 FORMAT(50Xs20HPROPERTY INCREMENT,s1)
WRITE(65190)
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21 GO TO 27
22 DO 24 1 = 2,20
23 IF(PT(I)=P) 24425425
24 CONTINUE
25 CALL PROP TY
210 FORMAT(50Xs20HPROPERTY INCREMENT 2)
WRITE{(65210])
27 CALL DTL
GO TO (221942) yJERROR
221 WRITE(65220)
220 FORMAT({50Xs13HDTL INCREMENT)
28 CALL DTEMP V
GO TO (231242)»JERROR
231 WRITE(6+230)
230 FORMAT(50XsY7HDTEMP V INCREMENT)
29 CALL THETA L
GO TO (241942) s JERROR
241 WRITE(6+240)
240 FORMAT(50Xs17HTHETA L INCREMENT)
30 CALL THETA V
GO TO (244942) s JERROR
244 GO TO (2455251)4NPT
245 IF(NXeLTe3) GO TO 251
WRITE(69500) (XB(JJ)sQ(JJ)»AQ(JJ ) ,BQ(JIJ Yo JJ=14NX)
500 FORMATI(16X, 2HXB 20X ¢2HQ 316X s2HAQs 19X 3 2HBQ//(2X92F20e5+2E20e4 )
1)
250 FORMAT(S50X»17HTHETA V INCREMENT)
251 WRITE(6£+250)
NPT=2
WRITE(6+502)
502 FORMAT(14X91HZ:15X93HTDL’13X’5HTABSL,14X92HZV$14X93HTDV9
1 13Xs5HTARBSY /)
DO 505 JJ=1sNPTS
TASSL(JJ) = TB + TOL(JD)
TABSVI(JJY = T8 + TDVI(JJ)
504 ZY(JJ) = L + Z(JJ) - DELTALIKB)
505 WRITE(69510)ZY(JJ,!TDL(JJ)’TABSL(JJ),ZV(JJ)’TDV(JJ)’TABSV(JJ)
510 FORMAT(2(4X92E16e495X9F1043) )
31 CALL MASSC
GO TO (261942) sJERROR
260 FORMAT(50X»16HMASS C INCREMENT)
261 WRITE(6+260)
33 JTR = 2
35 IF(KReGTs1l) GO TO 39
36 PAO = PS
PA(KR) = P
IF(P+GT«PL) GO TO 42
TIMEO = 0.0

37 KR = 2
38 GO TO 22
39 PA(KR) = P

IF(PeGTsPL) GO TO 42
40 KR = KR+1
41 GO TO 22
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42 WRITE(Bs45)
KG = 0
WRITE (6466) PAOSTIMEOSDELT LOSDELT VOsKO
43 WRITE(646) (PA(KYSTIME(K) sDELTAL(K )sDELTAVI(K ) K sK=19KR}
45 FORMAT{1IH1s6Xs8HPRESSURE s11X94HTIME 39X s6HDELTAL s9Xs6HDELTAV9X
1 1THK/5Xs11HATMOSPHERES 98X s THSECONDS sSX s L1IHCENTIMETERS 94X s 11HCENTI
2METERS /)
06 FORMATI( LE1545s110)
47 WRITE(6+955)
DELPA = PA(1)}-PAC
CELTZ = TIME(1)-TIMEO
PRISEA = DELPA/DELTE
IDA = 1
WRITE(&6+54) PRISEAWDELPA,DELTB,IDA
48 DO 53 ID = 2+KR
49 IF( KReGTe50) GO TO 59
50 DELP = PA(ID) - PA{(ID-1)
51 DELT = TIME(ID) - TIME(ID-1)
52 PRISE = DELP/DELT
53 WRITE(H954) PRISESDELPsDELTID
54 FORMAT (3E3045+120)
55 FORMAT(1HOs15X+18HPRESSURE RISE RATE»12Xs19HPRESSURE DIFFERENCE,
1 13Xs15HTIME DIFFERENCE 313X s IHINCREMENT /22X s THATM/SEC»24Xs3HATM
2 28Xs3HSEC/}
56 WRITE(6957)
57 FORMAT(3X, 59HTANK PRESSURE HAS EXCEEDED UPPER LIMITs SCRATCH ONE
1 CENTAUR)
58 GO TO &1
59 WRITE(&6+60)
60 FORMAT(5Xs37THINCREMENTS OF PRESSURE RISE EXCEED 50)
61 IF{NR+EQeO) GO TO 62
NTR=NTR+1
NPT =1
GO TO 8
62 CONTINUE
END
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SUBROUTINE MASS S
THIS ROUTINE COMPUTES MASS CONTAINED IN ULLAGE GAS
SPACE WHEN NO TEMPERATURE GRADIENT EXSISTS
1  COMMON AL2sAQ(100)sAVSsBETALSBETAVIBQ(100)+sCOSASCOSGsCPLIZO0YsCSLy
CPV{20) sCSLASCSV(Z20) sDELTAL(S0)sDELTAV(E0) s DENL(20)sDENVI2C)sDL,
NPPERLI20)9DBPLRVI2D) +DPDTL(20) sDPDTVIZ20) s DROX sDVP s SP 3 Gy GAMMA 4 H o
TsTDXsTUsIXVeIZs JERRORSJTR KB IKD 9L oL CoaMASSsMASST sNPTsNTRINUL
MULASNUVsNX 3P s FA(BC) s POWERsPR PRV HZPT(20)43Q(100) 9yQWsRsRCyRHO,
RHOV 9253 SL(20) 9GLCHsSVI20) s TAMBS TANGs TBsTOL(101) s TDV(101) s THsTHV
TIME(EO) s TSATI20) sUsUVaXsXB{100)sY(101)9Z2(101)s2ZINCsZ2V(101)
REAL LsLCHyMASSHIMASS]

3 DC 5 1 = 2520
4 IF (PTLI)-=P) 54696

[ I S

5 CONTINUE

6 TB = FINT(TSAT)

7 RHOG = (FIND D(Ps0e50sTB)1%0400201572
8 COSG = COSF{GAMMA)

9 TANG = SIN(GAMMA) /COS(GAMMA)

10 IF {LeLTeLC) GO TO 14
11 RS = RC-{L-LC)*TANG
12 MASS = RHOG¥3414159%( (RS¥#2) #H~-RSH* (H¥%2 ) #TANG+ ( ( (H¥#3) ¥ (TANG
1 =%%2))/3.,0))
WRITE(6522) MASS
MASS1 = MASS

13 RETURN
14 RS = RC
15 H1 = H

16 H = H-(LC-L)

17 MASSA=RHOG¥*3414159% ({RS¥#2 ) ¥H~RS* (H¥X2 ) ¥ TANG+( ( (H*#3)* (TANG
1 *%2))/3.0))

18 H = LC-L

19 MASSB = RHOG#3,14159% (RC*¥%2) *H

20 MASS = MASSA+MASSRH

21 WRITE(6922) MASS

22 FORMAT{24X> 4HMASS /E2044)
23  MASS1 = MASS
24 H = H1
25 RETURN
END
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FUNCTION FINDD(PRESsTGsTEMP)

P=PRES

T=TEMP

IF({TGeNE«OeC) GO TO 6
DF=((T/13.803)%%¥0,3104277)/26e176

IF{TeGTW4100e)} GO TO 6

TF{TeGTs2be) GO TO 7

IF(PeGTe12e759)1G0O TO 4

IF(TelTel3e803) T=13.803

IF(TelLTe20e268) GO TO 1
V=2400062-50409708/(T+160044)+0.01748495%T
YP=1040%%V

IF{TeLEe2940) GO TO 2

A=T=29.0

TTT=A¥A%A

TF=TTT#A*A

TS=TTT#A*TTT
VP=VP+0e4001317*¥TTT~0e00005926%#TF+04000003913%TS
GO T0O 2

VP=10s0%# (1 e 7T72454-444,36888/T+0.02055468%T)
IF(VP-P) 3,696

D=60417-0.0000154%TH*T
IF(0e06954+(T=134803)%#(30e3312¥EXP(~54693/T)+(T+T)/3e)-P)535,8
IF{Qa06SG5+(T—-134803)%#(30e3312%EXP(=54¢693/T)+(T+T)/2)=P)515,47
FINDD=DF #1000.,028

RETURN

D=P/T/80s

GO TO 8

D=(DF#*#(100e=T)+{T=224)%P/82064)/78%

R=26¢176%D

RR=R#*R

RRR=R*#RR

RRRR=RR*RR

X=13,803/T

SSX=SQRT(SQRT (X))

S5=D/«01544

A=T/32976

AsARA

A=A*A

T8=A%A

SM0=5~1,0

PHI=040

Z=0.0
C=(({(({((10e¢72108689-0,77025578*RRRR)*RRR-67¢14588122)%*RR+
1239411305168 )%R~-294,2851871)%R+128,32512808)#R~13,98447635
2)%¥R~2.01760851) %R

REXP= {((1]1683199451-0+94457676%R}%¥RR-0624100077)%R~2+2337918

1)#R+1.96823016)

BEXP=EXP(BEXP)

B=R* (3EXP-1+14271)
AEXP=EXP(-142684%R)
A=2413502896%R+1.01704119*RR*AEXP
PI=(81+%R-697+)#RR

PEXP=EXP (A#SSX+B#X+CHX¥X¥X+2)
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11

P=PI+D*T%#82+059T7*PEXP

DPI=(24324%R-1394,) %R
DADR=2413502896+(2403408238~1445115505%R) *R*AEXP
DEDR==14142T71+(({(7432797804-4,7228838%R)*RR=0,48200154) %R
1-2e42337918)%¥R+14)%BEXP
DCOR={({({({107421C8589-10478358092#RRRR)*¥RRR=~470,02116854)
1%RR+1195,56525341#R-11774140T7484)%R+384,4,97538424)%R-2T7+9689527)

2¥R-2401760851
DZDS=({({0s15360072%5-0,54927687361%5+0,5995350712)%5-041811562976

1) %#5=0401617496) #PHI
DPDR=26,176%DP[+R2.0597#T*(1e+264176%D¥ (DANR*¥SSX+DBDR¥*X+DCORH XXX
142 44T742833%DZNS ) ) #PIX2
DN=D-(P-PRES)/DDDR

IF(DN)9+9410

DN=1e0E~7

PCT=ARS(DN-D) /D

D=DN

IF(PCT-0e00005)11484+8

FINDD=D #1000,028

RFTURN

END
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FUNCTION FINT{DPU)})

1 COMMON ALsACG{1CO)sAVsBETALBETAVIBQA(100)sCOSASCOSGCPLI20)5CSLy
CPV(ZO)9CSLA,CSV(20)$DELTAL(5O)-DELTAV(SU)97ENL(?”)9DENV(20)9DL’
DPDRL (201 sDPDRVI20sDPDTLI2C) oDPDTVI20) sDRDX sDVP 3P, GeGAMMA G H,
15sIDXosTUsIXVeIZyJJERROR §JTRIKRsKD ol 51 L »MMASSsMASST o NPT e NTRINUL »
NULAsNUY sNX 3P sPA(50) 9POWERsPRYyPRV§PT (201 40 10C) s sRyRCHRHO,
RHOV sRSsSLI20Y 9SLCsSV(20) s TAMB A TANCoTBs TRLLLOL) TRV T) s THsTHV
TIME(50) s TSAT(20) sUsiVeXeXBIIDC) Y (10172017 1) 32 INC,Zv(101)

DIMENSION PU(101)

10 FINT =PULTY=(PULI)Y-PULT=1))¥(PT(T)=PY/APT(IY-PT(]=-1))

RETURN
END

Vs W+
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SUBROUTINE PROP TY

THIS ROUTINE COMPUTES THE FLUID PROPERTIES OF SUBJECT LIQUID
SOURCES OF CORRELATIONS AND TABLES USED BELOW

LIQUID PROPERTIES ' NBS REPORT 7987sRODERIWEBER AND GOODWIN

csy 7987 AND DEFINITION

NUL AND NUV CDC Rt349 DILLER

KONL COMPENDIUM AND 7987+CALCULATION

KONV COMPENDIUM + CALCULATIONS

LATENT HEAT 7987+DEFINITION

COMMON ALsAQ{100)sAVsBETALBETAVBQ{1C0) yCOSASCOSGCPL(20)4CSL s
CPV(20) 9CSLASCSVI(20)sDELTAL(50) sDELTAV{5C) sDENL(20) sDENVI20)sDL
DPDRL {20 )sDPDRVI20) sDPDTL(20) sDPDTV{20) sDREXsDVP sFP 3 Gs GAMMA 4 H
Iy IDXeTUsIXVeIZsJERRORYJITRIKBIKD 9L gL CsMASSsMASST s NPT sNTReNUL
NULAsNUY sNXsPyPA(50) sPOWERSPRIPRVSPT(20)sQ(1L00) 9QWsRsRCsRHO,
RHOV sRSsSL{20) 9SLCsSVI20) s TAMBsTANGs TBsTDL(101 o TDV(101)sTHeTHV
TIME(SO) s TSAT(20) sUsUVeXeXBI100YsY(101)9sZ{101)sZINCs2Vv(101)

REAL LsLCsyMASSyNUL LYV sNUV 9KONL s KONB KONV s NUCTV s NULA 3 NU s MUL

DIMENSION SATT(35)sNU(35)

