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FOREWORD

This report covers work performed in the Research and Engineering
Department of the Convair division of General Dynamics at San Diego,
California, under contract Number NAS8-21291, "Evaluation and
Application of Data From Low-Gravity Orbital Experiment' for the
George C. Marshall Space Flight Center (MSFC) of the National
Aeronautics and Space Administration (NASA), during the period

21 February 1968 to 30 June 1969. Contract control number was
DCN1-8-52-10101. Project manager for this phase of the study was
Dr. R. D. Bradshaw. Other Convair personnel contributing to this
phase of the study were Messrs. M. H. Blatt, L. R. Kaszas, K. M,
Kneisel, A. R. Marchese, and A, B. Walburn. The study was under
the technical direction of Mr. Leon J. Hastings, NASA/MSFC,
S&E-ASTN-PF.
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SUMMARY

A fourteen month study was performed under NASA/MSFC contract NAS8-21291 toanalyze
the S-IVB - AS-203 data and other available data to determine the applicability and
adequacy of analytical models in several areas of thermodynamics and fluid mechanics.
In particular, areas considered were repressurization, vehicle heating, pressure rise,
liquid level phenomena during venting, boiling and propellant sloshing. Analytical
models were developed and models were verified in each of these areas. Areas
requiring further study are identified.

The repressurization of the AS-203 vehicle for restart in orbit was analyzed with two
existing pressurization programs. Heating programs were used to determine the
contribution of ullage heating during this 360 second sequence. With heating rates
determined, the reliability of the analytical pressurization models to analyze pressure
changes during periods of helium addition and recirculation flow were ascertained.
The program PRISM was used for a parametric study of the contributions of these
variables. This program indicated options for ullage heating with interfacial heat
transfer provide a good simulation of the pressure history. This model further
represented the large potential effect of recirculation flow, The S-II pressurization
model lacks recirculation flow capability but was used to analyze helium addition and
ullage heating effects. This latter model over predicted the helium addition period
pressure rise just as PRIBM had done, but failed to match the ensuing pressure rise
actually experienced. This suggests some effects of recirculation exist but are
obviously not modeled in the S-II model. PRISM serves as an excellent pre-design
tool for a parametric look at gross effects.

The closed tank pressure rise for AS-203 was analyzed with existing analytical
models, the S-II Pressurization Program amd REPORTER, Prior to the pressure
rise analysis, considerable effort was expended in obtaining and verifying the heating
analyses for input to the thermodynamic models. Heating inputs were predicted
theoretically from radiant absorbed heat fluxes and from conduction-radiation models
of the fuel tank and its surrounding environment. The measurements of AS-203 skin
temperatures provided a confirmation of the predicted heating rates. Although energy
conducted through the forward dome is small, this heat transfer analysis within the
forward skirt area proved difficult because of an indefinite absorptivity for the mylar
insulation. The magnitude of heating rates for the various areas are presented and
compared with previous investigations. The sensitivity of the pressure rise thermo-
dynamic models to ullage heating inputs is discusscd. Good agreement with test data
was obtained for both heating and pressure rise models. '



The depressurization phase of the AS-203 experiment in a low-g environment was
successful, however, it did not provide enlightenment on these areas of liquid
behavior: liquid level rise, bubble evolution, boiling, or interfacial break-up.

These phenomena increase the possibility of venting liquid if the venting rate is too
rapid for a given initial liquid level. A gross bulk boiling analysis was performed

to provide parametric data for liquid level rise. For this worst case analysis, a
potential excessive liquid level rise was indicated. In a second analytical model,
LIQLEV, boiling was assumed to occur only at the interface and in the boundary
layer. A residence time was determined for bubbles based on their size. Thus,
boundary layer growth occurred during a vent down; this resulted in an approximately
ten percent liquid level rise for the AS-203 geometry. Parametric plots are given to
show the effect of g-level and vent rate on the change in liquid level.

The phenomena of boiling, liquid level rise, and bubble motion are rigorously treated
in a Convair computer code, EVOLVE, developed under company funding. This model
along with LIQLEV are both listed in the appendices of this report. The analytical
model computes the forces exerted on a bubble in a low-g field due to buoyancy, drag,
and surface tension. The effects of adjacent bubbles and void fraction in a confined
media are calculated. Studies conducted indicated that wake effects are an important
consideration in the agglomeration process. The AS-203 geometry was used to
evaluate bubble characteristics and liquid level rise during a depressurization. This
model confirms the findings of model LIQLEV. Liquid level rise is probably not a
problem except for full tanks at high vent rates. Bubble populations determined with
this model are described.

Propellant sloshing analysis is based on an analytical solution of the hydrodynamic
equations of motion. The solution assumes perturbational displacements of the free
surface of an ideal liquid in an environment dominated by g dependent forces. Effects
such as stratification or thermally driven motions are not included here. In addition
splashing, geysering, or breakaway liquid is not accounted for. For simplicity the
hydrodynamic solution is represented by the pendulum analogy. The forces and
moments produced by the oscillating propellants are represented by a set of pendulums.

The effect of baffle damping on liquid propellant motion is treated purely as an energy
dissipation device. The propellant motion is not physically constrained, instead
kinetic energy is removed in accordance with the theoretical energy dissipation
provided by the baffle. This baffle damping model provides an instantaneous rate of
energy dissipation rather than the average value over a full cycle. Unfortunately the
solution assumes the baffle to remain below the free surface level. When the baffle is
allowed to become uncovered the solution is in error.