FORMAT (2E840)

GO TO (8s9)s JTR

READ (86 ) {SATT(K) sNU{K)sK=1935)

TTSAT = FINT(TSAT)

GO TO(10927) 9JTR

CSL = FINT(CPL)/?2e016

CSLA=CSL

RHO = 24016/FINT(DENL)

DO 15 K=2+35

IF(SATT(K)I-TTSAT)15916s16

CONT INUE
NUL=NUIKY={NUIK)=NU(K=1)1#(SATT(K)=TTSAT Y/ (SATT(K)=SATT(K=~1}))
MUL = NUL

NUL = NUL / RHO

NULA = NUL

KONL = ((le702+04,05573%TTSAT)*10a0%#(~4) )%4,184
AL = KONL/(RHO*CSL)

DEL = FINT(DENL)

DPL = FINT(DPDTL)

DRL = FINTI(DPDRL)

BETAL = DEL*(DPL/DRL)

PR L = NUL/AL

SLC = FINT(SL)

NUOTV=8,5508%( (TTSAT*#%145) /(TTSAT+19e55) ) ¥ ((TTSAT+650439)
JUTTSAT+1175691 )% (1040%% (=6 1))

RHOV = 2.016/FINT(DEMNV)

NUV = NUOTV/RHOV

KONV = (7440%TTSAT+H7¢0)%(10640%%(~6))
CSVI(1) = 0e9%(FINT(CPY))/24016
AV=KONV/ (RHOV%CSV{1))

DEV = FINTI(DENV)

DPV = FINT(DPDTV)

DRV = FINT(DPDRV)

BETAV = DEVX(DPV/DRV)
PRV = NUV/AV
WRITE(65130)PT(I)sDENL(TIYsDPDRLIT)sDPDTLETI) oDENVII)»DPDRVIT) 3MULS
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1PRL

130 FORMAT(1HO 93X s2HPT 38X s4HDENL »y TX s SHDPORL 9 7TX s SHDPDTL 93X s 4HDENY 5 7X
1 SHDPDRV 99X s 3HMUL 49X 9 3HPRL/8E 1244 )

132 FORMAT(3Xs5HDPDTY s 1uUXs2HSL 910X s2HSY 98X s4HTSATs9IXe3HCPY 311X 1HP,
1 9Xs3HPRV/TE12e4)

42 FORMAT(TEl4e4515)

142 FORMAT (BEl&easI5)

43 FORMAT(9Xs3HCSY s9XsS5HTTSAT»11Xs3HCSL»IXs5HNUOTV 911X s3HRHO 10X
1 s 4HRHOV » 11X 9 BHNUL » 13X s 1HI)
WRITE(69132)DPDTVII)sSLIT) oSVIT)YSTSATIT)Y sCPV(1)sPsPRY

44 WRITE(65473)

45 WRITE(6342)CSVI1) o TTSAT 9 CSLaNUGTV sRHOSRHOVINUL o]

46 FORMAT(11Xs3HNUVs1OXsaHKONL s 12Xs2HAL 10X o 4HKONV s 11X
1 FHCSV 12X s ZHAV s IX s SHEETAV s X 9 SHBETAL 94X 1HK)
4l WRITE(6s46)
48 WRITE(6142)NUVIKONL AL KONY s CSV 1) sAVSBETAV sBETAL s K
50 RETURN
END
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SUBROUTINE DT L
THIS ROUTINE COMPUTES THE GROWTH RATE OF THE STRATIFIED LIQUID
LAYER
1 COMMON ALsAQ(100)sAVsBETALsBETAVsBQ(100) 9COSACOSGsCPL(20)sCSL s
CPVI(20)sCSLAYCSVI2C)sDELTAL{50)sDELTAV(50) sDENL(20) sDENVI(20)sDL s
DPDRL (20)sDPDRV(23) sDPDTL(20)+sDPDTVI(20) sDRDX sDVP sFP ¢GsGAMMA o H o
ToIDXsIUSIXVaIZyJERRORyITRsKBsKD sl s LCsMASSyMASST sNPToHTReNUL »
NULA sNUVINXsPsPA(50) s PCWERSPRsPRYSPT(20)+Q(100) sQsRsRCsRHO,
RHOV sRSsSL(20) sSLCsSVI20) s TAMBs TANG s TBs TOL(201) s TDV(1I01) s THsTHV s
TIME(S0) s TSAT(20) sUsUVeXsXB 100 sY(101)9Z{1C1YsZINCS2ZV(101)
DIMENSION F(7)
REAL L sLCeMASSyNUL LV sMUV sKONL sKONB sKONV s NUOTV s NULA s NU
IDX = 1
B = BETAL
PR=NUL /AL
GO TO (9957) NPT
NX=0
READ (5411) XB(NX+1)sQUNX+1)
FORMAT(2F10.0)
IF(QINX+1)) 13513412
12 NX=NX+1
GO TO 10
13 IF(NX)14414917
14 NX=3
XB(1)=0,0
XB(2)=LC
XB(3)=L+H
BQ(1)=0.,0
BQ(2)=0,0
BQ(3}=0.0
AQ(1)=0,0
AQ(2)=QwW
AQ(3)=QW
GO To 22
AQ{(1)=0,.0
DO 21 K=2sNX
BQIK)={Q(K-1)~Q(K) )/ (XB(K-1)-XB(K))
AQ(K)=Q(K~-1)-BQ(K)*¥XB(K=1)
21 CONTINUE
22 CONTINUE
DO 25 J=2sNX
IF(XB(J)eGTalL) GO TO 26
25 CONTINUE
26 CONTINUE
IXv=J
TIMEP=0.0
DELTAL(1)=DL
DELTAL(1)=DL
GO TO 58
57 DELTAL(KB)=DELTAL(KB-1)+DL
58 X=L-DELTAL(KB)
IF(XeLEsL) GO TO 61
59 WRITE (6s60) X

DL WN e

O OVOWUmP W
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60 FORMATI{SHIFOR X = F94,2,20H, X IS OUT OF RANGE » )
JERROR=?
RETURN

61 FLu)=X+DL/2+
F(3)=F(4)-DL*0.2029225757
F{5)=F{4)+DL*0e20209225757
F(2)=F(4)-DL*¥Ce3707655928
FI6)=F(4)+DL*¥043707655928
FU1)Y=F{4)-DL*¥044745539562
FI7)=F{4)4DL*¥0,4745539562
ASSIGN 63 TO KTR
DO 66 N=1s7
X=F (N}
GO TO 70

63 CONTINUE

66 F(N)=(R—TH*(2.O"TH/R)’/(ZQO*U*TH*COSA*(01464-002723*TH/R))
TIME(KB)=TIMEP+(F(4)*0.4179591836+(F(3)+F(5))*0.3818300505+(F(2)+
lF(é))*0.2797053915+(F(l)+F(7’)*001294849662)*DL/200
TIMEP=TIMF(KB)
X=L-DELTAL(KB)
ASSIGN 67 TO KTR
GO TO 70

67 CONTINUE
RETURN

70 CONTINUE

72 IF(X~-LC)T3+s73+74

73 COSA=1.0
DRDX=0+
GO TO 75

74 COSA=COSG
DRDX==TANG

75 CONTINUE
R=RC+ (X~LC)*DRDX

CALL ULIQ
GO TO KTRs (63567)
END
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SUBROUTINE U LIQ
COMMON ALsAQ(100)sAVsBETALSBETAVsBQ(100) sCOSA»COSGsCPL(20)5CSL
CPV(20) sCSLASCSV(20) sDELTAL(50) 9DELTAV(50) +DENL(20)sDENV(20)sCL
DPDRL{20)sDPDRV(20) sDPDTL (201 sDPOTV(20) sDRDXsCVPsFP sGs GAMMA & H
IsIDXsIUsTIXVeIZsJERRORyJTRIKB KDL sLCsMASSsMASSTsNPTaNTRNUL »
NULAsNUVsNXsPsPA({S0) sPCWERsPRsPRV4PT(20)sQ(20C) sQWsRsRCsRHO,
RHOVsRSsSL(20) sSLCsSV(20) s TAMBs TANGsTSs TDL (131 ) sTDVI101)sTHsTHV
TIME(50)} s TSAT(20) sUsUVeXaXB(100),Y(101)+2(101)sZINCs2v(101)
COMMON /VAR/NUV14s NUL14s PRV23s PRL23s COSAS4
REAL MUV 14s NUL14se LCs NULs NUV
PRL23 = PR#¥{240/340)
NUL14 = NUL*%*0,25
COSA54=COSA*%] 425
GUESS FOR TH
THl = Ool*X**(SoO/?oO)
CALL DQML(Xs AREAX1s QM1s DQMDX1)
X2 = X + le
CALL DQML(X2s ARFAX2s QM2s DQMDX2)
DO 170KK=1,20
Ul = U CALC L(AREAX1s THI1)
DUDX1 = DU CAL L{QM1»s DQMDX1ls TH1s Uls X)
U2 = U CALC L(AREAX2,TH1)

DEL Ul = (U2 - Ul)/ 1.
F1 = DUDX1 - DEL Ul
IF(ABSF(F1) - «001%DUDX1)180,180,120

TH2 = TH1%*1lel

U3 = U CALC L(AREAX1s THZ2)

DUDX2 = DU CAL L(QMI1s DQOMDXTs THZs U3s X)

Us = U CALC LIAREA X2 TH2)

DEL U2 = (U4 - U3)/ 1.

THLI = TH1 - F1/((F1 — (DUDX2 = DEL U2))/(TH1 = TH2))

WRITE(6s 300)

FORMAT (IHL///7////7/7719H * * % % % % % % ¥ /77244 U LIQ DID NOT CON
VERGE. )

WRITE (6+301) X» TH1s DUDX1s DEL U1l

301 FORMAT( 4H X =y E20410/6H THl =, E20410/ 8H DUDX1l =y E20.10/9H DEL

1

Ul =5 E20.1051H1)

180 TH = TH1
190 U = U1

200

IF (TH/ReLTs 0e2) GO TJO 200
TH = 0e42%¥R

U= CALC L(AREAX1sTH )
RETURN

END
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SUBROUTINE DQML (ABsAsQMsDQOM)

COMMON AL,AQ(100)9sAVsBETALBETAVsBQ(100) +COSAsCOSGyCPL(20)+CSL»
CPV(20) ¢sCSLASCSV(20) sDELTAL(S50) 4yDELTAV(50) 9DENL(20)sDENVI(20) DL
DPDRL(20) sDPDRV (20 ) sDPDTL(20) sDPDTV(2C) s DRDX sDVP sFP 4Gy GAMMA ,H,
[sIDXsTUSIXVeIZsJERROR$JTRIKB KD 9L 9LCoMASSyMASSI NPT yNTReNUL
NULA s NUVaNX 3P sPA(S50) sPOWERIPRsPRVSPT(20) sQ(100C) sGW sR sRC yRHO,
RHOV RS sSL{20) s SLCsSVI20) s TAMBYTANG s TBsTDL(101)sTDV(101)sTH,THV,
TIME(S50) s TSAT(20) sUsUVeXeXB(10O0) Y (101)9Z(101)+ZINCeZV(101)

REAL LC

QMI=0.0

XX=A8

QT=040

AT-‘-O-O

DO 20 J =2sNX

1J = J

IF(XB(J) eGT«LC) GO TO 10

C0=1.0

TA=0e0

GO TO 15

COo=COSA

TA==DRDX

CONTINUE

IF{XB(J)eGEeXX}) GO TO 30

XB1=XB(J)-XB{JU-1)

XB2=XB(J)##2-XB(J=l)#%x2

XB3=XB(J)#%*34=-XB(J=]1)%#*3,

Al=2#RCHXBL1=XB2¥TA +24*¥LC*¥XB1*TA

AX=A1%3,14159265/C0O

AT=AT+AX

Al=A1*AQ(J)

A2=XB2*¥RC-(2+#XB3#TA /34)+XB2%TA ¥ C

A2=BQ(J)*A2

QMI=3,14159265/CO* (A1+A2)

QT=QT+OMI

CONTINUE

J=1J

CONTINUE

XBl=XX=XB8(J-1)

XB2=XX*#%2-XB(J=1)%*%2

XB3=XX*#%3 4—XB(J~1)%x3,

Al=2 4 ¥RC*¥XB1-XB2*TA +24*LCH*¥XB1*TA

AX=A1%3,14159265/CO

AT=AT+AX

Al=A1*#AQ(J)

A2=XB2X¥RC~(2%XB3*¥TA /3)+XB2*TA *C

A2=BQ(J)*A2

QMI=3,14159265/CO* (A1+A2)}

QT=QT+QM1

Al1=RC+LC*#TA

DU=2.*3.14159265/C0*(AQ(J)*A1+XX*(BQ(J)*Al‘AQ(J)*TA’—XX*XX*

1BQ(J)*TA)

DV=240%#3414159265/CO*(A1~XX%TA)

A=AT

QM=QT /AT

N W N
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DAM=(AT*#DU-QT*DV) / (AT*AT)
RETURN
END
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FUMCTION U CALC L{ANs THA)

1 COMMON ALsAQ(100)sAVyBETALSBETAVsBQ(100) 9COSAsCOSGsCPL(20)sCSL
CPV(ZO),CSLA’CSV(ZC)vDELTAL(5O)9DELTAV(50)9DENL(20)9DENV(ZO)9DL9
DPDRL(ZO),DPDRV(ZO)9DPDTL(20),DPDTV(20)9DRDX¢DVP9FP;G:GAMMA9H9
I,IDX9IU9IXV,IZ:JERRORoJTR,KB9KD’L’LC9MASS9MASSI,NPT’NTR9NULs
NULA9NUV9NX9P’PA(50)9POWER3PR9PRVyPT(ZO)9Q(lOO)9QW;RyRC9RHO,
RHOV sRSsSL(20) sSLCsSV(20) s TAMBs TANGs TBsTDL(101) s TOV(101)sTHTHV
TIME (50) s TSAT(20) sUsUVsXsXB(100) oY (101)9Z(101)s2INC»2V(101)

COMMON /VAR/NUV14s NUL14s PRV23, DPRL22, COSA54

REAL NUV 149 NULLI&4s LCs NULs NUV

U CALC L = (NUL14%AN/{10e0946%PRL23*¥THAX¥] 425%R¥COSAL4%*

1 (140 = 04,1306%¥THA/R) ) ) #*it4
RETURN
END

[ )NV IR S UV I A\ B )
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[SABRCLER SIS I A

FUNCTION DU CAL L(QMs DQMDXs THAs UAs XA)
COMMON ALsAQ(100)sAVsBETALIBETAVsBQ{100) »COSA»COSGsCPL(20)s SL
CPV(20) 3CSLASCSV(20)sDELTAL(50)4sDELTAV(50) sDENL(20)+sDENV(20) DL,
DPDRL(20)sDPDRV(20)sDPDTL(20) sDPDTV(20) sDRDXsDVPsFP 3Gy GAMMA4H,
IsIDXsTUSIXVeIZsJERRORYJITRIKBKD 9L sLCosMASSsMASST sNPTsNTRaNUL
NULA sNUVINX 9P sPA(50) sPOWERsPRyPRYVPT(20) sQ(100) sQWsRsRCsRHO,
RHOV RS sSL(20)sSLCsSVI20) s TAMBsTANGsTBTDL(101) s TDV(101)sTH,THV,
TIME{(S50)sTSATI20) sUsUVeXsXBI100)sY{101)92(101)sZINCsZ2V{101)
COMMON /VAR/NUV14,s NUL14s PRV23s PRL23s COSAS4
REAL NUV 149+ NUUL14s LCs NULs NUV
TH14 = THA*¥0.25
AA=524394*G¥BETAL#PRL23*¥QM#TH14*¥COSA#% (1e0/440)
AA=AA/ (RHO*CSLH¥NULL14*UA*¥(7e0/4e0))

AA = AA¥(140 = 4.0%THA/(15s0%R))

AA = AA — O0e2179%NULLI4*¥UAXX¥Q ¢TS5/ (THAXX1425%COSA*¥¥(940/440))
AA = AA - UA*DRDX/{(240%R)

AA = AA/(1e60 ~ THA/(8.0%R))

BB = (-UA/(2.0%¥THA)*(1e0 = THA/(440%R)))/(1e0 = THA/(840%R))
CC = 0e4979¥NUL14*QWL (XA)

CC = CC/(PRL23*¥QM*¥UA**0 ¢ 25*¥TH14*COSA¥¥(940/440))

CC = CC =~ 4e0%*THAXDQOMDX* (140 = 0e1306*¥THA/R)/(5.0%QM)

CC = CC = 4e0#THA#DRDX/ (50%R)

CC = CC/(1e0 = 0e2351%#THA/R)

DD = =THA*¥(1e0 ~ 0413063#THA/R)/(540%UA)

DD = DD/(140C —~ 042351%THA/R)

DU CAL L = (AA + CC*#BB) /(140 - BB*DD)

RETURN

END
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FUNCTION QwL (XX)
1 COMMON AL sAQ(100) sAVSBETALSBETAVBQ(100) sCOSASCOSGsCPL(20)sCSL
CPVI(20) s CSLASCSV(20)9sDELTAL(50) sDELTAVISO0) sDENL(20) 9DENVI20}sDL s
DPDRL(20)sDPDRV(20) sDPDTL(20) sDPDTV(20) sDRDXsDVPsFP s Gy GAMMA,H
IsIDXeIUSIXVsIZsJERROR S JTR KB sKD oL sLCsMASSsMASSLIaNPTaNTRINUL »
NULA sNUV sNX sPsPA(50) s POWERSPRyPRY,PT (20) 2y Q{100) sQWeRsRCsRHO,
RHOV sRSsSL(20) 2SLCsSVI20) s TAMBs TANGsTBs TDLI101) s TDVILIO1) s THsTHV
TIME(50) s TSATI{20) sUstUV eXeXB(120),Y(101)92(101)sZINC,2ZV{101)
DO 27 J=2s1IXV
IFIXB(J)eGTeXX) GO TO 30
27 CONTINUE
J=1XV

30 QWL=AQ(J)+BQ(J)#XX
RETURN
END

WV W N
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SUBROUTINE DTEMP V

THIS ROUTINE COMPUTES THE GROWTH RATE OF THE STRATIFIED VAPOR
LAYER

COMMON AL+AQ(100)sAVsBETALSBETAVIBQ(100) »COSAsCOSGsCPL(20)sCSL s
CPV(20) s CSLASCSVI(20)sDELTAL(50)+sDELTAVI(50) 4DENL(20) sDENVI(20) DL
DPDRL(20)sDPDRV(20) sDPDTL(20) sDPDTV{(20) sDRDXsDVPsFP sGes GAMMA 4 H »
IsIDXsIUsIXVsIZsJERRORGJTRIKBIKD oL 9 LCsMASSaMASSYIsNPTsNTReNUL s
NULASNUVsNXsPsPA(50)sPOWERSPRyPRVSPT(20)sQ(100) sQWsRsRCHRHO,
RHOVsRSsSL(20) sSLCH»SVI20) s TAMBsTANGsTBsTDLI1I01) s TDOV{ 101 ) s THsTHV,
TIME(S50) ¢ TSATI(20) sUsiUVsXeXBI100)aY{(101)sZ2(101)4ZINCsZV(101)
DIMENSTION F(128)sTIMEV(128)

REAL LsLCsMASSsNUL LV sNUV sKONL sKONS s KONV s NUD TV s NULASNU

DV=H/127.0

IDX=2

DO 25 K=19127

FK=K~-1

X=H=FK*DV

IF(X+L-LC)18+18,20

COSA=1.0

DRDX=0.0

GO TO 22

COSA=C0SG

DRDX=-TANG

CONT INUE

R=RC+DRDX*¥(X+L—-LC)

CALL UVAP

FIK}=(R=THV¥ {260-THV/R) 1/ (24 ORUVHTHV#COSA%* (041464-0.02723*¥THV/R))

F(128) = 1.E+70

CALL INTEG (128+sDVsFsTIMEV)

J=1

K=64

DO 30 KNT=1»98

IF(TIME(KB)eGEsTIMEV (J+K) )J=J+K

K=(K+1}/2

FK=J-1

X=FK¥DV+DV*¥{ TIME(KB)~TIMEV(J) ) /(TIMEV(J+1)-TIMEV(J))

DELTAV(KD)=X

X=H=X

IF(X+L-LC)36+36+38

COSA=140

DRDX=040

GO TO 40

COSA=COSG

DRDX=-TANG

CONTINUE

R=RC+DRDX# (X+L-LC)

CALL UVAP

WRITE(6s41) DELTAL(KB) oDELTAVIKD) s TIME(KB)

FORMAT (14X 6HDELTAL 914X s6HDELTAV s 16X s4HTIME/3F20e5)
RETURN

END
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SUBRQUTINE UVAP

COMMON AL sAQ(100) +AVIBETALIBETAVIBQ(100)sCOSAsCOSGaCPL(20)sCSL
CPVI{20) sCSLASCSV(20) sDELTAL(5C) sDELTAVI(50) $DENL{20)sDENVI20) 5Dl
DPDRL(20)¢DPDRVIZ20) 4DPDTLI20) o DPDTVI20) s DRDOX sDVP o FP s Gy GAMMA 4 H
ToIDXsTUsIXVeTZ s JERROR 4JTRaKB 4 Dgl oL CoaMASSsMASST S NPT NTRNUL
NULA sNUV sNX 9P sPA{S0 )} sPOCWERPRSPRYSFT(20) sGI1CC) s QW sRsRC4RHO,
RHOV sRSeSLI20) oS5LC SV (20 s TAMBSTANC e TR TCLI101) o TDVI101 s TH s THV
TIME(S0) s TSAT{20) sUsUVeXeXBL10UYaY(101)eZ(101)sZINCsZV{1C1)

COMMON /VAR/NUV14, NUL1&4s PRV23, PRL23s COSAS4

REAL NUV 14 NULI&s LCs NULs NUV

NUV 14 = NUV#*xU425

PRV 23 = PRV#%(240/34,0)

COSAS4=COSA¥*¥]) 625

GUESS FOR TH

TH1 = O.l*X**(5.0/7.0)

CALL DQMV{Xs ARFAX1ls QM1ls DOMDX1)

X2 = X + le.

CALL DGMV(X2s+ AREAX2s QM2s DQMDX2)

DO 1T70KK=1,20

Ul = U CALC V(AREAX1s THI1)

DUDX1 = DU CAL VIiQMls DQMDX1s TH1s Uls X)

U2 = U CALC VIAREAX2sTH1)

DEL Ul = (U2 - uly)/ le
F1 = DUDX1 - DEL Ul
IF(ABSF(F1) - «001%DUDX1) 18091804120

TH2 = TH1*1el

U3 = U CALC V(AREAX1, THZ)

DUDX2 = DU CAL V{QMl, DQMDX1ls TH2s U3s X)
Us = U CALC VIAREA X2, TH2)

DEL U2 = (U4 - U3}/ le

TH1 = THl ~ F1/{(F1 - (DUNRX2 - DEL U2))}/(THl - THZY))
THV=TH1

uv=uU1l

IF (THV/ReLTe 042) GO TO 200

THV= 0e2% R

UV= UCALCV{AREAX1 +THV)

RETURN

END
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SUBROUTINE INTEG (Is DZs As B}

DIMENS
INTEGRA
B IS TH

MUST B
ONe AT

INITTAL
1 X14 =
2 X15
1
3 X16
1
4 X17 =
1
5 X27
1
6 X37 =
1
7 B8(1)
8 B(2)
9 B(3}
10 B(4)
11 B(5)
12 B(6)
13 B(7)

n

[ L N T B [ B TR |}

ION A(128)s B{128)
TES BY NEWTON-COTES FORMULASe. A IS THE INPUT TABLE AND
E OUTPUT TABLE OF THE VALUES OF THE INTEGRAL. VALUES

E EVENLY SPACED BY DZe THERE ARE I POINTS TO BE OPERATED
LEAST SEVEN POINTS ARE REQUIRED.

[ZE.

(3e0%¥DZ/840)% (A1) + 340%(A(2) + A(3)) + A(4))
(260%¥DZ/4540) % (ToO* (ALY + A(5)) + 3240%(A(2) + A(4)) +

12.0%A(3}))

(560%DZ/28840)%(190*(A(1) + A(6)) + TS5e0%(A(2) + A(5)) +
504 0% (A(3) + A(4)))

(DZ/140e0)* (4140%(A(1) + A(T)) + 21640%(A(2) + A(6)) +
2Te0¥(A(3) + A(5)) + 272.0%A(4))
(500%¥DZ/288401%(19s0%(A(2) + A(T7)) + T540%(A(3) + Al6)) +
5040%(AL4) + A(5)))

(20%DZ2/45e0) ¥ (TeO*(AL3) + A(T)) + 32,0%(A(4) + A{6)) +
1240%A(5))

0.0

X17 = X27

X17 = X37

X14

X1%

X1lé

X17

14 DO 15 K=8,1

15 B(K) =
1

16 RETURN
END

B(K=5) + (540%DZ2/288+0C)%#(1940%(A(K=5) + A(K)) +
T5e0% (A(K~4) + A(K=1)) + 5060%(A(K=3) + A(K-2)))
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SUBROUTINE DQMV  (A8,AsQM,sDQM)
COMMON AL,»AQ(100)9sAVsBETALsBETAVsBQ(100) 9COSAsCOSG»CPL(20)sCSL>

1 CPVI{20)9CSLASCSV(20)sDELTAL(50)sDELTAV(50) +QENL(20)sDENV(20) 0L
2 DPDRL{20)sDPDRV(20)sDPDTL(20)sDPDTV(20) yDRDX sDVPsFP +GysGAMMA H,
3 1oIDXsIUsIXVeIZsJERRORYyIJTRIKBsKDsL sLCsyMASSsMASSI 9 NPTsNTRNUL
4 NULASNUVsNXsPsPA(50)sPOWERSPRsPRV4PT(20)sQ(100)sQWsR4RCsRHO,
5 RHOVsRS¢SL(20)sSLCsSVI20) s TAMByTANGsTBsTDL(101)sTDV(101)sTH,THV,
6 TIME(SO)sTSAT(20) sUsUVeXsXB(200)sY(101)sZ(101)»ZINCs»2Vv(101)
REAL LCo»L