The propellant slosh parameters based on this analytical model were obtained for both
the S-IVB fuel and oxidizer tanks along with the 6-inch scale model S-IVB fuel tank as
a function of the undisturbed propellant interface level. These data show the second
and higher propellant modes to be insignificant, hence they are omitted in the analysis.
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The drop tower slosh test results provide a direct evaluation of the propellant slosh
analytical solution as applied to the low-g condition. A digital computer program was
established to simulate the drop tower slosh dynamics. A comparison of maximum
liquid amplitude as a function of Froude number obtained from simulation results was
made with published test results. Data on liquid level amplification factor was also
obtained. Unfortunately not enough raw test data were available to expand on the
correlation analysis. From the test data available it appeared that in addition to slosh
motion, low-g meniscus effects were present. Under this condition the propellant slosh

model was inadequate to completely describe the propellant slosh motion observed in
test data.

The same analytical model was used to simulate AS-203 orbital coast conditions, The
results show decaying liquid oscillations at their natural frequencies with small

perturbations produced by the reaction control motor firings. No coupled frequencies
were observed. These results are in general agreement with published flight results.

The Marker and Cell computer code affords a simulation model for fluid dynamics
problems under low-g conditions. The computer code was used during this study
phase for an evaluation of sloshing, Simulation of model S-IVB drop tower test results
was programmed. The absence of surface tension in the model resulted in perturba-
tions at the interface which masked the major sloshing motion. These simulation
difficulties should be removed when surface tension is inciuded in the model. This
report also indicates applications of MAC to settling and stratification.

Several areas have been defined which merit further study. The quality of recirculation
flow for recirculation application is not adequately defined with existing models.
Pressure rise rate with unsettled propellant requires analytical modeling and verifica-
tion. The break-up of the interface into globules during depressurization can result

in severe liquid carryover problems. Program EVOLVE provides an excellent tool

to examine bubble phenomena in low gravity storage including hot spot heat leak
evaluation and ullage definition. Further analytical development and verification with
test data is required for slosh damping analyses for uncovered baffles. The Marker
and Cell program provides an excellent tool to examine fluid phenomena such as
sloshing, settling, outflow, and stratification and destratification.

The computer codes used in this study are those already in the NASA/MSFC library

with the exception of MAC, PRISM, LIQLEV, and EVOLVE. These latter three programs

are supplied with input/output procedures in the appendices to this report. An improved
version of MAC will be delivered at the completion of Phase II of this contract.

xix



1

INTRODUCTION

The S~-IVB Stage was launched into a nominal 100 mile circular earth orbit on 5 July
1966. This flight (AS-203) provided the most complete data on thermodynamic and fluid
dynamic performance of any orbital experiment performed to date. With data from that
experiment reduced and analyzed, a logical step was to verify available analytical
models to determine applicability and degree of correlation. Additional data from drop
tower tests were also evaluated and compared with predictions of analytical models.

Previous presentations of the AS-203 experimental data have been made (Ref. 1-1, 1-2
and 1-3). Of the many areas of low-gravity propellant behavior for which data was
obtained, the particular areas of interest for this study were determined to be repres-
surization, pressure rise during coast, liquid level rise bubble dynamics and liquid
carryover, and sloshing and settling, The sequence of events shown in Figure 1-1 gives
a good overview of the experiments conducted, their duration, and the periods of time
for which data was available. Data acquisition was excellent except for a period of no
data during the long term coast pressure rise. The vehicle configuration and the
instrumentation locations are shown in Figure 1-2. Hydrogen liquid level was at
approximately station 438 at insertion.

During this fourteen month study, data which were presented in the above reports were
evaluated in conjunction with the analytical models available. In the area of liquid level
rise, new analytical models were developed. Where possible, test data were compared
with analytical predictions. Where models show good correlation with test data,
parametric studies were performed to define the range of operating conditions.

The design of future upper stage vehicles and the extension of operating conditions,
i.e. coast times, of present vehicles requires verification of available analytical
models. It was the further aim of this study to define areas in which further effort
is required, either through analytical development or additional experiments.

The applicability of two computer codes to predict pressure history during repressuri-
zation is discussed in Section 2. The heating analysis for the S-IVB vehicles and the
models for prediction of pressure history for the settled coast condition are considered
in Section 3. The phenomena of liquid level rise in an S-IVB vehicle is presented in
Section 4 with a model for analysis of bubble dynamics in low~g. Section 5 examines
the applicability of an analytical model to sloshing, considering drop tower data and
AS-203 data. The applicability of the MAC technique to sloshing and other fluid
dynamics problems is examined. The conclusions and recommendations for additional
work are presented in Section 6.




{spuo23g) jjoyrT 123y dwit]