XX=A8+L

AT=000

QT=0.0

DO 20 J=IXVsNX

1 = J

IFIXB(J)eGTeLC) GO TO 10

C0=100

TA=0.0

GO TO 15

CO=CO0SA

TA==DRDX

CONTINUE

VALX=XB(J-1)

IF(VALXsLTeL )} VALX=L
IF(XB(J)eGEeXX) GO TO 30
XB1=XB(J)=VALX

XB2=XB(J) *%2-VALX¥**¥2
XB3=XB(J)*¥#¥3-VALX*¥#3

Al=2 ¢ ¥RCRXB1-XB2¥TA +24¥LCH¥XB1¥*TA
AX=A1%3,14159265/C0O

AT=AT+AX

Al=A1*AQ(J)

A2=XB2%¥RC—(2e#XB3%TA /3¢)+XB2%TA *LC
A2=BQ(J)*A2

QMI=3,14159265/CO* (A1+A2)
QT=QT+QM1

CONTINUE

VALX=XBI(IJ)

J=T1J

CONTINUE

XB1l=XX-VALX

XB2=XX%%2=VALX*3*2
XB3=XX#¥*#3—-VALX¥%3
Al=2+¥RC*XB1-XB2*¥TA +2+¥LC*XB1#*TA
AX=A1%3,14159265/C0O

AT=AT+AX

Al=zA1%AQ( D)

A2=XB2#RC—(2+#XB3*TA /3e¢}+XB2%TA *LC
A2=BQ(J)*A2
QMI=3,14159265/CO*(A1+A2)
QT=QT+QMI

A1=RC+LC*TA

DU=2e%#3414159265/CO* (AQ(J)*AL+XX*(BQIJI*AL-AQ(J)*¥TAY=XX*XX*
1BQ(J)Y*TA}
DV=2e0%#3414159265/CO*(A1-XX*TA)
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A=AT
QM=QT /AT

DOM= (AT*NU=OT*DV I/ (AT*AT)
RETURN

END
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FUNCTION U CALC V{ANs THA)
COMMON AL AQ(10U) sAVsBETALSBETAVBQ(100)sCOSAsCOSGsCPL(20)sCSLy
CPV{(20)9sCSLASCSV(20)sDELTAL({50)sDELTAVI(50) sDENL(20)sDENVI(20) sDL»
DPDRL(20)sDPDRVI(20) sDPDTLI(20) +DPDTV(20) sDRDX eDVPsFPsGeGAMMA 4H
IsIDXsIUsIXVs1ZsJERROR$JTRIKB KDL sLCsMASSsMASSI NPT sNTRsNUL »
NULA sNUVsNXsPsPA(50) sPOWER PR yPRVsPT(20)sQ(100)sQWsRsRCsRHO,
RHOV sRSsSLI20) sSLCsSVI20) s TAMBsTANGsTBsTDL(101)sTOV(101)sTHsTHV
TIME(50) s TSAT{20) sUsUVeXsXB(100)4Y(101)9Z(101)4ZINC,ZV(101)
COMMON /VAR/NUV14,s NUL14s PRV23s PRL23s COSAS4
REAL NUV 145 NUL14s LCs NULs NUV

UL WN e

U CALC V = (NUVI4*AN/(1040946%PRV23¥THA®*] 425%*R¥COSAS4*
1 (140 = 041306%THA/R) ) ) *3%4

RETURN

END
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U VN

FUNCTION DU CAL VI(QMs DQMDX»s THAs UAs XA)
COMMON AL sAQ(100)sAVsBETALYBETAVsBQ(100) sCOSAsCOSGsCPL(20)4sCSL
CPVI(20)+sCSLASCSV(20)sDELTAL(50) +DELTAV(S0)sDENL(20)sDENV(20) DL
DPDRL(20)+DPDRV(20)sDPDTL(20) sDPDTV(20) sDRDX sDVP sFP 9 Gs GAMMA 4 H,
[sIDXsTUsIXVIZs JERRORyJTRIKBIKD 9L gLCaMASSIMASSTIsNPTeNTRINUL »
NULASNUVINXsPsPA(50) sPOWERSPRsPRVPT(20)sQ(100) »QWsR»RCsRHO,
RHOVsRSsSL(20) 9SLCySVI20) s TAMBs TANGs TBs TDL(101) s TDV(101) s THeTHV
TIME(SO) s TSAT(20) sUsUVeXeXB(100)sY(101)eZ{101)9ZINCsZV(101)
COMMON /VAR/NUV14, NUL14s PRV23, PRL23s COSAS54
REAL NUV 14s NUL14s LCs NUL» NUV

TH14 = THA%%¥0425
AA = 52,394 %GHBETAVH#PRV23*¥QM*THI4*#¥COSA*¥%({1,0/440)
AA=AA/ (RHOV*¥CSV (1) ¥NUV14¥UA¥%(T740/440))

AA = AA*¥(1e0 =~ 440%#THA/(1560%R))

AA = AA ~ O0e2179*NUVILH*¥UA¥*¥0eT75/ (THA¥¥1425%#¥COSA%¥*(9,0/440))
AA = AA - UAH*DRDX/(2,0%*R)

AA = AA/(1,0 = THA/(8.0%R))

BB = (~UA/(2.0%THA)*(1e0 — THA/(440%R)))/(1e0 = THA/(8e0%R))
CC = 0e4979¥NUVI4*QWVIXA)

CC = CC/(PRVZ3*QM¥UA*#%0 ¢ 25%¥TH14*COSA**¥(940/4,01))

CC = CC =~ 4+0*¥THAXDQMDX*(1e0 = 041306*THA/R) /(5.0#QM)

CC = CC = 440%¥THA®DRDX/(5.0%R)

CC = CC/(1e0 —~ 0e¢2351%THA/R)

DD = -THA%¥(1e0 - 0e1306%THA/R)/(540%UA)

DD = DD/(1e0 = 0e2351%*THA/R)

DU CAL Vv = (AA + CCxBB)/(1+0 - BB*DD)

RETURN

END
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FUNCTION QWVIXXX)

1 COMMON AL, AQ(100)3sAVsBETALIBETAVsBQ(100) sCOSA,COSGsCPL(20)sCSL >
CPVI20) s CSLASCSV(20)sDELTAL(50)yDELTAV(S0) sDENL(20) sDENV(20) DLy
DPDRL{20)sDPDRVI(20) +sDPDTL(20)+s0OPDTV(20) sDRDXsDVPsFP sGs GAMMA,H,
IsIDXsIUsIXVsIZsJERRORyJTRIKBsKDsL o LCsMASS9 MASSTIsNPTsNTReNUL
NULA sNUV sNX 9P sPA{50) s POWERsPR PRV PT(20)G(100) sQWsRsRCsRHO,
RHOV RS sSL(20) sSLCsSVI(20) s TAMBsTANG»TBsTDL(101)sTDV(101)sTHsTHV
TIME(50) s TSAT(20) sUUsUVeXsXB(100) s¥Y{101)sZ(101),ZINCs2VI(101)

REAL L
XX=XXX+L
DO 27 J=1XVsNX
IFIXB(J)eGTeXX) GO TO 30
27 CONTINUE
J = NX

30 QWV=AQ(J)+BQ(J)*#XX
RETURN
END

[oaN ) IV~ UV I
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1

10

20

30

40

50

60

70
100
110
111
120
130
140
150
151
160
170
180
190
200
205
210
220
230
240
250
255
260
270
280
290
300
310
320
330
340
350
360
370
380

SUBROUTINE THETA L

COMMON AL»AQ(100)sAVSBETALSBETAV»BQ(100)sCOSA»COSG»CPL(20)sCSL s

[0 )N C I - VR, R

DIMENSION RZ{101)y TERM 1(101)s TERM 1 I1(101)»

1 TERM 2 1(101)

COMMON /VAR/NUV14y NUL1&s PRV23, PRL23s COSA54
REAL NUV 14 NUL14y LCs NULs NUVs Ls NULA

XXX=U
CSL = CSLA
NUL = NULA

PR = NUL/AL

NUL14 = NUL*¥%0,425

PRL23 = PR#%{240/340)

PI = 341415926535

CON 1 = PRL23/(040228%CSL*RHO*NUL14)

DZ = DELTAL(KB)/ZINC
1Z = ZINC

NPTS = 12 + 1

U =12+ 1

Z(1) = 040

DO 150 J=2sNPTS

Z{J)y = Z2(J-1) + DZ

X = L =~ DELTAL(KB) - DZ
DO 420 J=1sNPTS

X = X + DZ

IF(X = LC1190+190,4250
COSA = 1.0

COSA54 = 1,0

TANA=0.0

R = RC

RZ{(J) = RC

DRDX = 040

GO TO 290

COSA = COSG

TANA=TANG

COSA54 = COSA#¥]1,.25
DRDX = ~TANG

R = RC - (X ~ LC)*TANG
RZ(J) = R

CALL U LIQ

CALL DQML(Xs AREAZ, QMZ,4 DQMDX)

THETA 1 = CON1*{(QMZ* (TH®#COSA}*#%0425) /U%%0,75
YINC = 1040

NPTS Y = YINC + 1,0

D TH = TH/YINC

Y TH = 0.0

DO 400 JJ=1sNPTS Y

THETA 2 = THETA 1#(140 = (Y TH/TH)*%(140/740))

97

CPVI(20) sCSLASCSVI(20)sDELTAL(50) 4DELTAV(50) ¢DENL(20) sDENV(20) +DL
DPDRL (20} sDPDRV{20) sDPDTL(20)sDPDTV(20) sDRDXsDVP sFP 3Gy GAMMA sH s
IsIDX9TUsIXVsIZ9sJERRORYJTRIKB KD 9L sLCaMASSIMASST sNPT 9yNTRaNUL »
NULASNUVsNXsPsPA(5C) sPOWERSPRsPRVyPT(20)5Q(100) QW sRsRCsRHO,
RHOV»RSsSL(20) sSLC,SVI(20) s TAMBs TANG s TBsTDL(101) s TDV(101) sTH, THV »
TIME(50) s TSAT(20) sUsUVeXsXB(100)sY(101)52(101)sZINCs2ZV(101)

TERM 2(101) s



390
400
410
420
430
440
450
470
480
490
491
492
493

500

TERM 1(JJ) = ((R = Y TH)*THETA 2)/(1,0 + BETAL#THETA 2)
Y TH = vy TH + D TH

CALL INTEG (NPTS Ys D THs TERM 1, TERM 1 I)

TERM 2(J) = TERM 1 1 (NPTS Y)

CALL INTEG (NPTSs DZs TERM 2 TERM 2 1)

TERM &4 = QMZ*AREAZ*TIME(KD) + 240%PI*¥RHO¥CSL*TERM 2 I1(NPTS)

TERM &4 =(POWER+1e¢)*TERM &4/ (DELTA L(KD)*PI¥RHO®CSL)
DO 493 J=1sNPTS

IF(J=-1)490+490+492

TDL(J) = 040

GO TO 493

TOL(JY = (Z(J)/DELTAL(KB))*¥* (POWER ) *TERM 4/RZ(J)*%2
CONT INUE

TH=XX

U=AXX

RETURN

END
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20

30

40

50

60

70

80
200
210
300
310
320
330
340
350
360
370
380
390
400
410
411
420
430
440
441
442
443
450
460
470

480
500
510
520
530
540
550

LR L R N R S

SURRQUTINE THETA Vv

COMMON ALSAG({100) sAVIBETALIBETAVsBQ{100) sCOSASCOSGsCPLI2V)sC5L
CPVI(20) ¢CSLASCSV(20)sDELTAL(50) +DEI TAV(S53) o DENLI20) sDENVI2U ) oDl »
DPDRLI20)sCPDRYI20) sDPDTLIZ20) sDPDTVIZ20)Y sDRDXsDVP s FP s Gy GAMMA 4 H
IsIDXsIUsIXVeIZyJERROR yJTRIKR oKD gL ol CoMASSsMASSLsMPTaNTRoNUL »
NULASNUVsNX P sPA(E0) «POWER PR PRV $PT{201 Q1200 s QW eRaRC RO
RHOV RS sSLI20Y o SLCeSVI20) s TAMBoTAMNGs TBsTDLIL1I01) s TOVII01 ) aTHsTHY
TIME(S0) s TSAT(20) sUsUVsXaXBI10U)Y oY ({1C1)aZ(101)sZINCZV(10T)

COMMON /VAR/RUV14s NUL14s PRV23,s PRL23s COSASG

REAL NUV 149 NUL1I4s LCs NULs MUVs L NULA

DIMENSION TERM 1(101)s TERM 2(1C1)s TERM 4(1011s TERM 5(101)

SOLUTION OF DIFFERENTIAL EQUATION 1S RY THE RUNGE-KUTTA METHUD.