000¥%1
1

L

oc_om

M A

(-1 9ousaejoy) Juowradxq £0g-dAI-S 10} 9ousnbog sjuUdAd *I-1 aanS1 g

Lo

i

1

“OPRI
‘0€80
10290
‘0810

PR pmmm— R

o

"0€2S
*009%
‘ovey
‘o0be
‘080¢
T08¥2
ovie

——t

- . paAtasay wieQ L11awWaaL

)
S
o

0ze
026
069

l
|

mopeqs 8, AT UT A[IIYIA

[smopmora pamus

‘09822

umopmorg 18I14

uonjeztanssaidaq

8 ¥8II
8 ‘680

juap aarsyndorg-uoN yuel ZHT

05065
62689

€ "$98¢S
€ ‘¥LS8G

aanoy pea] [aud sutdug z-r

uadQ saareaszd ZHT ¥ XOT

juawtiadxy

umopiiyd
IHT PuoOdag

8°9021§
0°'$8801

juawriadxg
umopTIIYD CH'T
18114 pue XO1

94S

€ 9886

ug duing 23133y [4tat

3>as 09822 - WV aimydny
juauntiadxy yuel [2ng pasord

juswrzadx 3
15800 3314

I/

b 62l

G 9885
€ "T95¢

up duing 211334 XOT

L1069
€ 0bss

8 £06¢
7°6£45

aandy walshg ‘ssaaday THT

uadg wap snonuluod yuel CHT

6 L8V

-

2°8esY
[ARS 454

b 65 oy B9

L6fsll

7°L26S
28166

uadQ aareA isnayl alern XoO1

—

6 605
6 2¢b

£ °906%
0°506%

_ uQ puewwo?) jjoiny autduy z-[

0'veb
JANAR

1-2



807-THE00 — ‘ ~ N. o T
80n-21<00
p—— -2he 490Ud NOLLVZIILLO INVITAdOUd $
80165500 )/ 80N-£1500
c*o0n VIS
80"~ T900K
. - 9°cTH viS $0s
Sk 2T e 2T _mmd e NOTT¥INSNT wo...mn%o
G988 Woud , T ONIINVIS
ONIDWS , T I¥
SIS HO QEINNOW
80196000

H
h
]
|
)

SOH=80200 —

2sh VIS 80%-56000 -
80%-GHE0D 7120 BOY-1B00D
¥lS 80%~$6000
801=26000 R.-Om.n
O U RSOV UPN B IR emfmmaiand
|||||||||||||||||||||| Y i Cd 96°25n VIS
Ssn VIS _l .
804-91€0D wS2 12
9°heh VIS 905
got-2SO0N K 80%-9¢000
goh-8HO0K
SO%-60200 —— |0n-L7E00
6L VIS
GZH-9T00d ANY.L SH'T
SON-50000 — WSB" Lt~ e
9°5¢S YIS $0L
807-L5£00D
524~ L0200
som-oteon I‘\\ 0 ¥0103143a
6S0°GHG VIS e = —— et e ey m = — - - - bt fn nideiiitdetabted

L°%SS VIS
08 VIS
80n-0G00K
60n-TT200 .
60%-TOTOQ 9°L65 VIS $06 60%-26T0Q
60%-98200 80%-8L00D 604-29200 .
=2 W gy gty hpfiyhghingnius i piplyiphyiyhyiopeupnaiapin iyt o segufutinufofupai o dapuprietuidpietoel fugutd 254 TT9 vIg
il fogiufigiiegdepiiuivi oi Aipnfuugipbydiaiy 9 diupufeyipbuindy ghphpinnt —F— L°ST9 vis
006
—
60%-ST200 OTH-HGO0K
60%-c6T0d
80445200

L°259 VIS

[:] TOq
806250 o

60%=95200

L°259 VIS
8041-82¢00

9°799 VIS - $T0T

D 80%-65000
L°929 VIS

e —_— e vas

oTv-1900a
OTH-ST003 119 vIs
804-T2000 8064500
oTH-6LTOd

OTH-LLT0Q

Instrumentation Schen]

Figure 1-2,

Ew—ou'r 4+




ANIDNT 2+
~—- — —— TO%-890D
-9ogeHaT ‘c02-GAI-S ISTT SINNOIWOD
@IV WVD0d NOI IVINIAONISN SYI9N0d
-TTSMNOQOR TAS &uﬁ gVl HIsy-4
@Y HOTIVINEAND0Q OVd WOHL (EMIVIAO -
GyM ONTHYNA SIHL NO NOLIWMOANT I TOH-9950D
. TO- L9500
TON-GHTOD
TON-SET00
TOn-66T00
TO%- L1000 TOM-1L0D
T0%-90000 Ton-4£T00
and
TOR-TSTOD 61000
con-22200 Z To%-L0000
, SON-60£00 &- ] 00T WIS
TON-$ST00 Jing
TOR-25T0D £0%-2000Q 204-28000
SO%-£000T $O%-£0000X SO-50200
£ON-10000X
i IDIOVD OVA 40 TV 061200
£O1=0T00D €OK-22T00 H_.mun%w%
Fon-eTe? SLT VI8
- I L I 907-0H00D
- d
SON-£5200 ; E.m_o v1S -
-~ 901~ 7000T
s
H0oR-£T200 -e1e
- #OY-L0£0D
HOR-80£0D — 4 Jouckozon
@1 VIS ST Y18
907~ THOOD 06T VIS 90heEsd8s
3*S6T VIS 90750001
90724000
$9°002 VIS
s
§9°002 VIS o
901-9000T 0Tz vIs \
IANVL XOT 90%-95000
72H-BSTOD —m""| wom_mm:%w //
B N )
/,/.\ R
642 VIS FIS 2HT N
@GOY¥d NOLLYVZITILA LNVT1dd08d s amuwﬂwhm . I QuvMol K
;
I ._owmu,mm «m.hm III Woud o2z _ugor AT WO¥d o8 Lmor /!
9°Lnz vIs— 2n-12100 20755200 LonneE, g
$°052 VIS \ \ 7
424-2900Q 90%- L5000 A -
#2n-T9T0D FIS CHI o
§°G92 YIS II QYVMOL III WOUd o2 \\
L07-£5€0D o+ 192 VIS s \
8042500 IS XO1 80%-25000 St o
II quvmol III WOMd o22 Rl
LO%- L8500 ~ R
806500 T~ d S
- h:.ﬁn

B0%-£¢S0D

B0ON-28£00

907-TSS00
801-0££00

<HE VIS

o Nﬂl_v__ﬁ “+-u21 4|2

062 VIS
904-85000

2¢¢ WIS

LO%-95€00 /

SON-H1S00D

wol58
02 VIS .
sonseess = o°2sg vis gz

*0"D MYAL qAIOMIA
JETEE NNVL XOT

ST°CTZ WIS

III MO

IS XOT
9°852 VI8
®2H-52102
9OH-L2803

HOK-SSTOD

con-81200
HOR-LSTOD
0%~ 0300d

HoK-H9L00
HO®-£9E00

OVA 40 AML
OK-92T0D

80%-0¢TOD
BOH-SLEOD

atic for S~IVB ~ AS-203 Vehicle (Reference 1-~1)

FolD-outr #2

1-3



2

REPRESSURIZATION

Reliable computer codes are required for the design of pressurization systems for
analysis of conditions during engine restart in orbit. The interactions between
pressurant gas and existing ullage gas and also the interaction with the liquid interface
are not generally defined, thus empirical correlation and model verification are required.
Similarily, the effects of recirculation chilldown flow on pressure rise during this
repressurization period are not specifically defined in existing computer codes. It

is the aim of this section to examine these interactions within the scope of two

existing computer codes utilizing the experimental data available from the AS-203

flight for variable definition and as a comparison standard.

2.1 REPRESSURIZATION SEQUENCES FOR AS-203
The objective is to correlate the LH, tank repressurization data during the first and

second orbits of the AS-203 experiment. The sequence of events during the period of
interest are described in Figure 2-1,

Lo ULLAGE 5519 5928
THRUSTERS  ON OF
o - 5540 5542
CONTIIIOU
VENT - Lity ON - OFF (3005
REPRES. 5541
JALVE. ON OF I
HELITM 5542 5612
ADDITICN ONe———————— OFF
CHLLLDOWN PUMP 5565
Lip ON LA opp
PREVALVE, 5575 5865
Liiy CLOSED =2 2 OPEN
S 589
WIEL LEAD on 389
| | | |
5500 5600 5700 5800 5900

TIME AFTER LIFT-OFF (SEC)

Figure 2-1, Sequence of Events Effecting Repressurization of
LH9o Tank S-IVB-203

With the LOX ullage thrusters on to provide settling acceleration, the continuous vent

valve is closed and helium is added to the LHo tank. Following the initiation of
helium addition the chilldown system was turned on to prepare the engines for firing.
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The tank pressure history for this period is shown in Figure 2-2. A schematic
illustrating the mass and heat transfer to the S-IVB-203 LH, tank is shown in Figure
2-3. The schematic indicated that heat is being added to the tank at the sidewall and

30 I
| HELIUM
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|
[
z } —
/P‘
@ /4/ |
|
a3
£ Z !
[72]
@ |
[55]
£ !
|
T
10
5500 5600 5700 5800 5900

TIME AFTER LIFTOFF (SEC)

Figure 2-2, Fuel Tank Ullage Pressure During Repressurization
and Engine Chilldown

forward bulkhead due to heating from the environment while heat is also added along
the intermediate bulkhead from the LOX tank. Recirculation flow is also a heat input
to the LHo since the fluid leaving the tank returns to the tank at a higher enthalpy.
The only mass being added is the helium added to the ullage.

Initially a review was made of the Chrysler, Douglas and Marshall Space Flight Center
reports concerning the AS-203 experiment (Ref. 1-1, 1-2, and 1-3). These reports
wer e examined in order to become familiar with the general S-IVB configuration with
specific emphasis on restart systems.

A survey of the literature was then made to find analytical or experimental models
which could accurately predict the ullage pressure history, Figure 2-2, of a control
volume as shown in Figure 2-3. These models were then compared with the tools
existing at Convair,

Some of the more pertinent studies which were reviewed were NAS7-169, 'Design
Guide for Pressurization System Evaluation, "' Aerojet General, (Ref. 2-1); NAS7-388,

o o
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Figure 2-3. LHo Tank Repressurization Schematic

"Design Guide for Pressurized Gas Systems, ' IIT Research Institute (Ref. 2-2);
NAS3-2574, '"Advanced Pressurization Systems for Cryogenic Propellants, '' Martin
Marietta (Ref. 2-3) and NASA TN D-3451, "Prediction of Propellant Tank Pressuriza-

tion Requirements by Dimensional Analysis, ' George C. Marshall Space Flight Center
(Ref. 2-4),

The Aerojet, IIT and Martin programs are set up as predesign tools for selecting
optimum pressurization systems. They do not have the application to the recirculation
analysis provided in the method discussed below. These three programs were not
studied further or applied in this analysis. Additionally, the treatment of the tank
thermodynamics in the above programs is not as refined as the NAA S-II Pressurization
Program (Ref. 2-5), and the restriction of constant conditions for many of the factors



which vary considerably in the AS-203 experiment limit the value of these tools. The
dimensional analysis technique of Thompson and Nein (Ref. 2-4) is a simple approach
to obtaining pressurant requirements, however, it assumes a constant ullage pressure
and simultaneous outflow.

The two tools which were used to simulate the AS-203 LHg tank pressure history
during repressurization are the S-II Pressurization Program and the PRISM program
(Ref. 2-6). The latest version of the S-II Pressurization Program (October 23, 1964)
was developed for NASA by North American Aviation. The PRISM program, developed
at Convair for the Centaur vehicle, has been successfully used to predict pressurant
requirements on several recent Centaur flights. Input for these programs was
obtained from drawings, microfiche, reports and telecons. Configuration geometry
was obtained from MSFC supplied drawings and reports and from telephone conversa-
tions with MDAC. Thermodynamic properties and data were obtained from reports and
microfiche,