YY=THV

YYY=UV

IV = ZINC

NPTS = 1V + 1

DV = DELTA VI(KD)Y/ZINC

ZV(1) = H — DELTA V(KD)

CSVV = CsvIil)

COSAS = COSG**%14.25

PI = 341415926535

THETA A = T AME - TR

DO 210 J=2sNPTS

ZVIJ) = zZviJ=-1) + DV

DO 480 J=1sNPTS

X = ZvV(y)

IF(X 4 L -~ LCY23C 4330380

COSA = 1,40

COSAS4 = 1,0

R = RC

DRDX = 040

GO TO 411

COSA = CO0SG

COSA54 = COSAS

DRDX = =TANG

R = RC = (X + L - LCI*®TANG
TDVI(JY = T8

CALL U vaAP

CALL DOQMV(X» AREA,s QMs DQMDX)

QWVA = QWV (X}
IF(J~NPTS)450+4424442

TERM 1(J) = QM¥*AREA/(H ~ X + DV/1040)

GO TO 460

TERM 1(J) = QM¥AREA/(H - X}

TERM 2(J) = 240%PI*QWVA/COSA%¥R

TERM 4(J) = R¥(140 = THV/R)*#2/(04292T7*¥UVETHV*COSAX
(1eC = 0418605#THV/R))

TERM 5(J) = PI*¥R*¥R¥RHOV

DO 970 J=1sNPTS

JJJ = NPTS - J + 1

IF{J - NPTS)530+99704+970
TERM 2 A = TERM 2(JJJ)
TERM 5 A = TERM 5(JJJ)
TPSI = T8
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570 DO 950 JJ=1lsJJJ

580 KK = JJJ - JJ + 1

590 IF(JJ = JJJI600+9504950
600 TERM 1 A = TERM 1(KK)
610 TERM 4 A = TERM 4(KK)
611 TPSIA = TPSI

620 KOUNT = 1

630 GO TO 900
640 SUM = XK
650 TERM 1 A
660 TERM 4 A

(TERM 1(KK) 4+ TERM 1(KK=~1)1/2.0
{TERM 4(KK) + TERM &4(KK=1))/2.0

670 TPSIA = TPSI + XK/240
680 KOUNT = 2

690 GO TO 900

700 SUM = SUM + XK*2,.,0
710 TPSIA = TPSI + XK/2.0
720 KOUNT = 3

730 GO TO 900

740 SUM = SUM + XK#2.,0

750 TERM 1 A = TERM 1(KK-1}

760 TERM 4 A = TERM 4(KK-1)

770 TPSIA = TPSI + XK

780 KOUNT = 4

790 GO TO 900

800 SUM = SUM + XK

810 TPSI = TPSI + SUM/640

820 GO TO 950

900 CSV{1) = PTCP(P, TPSIA)

910 TERM 3 = (THETA A + T8 = TPSIA)/THETA A
920 XK = (TERM 1 A + TERM 2 A*¥TERM 3)%DV*TERM 4 A/(TERM 5 A¥CSV(1))#*DV
930 GO TO(640s TO0s T40,s 800)sKOUNT

950 CONTINUE

960 TDOV(JJJ) = TPSI

970 CONTINUE

980 TDV(1) = 0.0
CSV(1) = CSVV
ZV(1) = 040

DO 990 J=2sNPTS

TDV(J) = TDV(J) ~ T8
990 ZVv{J) = z2v(J-1) + Dv

THV=YY

uvs=YyYy

RETURN

END

FUNCTION COSF(A)
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COSF = COS(A)
RETURN
END
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FUNCTION ABSF(A)
ABSF = ABS(A)
RETURN

END
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FUNCTION PTCP(PRESsTEMP)
PTCP=PTHEAT(PRESsTEMPs1)
RETURN

END
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FUNCTION PTCVI(PRESSTEMP)
PTCV=PTHEAT(PRESsTEMP»2)
RETURN

END
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FUNCTION PTGAMM(PRESsTEMP)
PTGAMM=PTHEAT (PRESsTEMP3)
RETURN

END
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20

FUNCTION PTHEAT(PRESsTEMP,,KTRANS)

COMMON/SPHEAT/CP(823)sCVv(823)

DIMENSION LOC(23)3sJP(19)sMX(19)sBP(19)sDP(19)sBT(23)sDT(19)sPS(12)
19TS(12)sTL(10)

DATA PS/IQOZZQZQ’40’80’140’25094309690'9909128c91510’1600/

DATA TS5/24e845927607929¢81333607936e18939,96944412+48433951497
1546799566 72957e46/

DATA LOC/19509719113913351419170,165922892649348937294269492,528,
1584962696389 T7349654968296949718/

DATA JP/ 7331695923499+ 9549T 949996969 T2 7929205/

DATA MX/5919653409292969295929T943b49595909093/

DATA BP/0e320690¢910006910069~1000091469¢6906391469:63587.,84,587.84
1900910091006 940e¢940e90e300sle/

DATA BT/26006926006¢92600¢326006¢98000330009120091200925629274,720
18109250956632609410352569254926006950000950006950000950006/

DATA DP/5¢3%4029200¢91000694900¢92000s91175:68,293,92,1175.68,
1146¢969146¢96373e485100091000920095200340094009106/

DATA DT/400. 94004 94000 .800.)6000’1000’300,300’12.6’9.’3.6’9.,50,
150940080"00’8092000/

DATA TL/2Ge846+270175929¢310931¢299433¢17693406962536,672938,317,
1394904941456/

P=PRES*14+696

IF(PelLTele0) P=1.0

T=TEMP%1,8

KTR=KTRANS

IF{TelLTel260) GO TO 9

IF(TeLTe2600¢) GO TO 5

IF(TeGEL6000s) T=5999,99999

IF(PseGE«100+¢) 60O TO 3

IF(PeGEL30s) GO TO 2

IF(PeGE«54)GO TO 20

N=19

N1=19

GO TO 33

N=1

N1=20

GO TO 33

N=2

N1=21

GO TO 33

IF(PeGE+1000e) GO TO 4

N=3

N1=22

GO TO 33

N=&

N1=23

GO TO 33

IF{TelLTo300)G0 TO 7

IF(TeLTe800)GO TO 6

N=5

GO TO 33

N=6

GO TO 33

IF(PelLTe1846%9e6) GO TO 8
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10

11

12

13

14
15
16

17

18

30

33

N=7

GO TO 33

N=8

GO TO 33

IF(Pel.Te587¢84) GO TO 12
IF(PeLTel469e6) GO TO 10
N=9

GO TO 30

IF(PelTe1028472eANDeTeGEe72e06ANDeT oL Te90,0)

N=10

GO TO 30

N=11

GO TO 33

IF(TelLTe8le) GO TO 13
N=12

GO TO 33

IF(PeLTel60e) GO TO 15

TM=(( «868B6T64TE~T#P~412613701E-3)%P+,10353383)%#P+43,8056878

IF(T«eGTeTM) GO TO 14
N=13

GO TO 30

N=14

GO TO 33

DO 16 1=2,12
IF(P-PS(I})117+17916
CONTINUE

I=12

GO TO 11

TM=TS(I=-1)+{TSII)=TS(I-1))*(P=PS(I-1))/(PS({I)}-PS{I-1))

IF(TeGE.TM) GO TO 18
N=15

IF(PeLTe40,) N=17
GO TO 30

N=16

IF(PeLT440,) N=18
GO TO 33
F=P/587.84

I1=F

IF(14GT48) I=8
FI=1

F=F=F1

TQ=(1e0~F)*TL(I+1)+F*TL(14+2)

IF(TeLTLTQ) T=TQ
IF(TeLE«50004)NM1=N
FP={(P-BP{N))/DP(N)

IP=FP
IF(IPaGT4MX(N)) IP=MX{N)
FI=1P

F=FP-F1

FP=140-F
FT={(T=RBT(N1))/DT(N)
IT=FT

FI=1T

FF=FT=FI

FT=1.0-FF
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I=IT*#JP(N)+IP+LOC(N1)

J=1+JP(N)

IF(KTReEQe2) GOTO 37
CTCP=FP#FT*CP{I)+F*FT*CP(I+1)+FP*FF*CP(J)+F*FF*CP(J+1)
IF(NeLTe13.0ReNeGE#17) 50 TO 36

IF(NeLT415) GO TO 35

CTCP=CTCP/(187+506-P+ABS (T=TM)*28413)