2.2 ENERGY EVALUATION

Ambient incident energy on the LH, tank was determined using the Convair Space
Vehicle Radiant Energy Program (SAINT NERO) (Ref. 2-7), Convair Radiation
Configuration Factors Program (Ref. 2-8) and the Convair Variable Boundary II Heat
Conduction Program (P2162), (Ref. 2-9). These programs are explained in detail
in Section 3. The SAINT NERO program was input with the orbital parameters,
surface optical properties and vehicle geometry in order to calculate the thermal
energy absorbed and reflected by the exposed surfaces. The configuration factors
program was used to determine the view factors between the forward skirt, instru-
mentation unit and nose fairing and the hydrogen tank forward bulkhead. Heat flux
calculations are completed using the Variable Boundary II Heat Conduction Program.
This program was input using free convection from the tank wall to the fluid, with
cases run for several different values of insulation conductivity, specific heat and
emissivity in order to accurately reconstruct the heat flux history to the LHo tank.
Several heat flux comparisons are made with "measured' values in Figures 2-4 and
2-5,

2.3 THE PRISM PROGRAM

The PRISM program was initially developed for predicting pressurant requirements and
pressure histories for the Centaur fuel and oxidizer tanks. Basically the program is a
first law analysis of the propellant tank allowing pressurant inflow, propellant outflow,
tank wall heating and recirculation flow. Some modifications were required in order to
use the program for the S-IVB repressurization simulation. These modifications
included addition of a subroutine to handle transient heat transfer through thick walls of
two different types of materials, alteration of block data and call statements to account
for geometry differences between the Centaur and S-IVB vehicles, and modifications to
the recirculation and pressurant inflow routines to allow input as a function of time. A
listing of the program as it was used is given in Appendix A.
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Several options are available in using the PRISM program which can be easily used to

examine the influence of significant variables on the tank pressure history. Using the

heat flux conditions shown for o = ,20 in Figures 2-4 and 2-5 the PRISM program was
run for the following cases:

1. Full heat transfer between the liquid and ullage: Wall heating of liquid does not
directly produce vapor, all recirculation heat addition contributes to the liquid
sensible heat.

2. No heat transfer between the liquid and ullage: Wall heating of liquid does not
directly produce vapor, all recirculation heat addition contributes to the liquid
sensible heat.

3. Full heat transfer between the liquid and ullage: Wall heating of liquid does
produce vapor directly at the wall, all recirculation heat addition contributes to
the liquid sensible heat.

4, TFull heat transfer between the liquid and ullage: Wall heating of liquid does not
directly produce vapor, all recirculation heat addition contributes to boiloff.

Comparison of cases 1 and 2 shows the influence of interfacial heat transfer.
Comparison of 1 and 3 illustrates the significance of the side wall heat flux.
Comparison of 1 and 4 shows the effect of recirculation flow. All comparisons are
between the maximum and minimum expected values of each of the three parameters
being examined. The maximum pressure occurs for case 4 when ullage heat transfer
variables are set to their maximum value,

Figures 2-6 and 2-7 give the pressure history for each of the above four cases along
with the pressure history recorded in the AS-203 flight (previously shown in Figure
2-2)0

Analysis of the comparisons of Figures 2-6 and 2-7 illustrates that of the cases run,
case 1 most accurately represents the pressure history inside the S-IVB tank during
repressurization. Case 1, which is the minimum heat transfer condition, gives a
slightly higher pressure rise than actually occurred in the AS-203 experiment
repressurization, All cases show a higher initial pressure rise when helium is being
added, indicating that the mixing of the helium entering the tank is not as efficient as
assumed in the model. The pressure rise subsequent to helium addition is higher in
the actual flight case, probably due to the higher ullage heating rates indicated in
Figure 2-4. The recirculation however appears to possess as important a part as the
difference in ullage heat flux. For a more accurate modeling of the AS~203 case it is
necessary to alter the mixing process, increase the heating rate to the ullage and reduce
the importance of recirculation flow.
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Examining the comparative results of Figures 2-6 and 2-7 by comparing case 1 to case
2 indicates the ullage is actually cooled by the liquid in case 1 making the pressure
rise rate for no interfacial heat transfer in case 2 higher than that of case 1, Case 3
illustrates the effect of treating the wall heating as producing vapor at the wall. The
final variable studied was the most significant in controlling pressure rise. The
difference between cases 1 and 4 is due to the recirculation flow being treated as
contributing directly to either the liquid or ullage. When recirculation energy is added
directly to the ullage, the pressure rise is significantly greater than experienced for
only sensible heating from recirculation flow.

Conclusions of the study are that the PRISM program has given reasonable results in
cases 1, 2 and 3. Modifications could improve the mixing capability and handling of
the recirculation flow. The difference in heat flux between the experiment and
analysis could be adjusted by modifying coefficients in the Variable Boundary II Heat
Conduction Program although it is not obvious how this would be done at this time. If
additional correlations are attempted, these modifications would be applicable in
developing an appropriate model for pressurization analysis.

2.4 S-II PRESSURIZATION MODEL APPLICABILITY

A second computer model applicable to repressurization analyses is the NAA S-II
pressurization model (Ref. 2-5). This computer program has a comprehensive
treatment of ullage free and forced convection mechanisms which make the program
particularly applicable to pressurization analyses. The multi-node, multi-component
ullage model provides descriptive information on gradients resulting from pressuriza-
tion with warm helium. A significant portion of the AS~203 restart sequence

involved recirculation of engine coolant flow which entered near the bottom of the bulk
liquid. The consequence of this flow in modeling the resultant pressure rise led to
difficulties which could not be handled within the scope of this study.

2.4.1 PRESSURE RISE WITHOUT RECIRCULATION SIMULATION, A computer
simulation of the AS-203 flight for range time of 5541-5911 seconds was performed
with the S-1I pressurization program, P3542, with recirculation flow absent. The
utility of this approach lies in establishing the importance of the input of quality
recirculation flow into the liquid. The ullage heat fluxes are also of significant
importance in this model. The methods for obtaining heat flux data were described
in Section 2.1. Other facets of the determination of heat flux data are discussed in
Section 3. The desired heat flux values for ullage and liquid as obtained from P2162
are presented in Figure 2-8,

A shortcoming of this pressurization program is the difficulty in achieving the desired
heat input to the program. The heat input is achieved by a time-dependent ambient
coefficient Up multiplied by a temperature difference resulting from an input time-
dependent ambient temperature and a program calculated outer wall temperature. A

2-8



12

a— —
— —
m——
a—
- —

LY

HEATING RATE x 10~4 (BTU/HR)
-]
\b

ULLAGE, P3542
- e e G —— v w—— o o h—/—_—_-——————-—— ————— e

\ .
2 X £
T/ N\ ULLAGE, P2162
\
\ |
0 \J
5500 5600 5700 5800 5900

RANGE TIME (SEC)

Figure 2-8, Comparison of Propellant Heat Fluxes Predicted With P2162
and Those Achieved in P3542

convenient solution here is to diminish the coefficient such that the overall temperature
difference is only slightly dependent on the wall temperature. With this achieved,
additional knowledge of the inner gas to wall heat transfer coefficient is required to
select initial temperature gradients and temperatures for the insulation. This is
frequently only available through a trial and error approach. This approach may be
unique here at Convair in that heat transfer calculations are performed with other
programs as described in Section 2.1 prior to using the pressurization program.
These heat transfer programs permit a variation in heating to the various quadrants
which is significant but is not an available option in pressurization programs. These
programs as indicated earlier, also afford more accurate modeling of shroud effects
on forward bulkhead heating. Thus, the procedure becomes one of accurately defining
the heat transfer, then lumping heating rates for all quadrants to express them only

as a function of axial location and time, and finally transmitting this information to the
selected pressurization program.,

In the S-II pressurization program, minor modifications have been made to afford a
check between the achieved heat flux and the desired heat flux obtained from the heat
transfer programs. These include the heat flux at each node, the energy addition to
ullage and liquid during a time step, and the summation of this energy over the run.
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It then becomes a simple matter to compare the heating information from P2162 with

that obtained in a given pressurization run. These modifications are recommended to
this program to provide a check on performance; energy input is frequently a quantity
of interest.

In the simulation run for the period 5541 to 5911 seconds, the desired heat flux is
compared with that achieved in P3542 in Figure 2-8, The agreement between the
ullage heat flux is of considerable more importance in this investigation since ullage
pressure is little affected by heating the subcooled liquid. The liquid was initially
saturated before the pressure increase resulting from the helium pressurization
resulted in the subcooled liquid state, This period started at 5541 seconds with the
helium addition rate trailing off to zero at 5573 seconds after the addition of 8.7 lbs
of helium.

The pressure rise history from the simulation run with computer program P3542 is
shown in Figure 2~9. The steeper initial slope and the rapid change in pressure rise
rate at 5560 seconds are attributed to unrealistic matching of ullage heating for this
time period as indicated in Figure 2-8. More careful matching during this time
period could have resulted in a better matching of AS-203 data; however the P3542
prediction would still exhibit a lower pressure rise rate after 5600 seconds. As
expected, without the contribution from recirculation flow, the pressure rise does
not come up to the level experienced with AS-203. Since heat flux to the ullage in
this simulation slightly exceeded the predicted requirement from heat transfer
programs, it appears the additional difference in pressure may be attributable to
recirculation flow, Hand calculations indicate the additional energy requirements
to match the observed pressure rise rate is approximately 2800 BTU.

—
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Figure 2-9. Flight Data and Pressure Prediction With P3542 For
Repressurization Phase

2-10



This is equivalent to an energy flux of 27,000 BTU/hr which could result from a time
average quality of only ten percent for the recirculation flow for 100 seconds. Such a
situation is highly probable.

Although injecting a point heat flux at the tank location of recirculation return was
considered, the degree to which the liquid is subcooled for AS-203 simulation negates
any ullage contribution from such an energy input. The test data confirmed that the
liquid did remain subcooled during this period. Evaporation due to liquid heating only
occurs when the energy reaches the vicinity of the interface and the interface nodes
become saturated.

Major modifications to the P3542 program would be required to distribute the
recirculation energy in a representative manner to the appropriate nodes. Such
distribution would be dependent on the flowrate and quality of the recirculation flow,
the decrement in temperature below saturation, liquid depth, and gravity level.
Essentially, it becomes a problem of bubble collapse or bubble migration which
requires an elaborate model on its own.

In conclusion, while the program P3542 is quite satisfactory for pressurization and
ullage heating simulations, it is deficient in being capable of predicting pressure
histories when recirculation flow is involved. Modifications to the program could
be made to incorporate data from another program which defines recirculation
flow energy distribution, as a compromise solution. The second program referred
to above could well be a form of the program EVOLVE discussed in Section 4. 4.
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3

CLOSED TANK PRESSURE RISE

Analytical models to predict pressure rise during orbital coast required verification.
The AS-203 vehicle is unique in providing extensive temperature and pressure data

for a tank with considerable liquid hydrogen remaining aboard. Future space missions
require the storage of propellants during short coast periods as well as up to many
weeks in orbit. These analyses conducted here were aimed toward reviewing the
status of available tools for predicting the heat input to the tank, determining the
important contributions to pressure rise rate in a closed tank, and verifying the
available analytical tools with the AS-203 data.

A knowledge of pressure rise rate is an important parameter in defining propellant
requirements and also tank venting requirements for orbiting vehicles. The methods
examined here are quite appropriate for determining the thermal environment of the
vehicle. One may still anticipate some variation between the settled propellant
results attained here for pressure rise rate and those predicted for an unsettled
propellant. Accurate estimates of the wetted wall area will enable the methods
verified here to be used for both cases.