GO TO 36

CTCP=CTCP/(ABS (T=TM)/148+ABS (P-187.506)%*.008008982)
IF(KTReGES2) GO TO 37

PTHEAT=CTCP*4418674

RETURN
PTHEAT=FP*FT*CV(I)+F*FT*#CV{I+1)+FP¥FF*CV(J)+F*¥FF*CV(J+1)%*4,18674
IF(KTReLTe3) RETURN

PTHEAT=CTCP/PTHEAT

RETURN

END
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BLOCK DATA
COMMON/SPHEAT/AA(L111)sAR(111)9AC(112)sAD(111)sAE(L116),AF(112),
1AG(111)sAH(40)
2 ATCLII0)sAJC111)9AK(TII1}sAL(111)sAM(116)sAN(II2)sA0(111)
35AP(41)
DATAAA/3e80493e79693e79433e¢794334733930679393479394¢02593695143,937
1934931934927 934a92653492254e65500425934418b0bql590a13544117+4,10746
2684959503254 75594 463204055904 ,509,4444729100698564839,6¢05%495,70645
30498950356950252’20.0691004&98-6116!7.83a97035’7002’6.776,35.359160
483913¢18511055510658590691999e02933479293e792924792:3492443,917,349
513344117 94eU07694a05994051364435960429895e3694653194675797e4028564027
6950629949369 74923474103433e793530791936¢79193679133479153e79353,916,3
7e9193490893e907 9349009349054 037554004394 4031944025+6402294602s%43
B694023694419294e17254e16034a18354493334458L94e45T 942401040360 94,434
969600395021 94092940791 3467198406759 970¢93964276156692355043335.279/
CATAAB/5417393¢7993,7942eT8932,780,2,7894,02546014+4401124,01 9440
10894434690442994420094¢25904249541T72304912 944796944726 94e67993¢4743
2051153050493 e50793e62493e622330a792334T78993¢768344108304629T 94434643
3e65893e84253095194401593e537934637924708530749934679534535,3,579,2
4060893e4618353e49593652353050293046133447803¢89493451152458652,981,3
5¢396133469353e80693¢78593¢43413¢18733403612e¢86133¢087,3430%+3,498,3
6062893469243 054934501934379930293e342334067453458493467393e7374348
730744934681 93e5199346334367389348263309039369573440354e04154,015,3
8.74493.83893.92193.994940069140111 94-2239“.248 94.243’3.877’3095194.
F01894¢07994013334417936429292433334423435349269369894403394,087/
DATAAC/ 4412590415290 426394431 79042346491 433643]14260514217914291,884,1
1074291-66791058792..387’2.15192.02591.94792.87192050692033792.23293
€031192e792920584524461930668334U3532478992¢65293e846936239209685920
38?193.84’3.3793-1139?.9639?0767’?01175’3.25’3.10491054391-515;10491
4914685 1eb4479100283144149240039169691492291489514862314835,1,812,2
50519264269 243573243019242535202192417393e15152496732.83642,734,2,6
65292.555920529’400793065193038393.19893.063!2t956’20871950417’4048
7693099793693 3047793e431893019635¢79395¢08194450994411943,844,3,64,
B3¢48434485594489344463740433934,08492¢879423aT1bsbielbste3794e39] sk
928694013493098530841493e6735936956354406934408334,03553,95443,863/
DATAAD/3450593669293481933,88153,89143,86833,824,3,37843,516,3,654
1936712934 7793476993476735e41754468633499733066915e8206e795944229434
286295488795602294443954e033355¢63935410794e57354416335e2335eN5494464
33940251 94485594489394463794e33992447395207392e0779264551544192344358),
45e65995494695479392448292e67892¢9163936205936549334916354¢304344627
D4e85592450392¢65692483393403393425533¢4965347250349499b44e1442,535,2
66659920 79512694293¢193026493e04393,5933673592458292e68392479242,907
793.02693. 1‘48’3027,3.391’3.50592.641 ,2.731,2.822!2.91393000393¢097’
83e191934284934a378925422930603935e61540025 044437 348445324447530412
936e7942¢1634T74a08951494922e959029445936495543,16348,7443544,28,520418/
DATAAE/27e6593642343e19389e61555,5849166120244T845344544243949,15,55
1.9,10.33920.63’31.93940.59,48.07’55.491.494915013’28059,38011’4601
259534989=19429510462924491 9354354345951 e7830098428317e76330,563939.5
3354843350097 55094428917423931499426569003063=9¢1193e795170532,36,1
414939-5425691¢595005e11916e88915448311a344185=13456504504223,81518
5.76913.429_10689_17.82,00 931005925o95927-791604193.2"‘100319?8!059
632e9933¢42332e0392008799e¢050440959239475539457939466934e695924,464510
T72709114845123809131169513626314074914%45¢9962639109943912026912854913
BOhL e 31394 451438438694351026091142491235491301491357,5140549727,5,906
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9¢941040691145¢91219¢51282e91335¢353343374261389565510160910994/
DATAAF/1170691230463333e85512489696,3,838469934,9,1015510834,9142,
129062 9434429603449 720639814¢5089348906¢90039153049302459433e29558415
2653439343 4437244916269 20e9151059276449378489929¢7369241,477,8,288
3¢351344990¢29-120431489491269435108243907e69759:59607645444,7,2037,
431817 691634409164694513314691195491053,92584442363,492180492016,,1881.
591751¢91620033135432911 492726692563 ,492428,922994921734.51.566,1,557
69167891e7792¢05992¢03792637732633392692692¢T72491409153621920469542
786 92e845693¢24592e42B833e43192e43433402592e¢46132e813,2,463,247424465
83246383244 7920612335634916683913¢18511655910658996919,9.429,54451,
9264459200199 17634415,62914,65913,58964¢37938,42929.61525,31,22.66/
DATAAG/20eB81919:43956631+49466939,93934,49330e¢94928441526046,9,931
1976923976103 915462910e8999e417922e66915412912e¢73+30494920432,16485
29 7¢935602769566923543335e279950173910e9957e934364883,64417956,14450
395515,159106319865853 76829703643 76052917¢43913627910647159¢57,8489»
48 024 95,1 739469129447 9694eT72694667937e052964278954935354731954591
5947969842589 75759 7616796e89190493e80293479993479753¢79793,7965348
68693.87593.87’3.867’3.865 ,‘1'001’3.979’30965,3.956,3.951 ’4.216,4.149
T4e10694408598e0T294,576444,40894,333 9640289 4944259,5,191 9846855,34,707
84 ,61894,55896¢20295458295030895614445e032,7¢7859606713,64238354954
95¢761310615980396374619376155964839513e539104899.588,8,865,8,372/
DATAAH/18014+14409912429911e21510e8792441843184445154,86914e32,13,26
1’31064’23093 920.41’18.28916.82 ’4002930053 ’25.96’23016921023948-993
27693932e38928¢89326445955498945439939¢27935423932e33959e1835165594
3507694165893 8e42957408954e85350e6894T004044404/
DATAAI/2481952481152,80992e80992,80892¢80892¢808+34032,24963,2,95,
12e94492¢9492e693892e93693662493425593418693615553413693412493,114,5
2313930497293 71 79366049353 793649193e4579903339546194e898544582940
33949442659 401731 70150808239 7e203466481906604995.754554536929e4T4140
422911611994705984862+8028497¢855,2480892e80792480792493892,931,2,9
52893¢12493,08693e0733e49293035393e429694426893e87893e¢71995e676294486
6594064989803 36653395680992e830792e80792¢80692¢806»2¢80692¢806524931
T2e925926923926922926921924692936085+932405593404493403993603693403443
Be35353¢23993¢19993418193617936189,3¢879934559934446393439593,365,3,
9345044867 94012993486793675193668293,7296e54135.077944557944327/
DATAAJ/ 4618994409592 480692e80692480592480442480333.03443.029,3.026
193024936022 93e34593e29493027193625T93e24794609593486153a757,34694
293065252448592¢5099205199245292e63992663792e807924803524884,2,996,
33407893413492e728920480252686326992e57892462692e66392468992,5069245
438,2.562.2.578’20482 '20504’2052)2053 ’204812.489’20592.509910602Q10
5634191466591068251669491670631075831e¢891e83891e87691089351e¢9119192
69916967 91696192400592e04632608092421592¢21692621792421992e22992423
7892e27132630492e3389265339245439245529245632e¢57152.5892e617924653
82e68492,75992¢T7T7632479192e80692e8292683392¢8821269292495192489242s
991320926926 94392e695892697293602393406293e09392494924956926973/
DATAAK /2698943400393 401553e06343,101934134916113,1.,083,1,0651405,1
1¢35351¢33591632551631291e4963164983144894951449141457291459141,60141
206039105955 1e6391e655916672351a61731e66251469631e¢724916651916699510
373801677191 069391474191478291e81991475731480791¢8535148889141735141
4719101689161659101691e15691e14991e¢34591e3419103491e33891e334,414332
5910329910456 91645551645491e4539144529164591¢6449914517916519914521
61652391e525910526916527 9165519165529 1¢556916¢56191456491e569914572>
71e58391e571916571916¢575901458191458791459191¢6191659191658491,584,51
8058951659491 0691e61916¢6191e¢60851660891e61316¢61551462131e616531e623
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91 e627 9163291663591 664191e64691663291e64916646914553531e66599146657
DATAAL/1e67191e¢6659106733106891e68791e693910731aTN791e715912a72391e
1731910738910 74491 47519175791 e58391e57191e57191e57591e5F721a578910
257431057991 e6089145879165€19165823166191059691658941698%914€191460
34)1.598’1.59891061’lo6191060891.608910485‘1051191.5349105579]05779
41 060491462191 462131e61 9149591051651 6534914552516569516258341,996,1
5 e60691e6191651691653281a504831e562341457791,59191,60291eb6Llsleblt9leH
64991 0956291578351 e58591e59T7 916083166199 166273146325145959146069166
71591 e62591e624 9106429106523 1e6611666591e65591666491e67191e¢67991468
8691693917019 1¢70891471591e13191412291a13351013351e13351013141,24
9916239916238 914237351e2365142354531434241433851433551433251633,514328/
DATAAM/ 1041701041201 040931 08406916404 31att029) 688431446731 006514459,
1104579104560 1e5019]1 a497 916895910895 ,3164959144954165654145354514523
2152914529105 2291 6754914783 1e56%91654691e5419154141494352,3414710
31.58591.56491.55790. 92.491.80891.6539]_.5()4’1|573,00 900’]—l629l¢6839
4146249190591 91058392e392419063166323166089163391697692660891656904a0
500910922 91466916736916¢517316495900391e52791e658991e467991465391,609,1
605691052291 05639]1 460891 464891662791e60191652351655151457991.6135146
72291660991 015131615291e15291e¢15241615301e1530161%3531424351e2424]102
84191241 910243102451 e2491632731e32691632591632491632391e32291e321
916393910392 91039191e3991e38931e388B91¢38791e4431e43991.438514438/
DATAAN/ 1437 9144363143691 047831 e847831e04T391 4729164719171 ,1,47,
11050891.50391.506,1050A910501’10591-498900 ’O.91.5‘%791.5‘*691.5‘?8910
2539916593391 e6463147851e¢93835166025166155166283146419145449146075146
399168059169 7892¢306324652916¢51791654491457891662291468731e787,1,96
4291.504’1.5189105349105519105791.59231061891.498’1-508’10517910526
5310536316546 91655691e49931¢50691651291e51931e52691e532516539,1,129
6911390102291 622516319143079143891e37891e43291e430144T791e469,14477
7,10791.47591.67191047691061991.47791054491047891051791047891.504‘91
Bei481l 0l e84980]l 4859016499929 447014622411e1199¢70098e86258¢28453T,855,4
036579216939 16e863146513513e083912¢09411e269504023930eB1924e¢1920,75/
DATAAO/ 1846531 7e17916606944e26338e61931e58327655124e893922e974921448
1986396653390 e¢809313,08359406897¢803+186659126549104563952448%91666641
23.8896.61155.07794.557940327’401899‘*.0959100099605179506’5019191”.9
34734 e783912e¢698e65237¢05296439596400195673235164891069598482457,86557
4628996689494 409593486193 75793a069093e6529567329540694ea7619445Bb044
546984056966 (0696617395681 635e44990622e817924813924812s26811324811>
62689932¢88892688392e¢88192e87933e01892e6989926¢97692¢968524963936214,
731425341119 3609233¢60799369993039403,432593¢728443e25544411943,809.3
Be67233e5933e53495404b94a0T7694e2259440T49369723604T7835e50435¢071040
98139466379 8e587 3700149654314 954895354,609911654994137384C6197a417/
DATAAP /6497691564951 1e9991004299e471986822920648315e66913046,512613
1011e22926641920615917e2391564591442233232e93925635921667951%904317481>
239¢24530092326661 5238792169350 4414336e629931069928462926438946418,
340653936062 7933178308 04bebT942e6433945T936e91 4334471/
END
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SUBROUTINE MASSC

THIS SUBRQUTINE COMPUTES ULLAGE SPACE MASS AFTER

STRATIFICATION OCCURS

COMMON ALSAQ(100) +sAVsBETALSBETAVsBQ(100) +sCOSA,COSGsCPL(2GYsCSLy
CPVI(20) sCSLASCSV(20)sDELTAL(50)sDELTAV(50) sDENL(20) sDENVI20)sCL
DPDRLI(20)sDPDRV(20) sDPDTL(2C) sDPDTV(2C) sDRDX sDVP sFP 3Gy GAMMA 41y
IsIDXsIUsIXVsIZsJERRORGJIJTRIKB KDL oLCeMASSsMASSLIsNPT»NTRINUL »
NULA s NUVsNXsPsPA{50) sPOWERsPR PRV »PT(20)sQ(100) sGWsRyRCHRHO,
RHOV sRSeSLI20) oSLC»SVI20) s TAMBs TANG»TBsTOL(101) s TDV(101) 2o THs THV
TIME(S50) o TSATI20) sUsUVeXeXB(100)sY(101)eZ(101)+sZINC,2V{(101)
DIMENSION Y1(101)sP3SAT(101)sE (101)oDML(101)+sDMV(I101)eVOLI101),

T(I01)} s THETS(10Ll)s E£1(101)4EL(1CL) sY2(101)sY3(101)sE2(1CLl))
VOL1(101)sTXX(101)
REAL LsLCsMASSsLVy MASS1
NPTS = 12 +1
KJ =1

WRITE(6+2000) UsTHsUVsTHY
FORMAT(1X911HUsTHsUVsTHY 94F2046)
DML(1)=040
PSAT(1)=VP{TDLINPTS)+TB)
PRESS=PSATI(1 )

CALL MASSU(PRESSsCMTSsTDLINPTS)I+TRB)

Y(1) = (3414159% (RS*¥2)¥TDLINPTS)*¥RHO#*CSLA)
Y1(1)=3414159%RS**2
DMV (1 )=CMT -MASS1

IF(DMV(1)eLTe0e0) GO TO 29
WRITFE (69250)
DO 20 JJ = 1412
J=NPTS =JJ
FIND SATURATED PRESSURE FOR EACH MASS
PSAT(JJ+1)=VP(TDL{J)+TB)
DMASS TABLE FOR LIQUID
R=RS+ (DELTAL(KBI=Z(J))I*TANG
IF(ReGT&RC) R=RC
Y{JJ+1)= (3e14159% (R##D)* TOL{J) ¥RHO*CSLA)
Y1(JJ+1)=3,14159%R¥* %
CONT INUE
D2Z2=2{NPTS)=2(12)
CALL INTEG (IU  sDZZsYsE )
CALL INTEG (IUsDZZsY1sVOL)
IF(IUEQeNPTS) GO TO 23
IL=NPTS+1-1U
DO 800 JJ=1s1IL
J=TU+JJ~1
Y2(JJ)=Y(J)
Y3(JJY=v1(J)
CONTINUE
D22=7Z1(2)
CALL INTEG {11 sDZZsY24E2)
CALL INTEG {ILsDZZsY3sVCOL1)
DO 900 JJ=2s1L
J=1U+JJ-1
E(JY=E(IU)+E2(JUN)
VOL (J)=VOL(IUY+VOL1(JJ)
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900 CONTINUE
23 DO 25 JJ = 1s12Z
J = NPTS =-JJ
ZN=DELTAL(KB)I=-2(J)
ES=TDL ( J) *RHO*CSLA*VOL ( JJ+1)
24  EL(JJ+1) = E(JJ+1)- ES
25 CONTINUE
WRITE(653000) E(NPTS)
3000 FORMAT (16HOTOTAL ENERGY  sE1546)
28 GO TO 145
29 WRITE (65200)
30 X=2e0%SQRT (AL*TIME(KD))
32 Y1(1)=3,14159%RS**2%RHO*CSLA

34 JJ=12/8*8 +1

36 DZ=(Z(NPTS)=2(12))/1640
38 KJ=KJ+1

42 JKI=1Z

46 21=DZ

48 DO 94 111=2-JJ

50 PHE=21/X

52 ERZ=ERF (PHE)

53 IF((DELTAL(KB)=Z1)elLTeZ{JKI)) JKI=JKI-1
54 TXX(III)=TDL(JKI+1)—-(TDL(JKI+1)-TDLIJKIII*¥(Z(JKI+1)-(DELTAL(KB)

1-213 Y/ CZ1UKI+1)=-Z2(JKI))

56 THETS(III}I=TXX{III)/(1e0~ERZ)

58 IF((THETS(III}+TB)=-32e5) 7070559

59 IF(III-8}) 65360460

60 NINT=III-1

62 GO TO 106

65 DZ=DZ/2.0

66 GO TO 38

70 PSAT{IITI}=VP(THETS(III)+TB)

78 R=RS+Z1*TANG

80 IF(R«GT«RC) R=RC

82 Y(II1)=3414159#R*¥%2#RHO*CSLA¥TXX(III)
84 YI(III)=3414159#R*#%*¥2*¥RHO*¥CSLA* (1s0-ERZ)
86 Z1=21+0Z

94 CONTINUE
104 NINT=1I1

106 CALL INTEG (NINTsDZ»>Y1s E)
108 CALL INTEG {NINTsDZsYs EI1)
110 DO 114 II1T1=2sNINT

112 EL(ITII)= EX(III)- E(IIT)®THETS(III)
114 CONTINUE

116 PRESS=PSAT(NINT)

117 DML{NINT)=DMF{PRESSs THETS(NINT)+TBsEL(NINT))
118 CALL MASSU(PRESSsCMTsTHETS(NINT)+TR)
120 DMVI(NINT)=CMT-MASS1

121 CONTINUE

122 IF(DML(NINT)=DMVININT)) 13251325124

124 IF({2*NINT-JJ)1265126+128

126 IF(KJeGTe1l0) GO TO 173

DZ=D2/2.0
127 GO TO 38
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128 DZ=DZ%2.0
IF(KJeGTe1l0) GO TO 173