3.1 PROPELLANT TANK HEATING

The propellant pressure rise correlation task was performed for the locked-up
hydrogen tank portion (4th orbit) of the AS-203 flight. The method of approach was to
model the known vehicle geometry, surface optical properties and orbital parameters
using the Convair Space Vehicle Radiant Energy Program (SAINT NERO) (Ref. 2-7)

to calculate the thermal energy incident on the exposed surfaces of the vehicle and
that portion of the incident energy which is absorbed by the vehicle surface. The next
step was to determine the radiant geometric view factors between heated vehicle
surfaces in the forward skirt, instrumentation unit and nose fairing and the hydrogen
tank forward bulkhead which is seen by these surfaces. This calculation is done
using the Convair Radiation Configuration Factors Program (CONFAC) (Ref. 2-8).
Thethird step inthe analysis was to perform a complete energy balance on the hydrogen
tank using the Convair Variable-Boundary II Heat Conduction Program (Ref. 2-9).
Subroutines of this program accommodate boundary conditions of free or forced
convection, radiation to an external environment, radiative heat exchange between
elements, or any other time-dependent heat flux. Calculations were made for wall
conductivity values represented by the foam insulation, gaseous hydrogen, and
gaseous helium. The propellant heating data from above was utilized in the various
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propellant thermodynamics computer programs to determine the propellant tank
pressure rise prediction. A similar analysis was reported under Contract NAS8-20165
in References 3-1 and 3-2 involving orbital data from Saturn S-IV stage flights.

3.1.1 ORBITAL HEATING. The geometrical configuration of the orbital vehicle
being analyzed for the closed tank pressure rise test correlation is somewhat compli-
cated by the fact that the forward skirt, instrumentation unit and nose fairing remain
attached to the S-IVB vehicle during flight. The thermal energy balance on the
"locked-up" fuel tank involves the determination of the heat leak into the tank through
the side wall, the forward bulkhead, and the aft bulkhead and aft skirt joint. The

first two heat leaks are caused by radiant energy exchange with the orbital space
environment. Side wall heating is due to direct environmental irradiation. Forward
bulkhead heating is due to environmental irradiation only indirectly, since the bulkhead
is completely enclosed by the forward skirt, instrumentation unit (IU) and nose fairing.

Prior to conducting an energy balance on the orbital fuel tank, a geometrical model of
the problem configuration is established. The environmental irradiation is calculated
for the cylindrical tank side wall, forward skirt and U as well as the conical nose
fairing. To do this, the cylinder and cone are divided into quadrants corresponding

to the boost vehicle fin lines. This vehicle surface geometry and the fourth revolution
orbital parameters (Ref. 3-3) are input to the Convair SAINT NERO program (Ref. 2-7)
to determine the incident and surface absorbed heat flux due to radiation and free
molecular aerodynamic heating. In the SAINT NERO program, the curved surface
geometry is approximated by small flat plate elements and the surface heat flux
calculated on each element due to direct solar radiation, earth retlected solar
radiation (albedo), earth thermal radiation, and free molecular aerodynamic heating.
The incident heating calculations are made at twenty-four locations around the orbit
with special calculations made just prior to and following both ingress and egress of
the vehicle from the earth's umbra. Since the tank energy balance is concerned with
the surface absorbed energy, the vehicle paint radiation surface absorption coefficients
for both solar and earth thermal radiation wave lengths are input to the program. The
program output then provides net surface absorbed heat flux. The values of surface
absorptance used for the calculations are og = .24 and a1 = .23 for the conical section
(Ref. 1-3) and ag = .33 and at = .89 for the cylindrical section (Ref. 1-2). The value
of the abledo used in the SAINT NERO calculations was obtained from Reference 3-4
where radiation measurement values are obtained from satellite launches on similar
trajectories to that flown by the AS-203 vehicle. The value used is 0.29 times the
solar constant.

In the program, the vehicle is flown nose first and flight path oriented with fin position
I oriented toward the earth. The surface absorbed heat flux for the cylindrical and
conical sections is shown respectively on Figures 3-1 and 3-2. The heating data are
shown for the four quadrants of each section., Quadrants I-IV and I-II are on the side
of the vehicle pointed toward the earth; it is readily seen that there is little variation
in surface heat flux during the orbit period. For the quadrants positioned opposite the
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earth-vehicle line of sight, there are large variations in heat flux with time. This is
especially true as the vehicle enters and leaves the earth's shadow. It is because of
these large angular variations in surface absorbed energy that the vehicle is broken
into quadrants for the heating analysis. The heat flux values shown are average values
over the surfaces indicated. The data shown on Figures 3-1 and 3-2 are utilized as
boundary conditions for the fuel tank energy balance calculation.

3.1.2 HYDROGEN TANK ENERGY BALANCE. The energy balance on the fuel tank
is performed in a transient calculation as a function of flight time. Before the
calculation can be performed, however, it is necessary to further specify the
geometrical model of the vehicle. Since the thermal energy interchange between the
tank forward bulkhead and the skirt, IU and nose fairing is principally by radiation,
the geometrical shape (view) factors must be determined between the heated outside
surface nodes (sources) and the bulkhead surface nodes (sinks). This is done by
again dividing the forward structure and bulkhead into quadrant nodes. Calculations
are performed using the Convair Radiation Configuration Factors program (Ref. 2-8),
to define the view factors between nodes. For purposes of the incident heat transfer
analysis, the S-IVB fuel tank was divided into quadrants and into three axial sections,
at STA 555 where the forward bulkhead ends and at STA 445 near the nominal wetted
liquid level during fourth orbit, a total of twelve sections. Little difficulty occurred
in the analysis of the lower two sections; however the forward dome area presented
some unusual analytical problems.