130 GO TO 38

132 CONTINUE

133 I11=1

134 KA=NINT=-2

135 KA=(KA+1)/2

136 JJ=TI11+KA
IF(JJeGTeNPTS) JJ=NPTS

137 PRESS=PSAT(JJ)

DML (JJ)=DMF (PRESSsTHETS(JJ)+TBLEL(JJ))

138 CALL MASSU(PRESSsCMTSTHETS(JJ)+TB)

139 DMV (JJ)=CMT-MASS1

140 IF(DML(JJ)eGEDMVIJUY)Y TTI=ITI4KA
IF(KA«GTsl1) GO TO 135
TS=THETS(ITII+1)+TH
TS1I=THETS(III)+TB
TS2=THETS(III+1)+TB
TI3=TXX{(IITI)})+T3
TI4=TXX(III+1)+T8

143 GO TO 154

145 I11=1
KA=NPTS-2

146 KA={KA+1)/2
JJ=1TI+KA
IF(JJeGT«NPTS) JJ=NPTS
PRESS=PSAT(JJ)

TDLL=TDL(NPTS-JJU+1)+T8B

DML (JJ)=DMF{PRESSsTDLLSEL(JJ))
CALL MASSU(PRESSsCMT»TDLL)

DMV (JJ)=CMT-MASS]

147 TF(DMV(JJ)eaGESDML({JJU)) TII=ITI+KA
IF(KA«GTel) GO TO 146
TS=TDL(NPTS-IIIVN+TB
TS1=TDL(NPTS~III+1)+78B
TS2=TDL(NPTS-III)+TB
TI3=TS1
TIl4=TS?2

154 JJ=111
PRESS=PSAT(JJ+1)

DML (JJ+1)=DMF(PRESS»TSsEL(JJ+1))

156 CALL MASSU(PRESSsCMTsTS)

158 DMV {JJ+1)=CMT-MASS1

160 PN=PSAT(JJY* (DML JJ+1)-DMV(JJ+111=-PSAT(JJI+1)

1%(DML(JJ)Y-DMV (JU))

162 PD=DMV(JJ)=-DMV(JJ+1)+DML (JJ+1)}-DML (JJ)

164 P=PN/PD
TSURF=TS1+(TS2-TS1) ¥ (P=PSAT(JJ) I/ (PSAT(JJ+1)=PSAT(JJ))
TINT=TI3+(TI4=-TI3V*(P=PSAT(JJ))/(PSAT(JJI+1)~-PSAT(JJ))

166 DME=DMV(JJ+1)+(DMV(JI)-DMV{JI+1 1) *[P=-PSAT(JJ+1))

1 Z{(PSAT(JJ}-PSATIJJ+1))

168 KB=KB+1

170 KD=KD+1

171 WRITE(65264) DME DMV (JJ) sDMV (JJ+1) 4PSAT(JIJ) yPSAT(JII+1),
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1 DML JJ) oDML (JJ+1)
172 WRIT=16+260) PsTSURFTINT
GC TO 174
173 WRITE(65220)
JERROR = 2
P=12e759
174 RETURN
200 FORMAT(///' CONDENSING CASE CALLED SUB MASS C'/ )
220 FORMAT(120H #¥¥#%aissieskseiiitst x#*FRROR IN MASSC PRESSURE IN ULLAGE A
1PPROACHING OR IS IN EXCESS OF CRITICAL PRESSURE %34 33 3 3 3 330 630 2 3 % %
2 77 T OH 5553 53 53 25 K3 K MK HHF I KR X KF KA KRR HXFE CRITICAL
3 POINT VALUE IS5 RETURNED %% %3 %% %5 %33R HEXRX XA XRE XXX XXX KRR )
250 FORMAT(///6Xs 4OHEVAPORATING CASE CALLED SUBe MASS C 7/ )
260 FORMAT(1HOs10Xs6HNEW P=9F7eb4s12H ATMOSPHERES 10X
113HSURFACE TEMPesFT7e3910Xs1SHINTERSECT TEMPaes
2F 743 92Xs6HDEG Ko
264 FORMAT(15X93HDME910X97HDMV(JJ)97X’9HDMV(JJ+1)97X’8HPSAT(JJ) ’
16X’10HPSAT(JJ+1)’9X,7HDML(JJ)96X;9HDML(JJ+1)/5X,7F15.4)

END
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FUNCTION VP(TEMP)
T=TEMP
IF(TeLTel3e803) GO TO 4
IF(TelLTe20268) GO TO 3
IF(TeGTe324976) GO TO 6
8 V=2600062-50409708/(T+140044)140601T748495%T
P=10.,0%%V
IF(T=29.0)19192
1 Vp=P
RETURN
2 A=T=29.0
TTT=A%A%A
TF=TTTRA%A
TS=TTT*A®TTT
VP=P+0+001317#TTT=0,00005926*TF+0.000003913%TS
RETURN
3 VP=10e0%%(1e772454~44,36888/T+0.02055468%*T)
RETURN

4 WRITE(645)
5 FORMAT ( 120H 33355 5% 9 3363 5 33 3 3963 X003 303 305 6 3 %% TEMPERATURE

1 IS BELOW TRIPLE POINT #5583 5EM MR EIEIIIN KN H I HRIHIRRHERN
2 /7 /7 120H NI INH NI EHNHRR NN XX RN RRE TRIPLE P
Z0INT VALUE RETURNED 33333 % 355 53 3 3 303 5 36 3 36 3006 200636 3636 6 3606 JE00 30 203030 3096 2036 )

T=134803
GO TO 3

6 WRITE (6s7)
7 FORMAT (120H M¥X %% EHHEHERHFRIHIHERAERAE XXX RXRRXXRX TEMPERATURE

11S ABOVE CRITICAL POINT 333335 59 39 303 3 3306 5 3036 3 3 6 304636 36 30 3636 303 36 6 30060 00 J 36 3¢

2 7/ 120H FHEREHHEEIHNEE NI EIHH XN LR HR RN RRRRRE CRITICAL
3 POINT VALUE IS RETURNED %3 %35 5 35 3 33 5 55 0 030900 30 300300 3 96 003 3000 696 26 3 203 )
T=324976

GO TO 8

END
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SUBROUTINE MASSUIPRESS»CMTH»T5)
THIS ROUTINE COMPUTES AN ULLAGE MASS GIVEN A PRESSURE = PRESS
AND RETUENS A MASS = CMT
COMMOMN AL9AG(L100) sAVIBETALSBLETAVBQ(100) sCOSAL,COSGICPL{20)sCSL
TPV{Z0) 9 CSLASTSV(20) sDELTAL{50) sDELTAVI(50) 9DENL(20) sDENVI20) 3Dl
DPDRLLZD) sDPERVE2G) 9DPDTL(20) s DFDTV(20) sCRDXsDVP»FP 3G9 GAMMA 4 H,
TaIRX s JUsIXV s T Lo JERROR 3 JTR KB KD oL sLC4MASSsMASSLsNPTsNTRINUL o
NULASNUY oMY s P e PALE0) PCHERSPRIPRVSPT(201:Q(100) sQWsRyRCHRHO,
RHOY 9 RE$SLIZU) s SLE,SVL20) s TAMBWTANG, TBH>TOL(101) s TDV (101 ) s THs THV,
TIMELBU s TSATIZ0) slisUVeX e X2 {10U)aY(131)sZ2(101)92ZINCs2VI(101)
DIMENSTON TMUILICLY) s2MILICLY s CMLIIC1) 9 ZVvi0101)sCMU211D1)sCMUL (101 )
Yy1(igl)
[FEAL Lol T
HPTS = 1241
RO=(FIND D(PRESS0e50975))%0400201572
IF{LeLTeLC) GO TO 57
CARSE 1 STRATIFIED LAYER ENTIRELY IN NOSE CONE
CHML{1)=RO*3«14159% ( (RS*%2 ) ¥ (H-DELTAV(KD)}-RS*{ (H-DELTAV(KD))
HRXZVFTANGHU (L (H-DELTAV(KD) ) ¥%3) /3,0 * (TANGX*2))
TANA = TANG
Dz = DELTAVI(KD)I/ZINC
V1) = Q.U
no 42 LK = 2sNPTS
ZVILK) = ZV(LK-1) + DZ
D049 K = 1sNPTS
R = RC—{L+H-DELTAV(KD)+ZV(K)~LC)*TANA
' = TDV(K)+TS
REOG=(FIND D(PRESS5s0.504T))1%0400201572
Y{K) = 3414159%RHOG*(R*%2)
CONTINUE
CALL INTEG ( NPTS, DZs Ys CMU)
CMT=CML (1}+CMU(NPTS)
RETURN
CASE 2 STRATIFIED LAYER CROSSES TANK TRANSITION
PROPORTION STRATIFIED LAYER ABOVE AND BELOW TANK TRANSITION
IF (L+H-DELTAVIKD) «GTW«LC}) GO TO 105
DU = L+H-LC
DLL = DELTAVI(KD)-DU
FRACTL = DLL/DELTAVI(KD)
NPTSL = FRACTL *ZINC+140
IFINPTSLeGE«7) GO TO 67

NPTSL = 7
NPTSU = NPTS-6
GO TO 71

NPTSU = NPTS—NPTSL+1

IF{NPTSU.GE-7) GO TO 76

MPTSU = 7

NPTSL = NPTS-6

IFINPTS«GE«15) GO TO 76

PRINT 73

FORMAT (48H1 NOT ENOUGH INCREMENTS FOR 2V IN CMU-—-—-IN MASSC)
JERROR = 2

RETURN

DZU = DU/{(NPTSU-1)
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34
35

86
88

91
92

2

5

Qb

95
96
97
a8

105

DZL = DLL/{NPTSL=-1)
TABLE OF Y(K) FOR CYLINDER SECTION
ZVI1) = 0,0
TANA = 0.0
DD 84 KK = 1sNPTSL
R = RC-(L+H-DELTAV(KD)+ZV(KK)=LC)#TANA
T = TDVIKK} + TS
RAOG=(FIND D(PRESS906504T))%0400201572
Y(XK) = 3414159%¥RHOG*{R#¥%2)
ZVIKK+1) = ZVIKKI+DZL
CALL INTEG { NPTSLs DZLs Ys CMUL)
MASS IN CYLINDER SECTION BELOW STRATIFIED LAYER
CL1 = 36414159%RO*(RC#*2)%(  H-DELTAV(KD))
MASS IN PORTION OF ULLAGE BELOW TANK TRANSITION
CMLINPTSLY=CL1I+CMUL(NPTSL)
MASS IN PORTION OF ULLAGE ABOVE TANK TRANSITION
TANA =TANG
ZV101y = ZVINPTSL)
DO 97 JI = 1sNPTSU
R = RC-(L+H-DELTAV(KD)+2v1(JI)-LC)I*TANA
N=NPTSL-1+JI
T=TDV(N)+TS
RHOG=(FIND D(PRESS»0e504T))%¥0400201572
Y1{JI)= 3414159%RHOG*(R#*#%#2)
ZV1(JI+1) = 2Vv1(JI)+DbZu
CALL INTEG { NPTSUsDZU» Y1ls CMU2)
TOTAL MASS IN ULLAGE SPACE
CMT=CML(NPTSL)+CMUZ2 (NPTSU)
RETURN
CASE 3 UNSTRATIFIED PORTION OF ULLAGE CROSSES
TANK TRANSITION
MASS IN CYLINDER PORTION
CL1 = 3¢14159%RO*(RC*#2)%(LC~-L)
MASS IN NOSE BELOW STRATIFIED LAYER
H2=(L+H~DELTAV(KD}-LC)
R1=RS&S~-H2*TANG
CL2=3414159%H2/34%(RS*#2+R]1¥*¥2+RS*¥R1)*¥RO
MASS BELOW STRATIFIED LAYER
CML({1) = CL1 + CL2
DZ = DELTAVI(KD)/ZINC
TANA = TANG
ZV(].) = Ooo
DO 114 K = Z2sNPTS
ZVIK }y = ZVIK -1} + D2
CONTINUE
DO120 JC = 1sNPTS
R = RC—(L+H-DELTAVI(KD)+ZV(JC)-LC)*TANA
T = TDV(JCI+TS
RHOG=(FIND D(PRESSs0e503T))#0400201572
Y{JC) = 3414159%¥RHOG* (R#*%2)
CONTINUE
CALL INTEG {(NPTS, DZy Ys CMU)
TOTAL MASS IN ULLAGE
CMT=CML(1)+CMUINPTS)



127 RETURN
END
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FUNCTION ERF(X)

DIMENSION B(10s10}sV(5)sVINCR(I5)sY(256)sNVALUS(5)

DIMENSION AA(5C)sA3(45)sACI45)sAC(45)sAE(45)4AF(26)
EQUIVALENCE(AASY) s (£BsY(51))s(ACsY(96))9s(ADsY(141})s(AESY(186))

FQUIVALENCE(AF,Y(231))

£ Wro

N ORRSAREIN N Vo R G

NSOV WN

Nelve

P =

WO sWw

SWN e

(oo RN AN 0 ARG )

DATA AA/De05e0225645746954045111106155606762159439,,09007812584,
e 112462716025e13475635182961569670330656179011813205020093583902»
22210258921 942642S5911605426570005895+428689972322,4430788006803»
032862675546 9563691259946809e3693645293494389329701135440900945342
42830235505 3 444TL0T61843504662251152854484655390005450274967069
D204 7987781 9453789862048,4554939250469457161576382+9458792290038»
6038560903956 19411461905e63458582912,4,6493T7668796,466378220274,
eOTTEOLLI928U 5460144312314, TCLETBOTTE55e717536752814+472001043130s
e 74210096471 3075281075087 9476514271145, 7T7610026832,478668731917,
e 79690321242 454806767721555481627101898,e82542354964 5483423150434/

DATA AB/
e B42T70079295 9484883447667 9e¢854784211455e860552917525¢86614358664
e871559275969¢87680310194348818782343054886787890175489153532819»
089612384294 5430005675926 9e¢304837426925¢9089692152349491295550797
0916799698383+49205051864309492407536352+092751362930593082336599,
003400794494 4493707072048 +¢9400150261694942844171099e94556143656
e GUB1T700727854950673295815¢5530742846654955376178645495758207481
e F5900502564 3495171803684 3496365406541496965506017775e36727674813
e IHEIEG0HTOC»e 970585089865+ 972129336005e97360262746,5497500813820,
097634838234 9497752581857 94978842839675098000178222+98110492131/

DATA AC/
e 98215447152 50983152586909¢9341013610344585002827369498585895940>
«9B8E6TI6T122,5,498744281789949881741959354988867544279098952454462,
09014682240 454990735947555499129343540,4991820747619499231929313
e9927900292% 3099223046255, 42936556501750994052200709e99442627546
099477898959,6995111413205e¢995424572605¢995719451454499599699195,
0eG9625809609eG9650362661 3499672443867 45499695123054,499715484503
095 T3459T700490997525292579e95759340646409e¢9937851108209499799881667
e 708137153 70+e9982¢665559,499838783206549985011673%4,499860712112
e998T06129605¢53BT90060C42 e IFE8BLLGL363,5459989E6551257,5499904066481/

DATA AD/
e9991107329754999170031605e99923685799,5495929349295,4699934620158,
99939523401 94999440326125e499948320022+6999522565735499955911981
0599593047589¢999624524719459965371398949299680769869499970583698,
059972905108 5¢F9975053547 5499977042149 94993078880894,,99980580653,
0999821512255¢999836017749e49998494087156999861765235499987316207>
e9998836620294999895351295499990226550309999104802990999918036363
e 99992498681 9e99993137722569999372502590999942645215499994759883)
0250952145169 6999950315829e93999601401336999963645279099996685644
e99996979696969999724884% 5999974950869 49999779C95049499998053361/

DATA AE/
e V9998285014 549999849184 2494999986740489099998835134,49499998977436,
«399991030435699999213826999999311465554¢9999939742449499999473065,
e 09999529565 44995905970982 549999964G2584499999654229,5499990733640
0999997681509 69999979834449499999824741,549399984T8015499999867928,
¢999998854E2 9699999900780 99999914100454999999256905499999935766
0939999944518449999995211594999999587045e999999644144499599969358
e939929736359499999977333,49999958052594999999832851499999985663
¢399999877125e999929824765499999293059554999999923005699999993920,
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15
11
21

17

25

57

27
31

63

60

62

2

WA p

Ut

e FVUTI99E20 0 5099959996230 9999999703954999999976783,499999998183/

DATA

AF/

099995 TE08U e YI995598293949999999913854999999993305499999999480
e 99909990YDVT 3499999599689 4499959999760 e9999999981554699999999858,
e 5999995931 9495959999910 5459999999936 594995999995519499999999969,
0 0999UG359C0 e UI0F Y YYIES 309999099955 24493999999995 9699999999997,

0G5999939598 9499055599990 4459799999999 514091eUsle/
CATA NVALUS/51-183922492445256/
DATA VINCR/Ue0230e01590e0295040329Ce05/
CATA V/1eT092e9833480khebsdel/

LV=5

KK=7

TEST=1E-10
PI=341415926536
IF(X)551597

X==X

SIGN=-140

GO TO 11

SIGN=1e0

GO TO 11

ERF=0.,0

GO TO 101
IF(X=5e75 Y17517921
ERF=SIGN

X=X#*SIGN

GO TO 101

DO 25 L=1sLV
IF(X-V(L))27+5725
CONTINUE
YY=Y(256)
DELTAX=X~547
X1=5e7

GO TO 59
N=NVALUS(L)
ERF=Y{N)*SIGN
X=X*SIGN

GO TO 101
IF(L-1)31s31+33
INTPT=X/VINCR{1)
IFCINTPT)E3963964
DELTAX=X

YY=0e0
FACTOR=141283791671
CENOM=140
AK=DELTAX
SUM=AK#FACTOR

DO 62 J=2sKK

QJd=J

AK=DELTAX*DELTAX*AK* (24 0%QJU=340)/(2.0%0J"160)
DENOM=(QJ=1+0)*DENCM
TERMK=FACTOR¥AK*{ (—=140}#*(J=1}}/DENOM

-SUM=SUM+TERMK

IF{ ABS(TERMK)=TEST)41941962

CONT INUE



GO T0O 41
64 QINTPT=INTPT
X1=GINTPT#*#VINCR(1)
DELTAX=X-X1
N=1
GO TO 35
33 INTPT={(X~V{L-1))/VINCRI(L)
GINTPT=INTPT
X1=(QINTPT®#VINCR(L))+VI(L-1)
DELTAX=X~-X1
N=MVALUS{L-1)
35 NJ=INTPT+N
YY=Y{NJ)
59 FACTOR=141283791671%#EXP(—=X1%X1)
DENOM=1.0
61 U=DELTAX/X1
Q=DELTAX*X1
B(1s1)=DELTAX
SUM=B(1s1)}*FACTOR
DO 37 K=29KK
QK=K
B(Ksl)=2+0%¥Q¥ (QK=-10}*¥B{K-191)/7QK
AK=B(K»s1)
DO 39 I=2sK
QI=1
BIKeIN=(U*(QK+QI—-240)}) ¥ (QK—QI+1e)}#B(KeI=1)) /(2% (QK+QI-1e)*(QI~-1e) )
39 AK=AK+B(Ks1)
DEMNOM=(QK=10)*DENOM
TERMK=FACTOR¥AK* { (~140)*¥ (K=1))/DENOM
SUM=SUM+TERMK
IF({ ABS{TERMK)-TEST)41941437
37 COMTINUE
41 ERF=(YY+SUM) *SIGN
X=X#SIGN
101 RETURN
END

1ze
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10

15

[ 3N A I B GV N I ]

FUNCTION DMF(PRESSsTsE}
COMMON AL;AQ(IOO)QAV,BETALSBETAVIBQ(IOG)’COSA,COSG’CPL(ZO),CSL9
CPV(ZO)’CSLA’CSV(ZO)QDELTAL(SO)’DELTAV(BO)QDENL(ZO)’DENV(ZO)QDL’
DPDRL(ZO)’DPDRV(ZC)QDPDTL(ZO),DPDTV(ZO)SDRDX7DVP9FP’GsGAMMA9H!
[oICXelil TXVs IZ’JERRUR ,JTR 7KB QKD,L ,LC QM!\SSQMASSI ,NPT ,NTR,NUL,
NULA;NUV»NX;PQPA(5O)’pOWER9DR,PRV,pT(20)QQ(IOOIQQW’R,RC’RHOQ
RHOVaRE’SL(ZC)95LC,5V(20)QTAMBQTANG!TﬁsTDL(IOI),TDV(101)9TﬂyTHV9
TIME(B“k»TSAT(EC)’UQUVQXQXB(IOO)QY(lOl)sZCIOI)yZINC;ZV(101)
DL=(DP+PRESZ)I /280
U0 5 1J=2+20
IF(PTIIJI-PX]5s898
CONTINUE
WRITE (6915)
GO TO 10
SZSV(IJ)—(SV(IJ)‘SV(IJ’l’}*(PT(IJl—pRESS)/(PT(IJ)—PT(IJ'l))
VE={S-St.CI*T /201572
DMF=E/FVL
RETURN
Vi =(SVE201-SLCI#T/f2.01572
DMF=EZVL
RETURN
FORMAT ¢ 53HNO BRACKETING VALUES IN PROPERTIES TABLE SUB. MASSC
END
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9e8* e
Gee*le
169°0¢
016°%*6¢
L6062
861°8¢
L81°L<
£20°*9¢
2e9* 4
198°¢¢
z2zZL*1¢e
B9Z*0<Z
816°61
geg*6l
12161
66981
LET*8T
2eg*tl
208°*91

198°*61

2e"8E
€L*82
86° 44
62°9%
6G°LY
26°8Yy
GE* 06
G6°14
G8%€S
9¢°9¢g
L0°86
1%°09
66°09
99°19
A NEA
62°€9
2e*v9
86°69
02°*L9

16°69

26°2¢
Z6*lce
8G*LC
8+%°*9¢
6£°6<
g8c*ve
01°¢ed
Zg*te
9£°0¢
86°81
Ly Ll
80°91
gL*°G1
6e°61
00°61
96*H1
LO*HT
16°¢l
£eg*cl

G611

6L%°1
96L°0
299°*0
6%6°0
eGgv*0
0L£*0
96¢°0
0ec*0
691°0
Z11°*0
#80°*0
LS00
290°0
L%0°0
I%0°*0
S¢0*0
0¢0°0
§¢0°*0
610°0

£10°0

9e*6¢t
2*60%
heeERG
%°089
0°608
g*826
*ch0T
*LvIl
*0vel
AR
°geel
*ehrel
*ovel
*geel
*6cel
*61¢cl
*90¢l
*L821
*6621

*91¢1

16°18
6w*Lel
LO* 191
99°881
16°¢2¢ce
gL*¢9c
68°*¢cce
wL*LOY
L THS
16°96L
8° 04701
98°90¢1
L*2691
T°Le81
0°*1L0Z
9°9L¢cl
7*66L¢C
8°LO%E
geLEEY

2*%629

2eet’
768°¢
Lee*y
o0LL Y
€02°®s
0%9°¢
L60°9
286°9
880°L
0Z9°L
206° L
702°*8
99¢°*8
62¢°*8
2o%*8
Z8%*8
L9G*8
£€99°8
gLL*8

94%6°*8

0e*99L

LG99
0*60T11
0*L891

0*L8€2
L9y
*112¢
LE®BE
*112%
vLeEE
*19¢5
78262
*18L9
26°92
*#8v8
8Ze€2
*06901
g1
*89221
£6°61
*160%1
s0*61
*929%1
29°81
*LLOGT
91481
*99661
L9°LT
*LTI9T
80°*LT
*5H891
8491
*€95L1
€L°s1
*50981
6LoN1
*65102

€6°*Z4

EwV°L9

£6°0%

96*¢9

88°8¢

c0*tg

02°Le
K217
7hohe
7Z*¢e
0T°2¢
86°0¢
286l
61°6¢
8% °*8¢
Ze*8e
91°8¢
86°LZ
08*LZ
6G6°LZ
Le*Le
T1°L2

08°*9¢

G2*6621
521
0Z*98
001
I%7°08
0°*6
LB*Z9
08
6L°14
0*L
cl*yy
0°*9
gHh*ge
0°¢g
c0*ye
0*%
9% *0¢e
0°*¢
6e*lc
0°c¢
76°*6¢
s°1
0G* %2
0°1
T2*%c
06°0
16°%¢e
Og*o0
09°*¢el
0L°0
Lz*ee
090
76°2C
0g*0
6g°c¢
O%°*0
2zrae
Oge0
18°1¢
02°0
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4560 15Z.4 50293 183.64 441425

8NeE7 Ce05 560 50,0
l1e12616 30040 1e40
2e0



14000
144500
15000
154500
16000
164500
17.000
17500
18.000
18.500
19.000
19500
204000
204500
214000
214500
22000
23.000
244000
254000
264000
264500
27.000
27500
284000
284500
294000
29500
30000
30500
31.000
31500
32000
324500
32700

250.7E-6
23441E-6
221.3E-6
207 .3E~6
197e5E-6
185+.6E-6
1777E~6
168+5E-6
160.5E-6
15308E“6
147.0E~6
141 e3E-6
135.4E=6
130.,6E-6
125.3E-6
120 .6E=6
11641E=-6
108.1E-5
100+8E~6
9345E-6
8T7e2E-6
8441E=6
81.0E-6
7801E“6
7542E-6
T2e4E~6
69 .6E-6
67 0E=6
6449E~6
61.2E-6
58¢1E-6
554 7TE=6
519E-6
4745E-6
43 49E~6
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00
183.64
18440
502493
624489

0e0D31666
0031666
0e0036618
D¢0036618
Ce0N36618
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