The energy input to this forward bulkhead area is by radiation from the forward

shroud cylindrical and conical sections. McDonnell-Douglas indicated the forward
bulkhead was covered with three layers of aluminized mylar with an aluminized

side out having an absorptivity of 0.05. If the mylar side had been out, the appropriate
absorptivity may have been as high as 0.55. Environmental conditions during the
period prior to lift-off may also have resulted in deterioration of the first value to a
significantly higher value. Through temperature differences in the forward wall and
the magnitude of predicted fluxes, it is shown to be highly probable that the absorptivity
was considerably above 0.05 although possibly not as high as 0.55, Although two or
three layers of aluminized mylar may have been used, the outer surface absorptivity
is controlling and the inner layers only tend to modify the effective k of the insulation;
additionally, the mylar insulation k is not considered to be a significant variable in
this configuration.

For the absorbed energy analysis to the propellant, the forward bulkhead was thermally
modeled in P2162 by dividing the dome into quadrants along the fin lines and into four
thickness nodes in each quadrant. To determine the thermal energy transferred to the
dome from its external environment, radiation view factors were calculated between
the dome quadrants and the quadrant sections of both the cylindrical instrumentation
unit and forward interstage adapter and the conical nose fairing. A time dependent
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energy balance was taken on the cylindrical and conical sections and the energy
input to the bulkhead calculated by performing a simultaneous energy balance
on the dome itself. The bounding heat flux on the outside of the bulkhead was
radiative while free convection was assumed to govern the transfer of energy
away from the inner dome surface to the gaseous propellant sink for the closed
tank calculation. For the free convection calculations, the vehicle acceleration
level was varied from 3,27 x 104 g's at tank lock-up to 7.3 x 10~5 g's at the
time of final loss of communication. These inputs were obtained from AS-203
flight acceleration data.

An appropriate method to check the adequacy of propellant tank thermodynamic
modeling techniques is to compare the temperature difference measured across
the tank wall with that predicted from the computer simulation. Data obtained
for the fuel tank forward bulkhead are used for this temperature modeling
comparison. The difference in temperature between the inside and outside
surfaces of the bulkhead wall along fin lines I and HOI at Station 652.7 are shown
on Figure 3-3. The temperature differences were obtained from temperature
sensors C85 and C328 (fin line I) and C86 and C329 (fin line III) on the AS-203
orbital vehicle.

For this investigation, the tank energy balance was made using both the
extremum values for dome absorptivity. The acceptability of either value in
the thermal modeling was based upon both the comparison of analytical test
dome wall temperature differences and tank pressure rise rates. From the
values of both predicted and experimental temperature differences shown on
Figure 3-3, it is readily apparent that the values obtained with the value of
0.05 are entirely too low and that this value of surface absorptivity is incorrect.
On the other hand, the predicted temperature difference values obtained with
an absorptivity value of 0.55 are somewhat too high. It appears that the value
is somewhere between the two extremes. This anomaly was resolved in the
selection of a dome absorptivity of 0.20 which is a compromise between the
extremes studied earlier; the value has some basis according to mylar
deterioration studies made by Lemke (Ref. 3-5). The use of this value on
forward dome wall temperature differences is also shown in Figure 3-3.

This prediction does represent the data satisfactorily except for discrepancies
during the initial transient which are discussed in the following paragraph.
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One other modeling problem is apparent from a review of the experimental data in
Figure 3-3. The temperature difference decay just prior to and immediately after

the start of the closed tank pressure rise test (17140 seconds) is not properly predicted
by the analytical model. The assumption was made in the thermal model for problem
initial conditions that the temperature gradient across the tank dome wall was a straight
line as shown as initial estimates in Figure 3-4. Due to the very rapid chilldown of
the tank due to a tank venting blowdown and the low conductivity of the tank wall, this
assumption was incorrect. It appears that the initial wall gradient may have been
more nearly shaped like the approximation of Figure 3-4. A gradient of this type
would explain the reason for the difference in slope of the temperature difference decay
line between analysis and test.

The initial gradients which were assumed for the walls as input to the Convair
Variable Boundary II Heat Conduction Program, P2162, (Ref. 2-9) were re-evaluated
with a steady-state program which iterates until gradients are attained which support
boundary conditions imposed on the problem. Boundary conditions imposed were
external heat flux and internal conditions of fluid properties and sink temperatures.
These internal wall conditions were measured temperature data at 16,700 sec
representing conditions prior to the blowdowns at 16,723 and 17,023 sec. The
steady-state temperature gradients at 16,700 seconds are shown for the ullage
cylindrical section in Figure 3-4. Measured values of inside wall temperature at
16,920 seconds, as indicated by the earlier selection of initial gradients, were about
45°R. Thus, in the period from 16,700 sec to 16,920 sec, the profile in the wall
changes from the indicated earlier straight profile to the curved profile indicated by
dotted lines. This inner wall transient results from rapid wall cooling through forced
convection during venting. It further accounts for the large initial temperature
differences shown in Figure 3-3. These large differences decrease as venting ceases
at 17,132 sec and the inner wall starts to increase in temperature at 17,500 sec.
These transients were not originally adequately modeled with P2162 since stipulated
immer boundary conditions were only free convection. The problem would have to be
run in steps to account for these changes in conditions. However, modeling this
phenomena during this short period is not considered important to overall long term
heat flux results.

The results of the analysis for heating rates through the forward bulkhead are shown
in Figure 3-5. The predicted heat flux for the cylindrical side wall sections is shown
as a basis of comparison for the predicted magnitude of the forward dome heating. If
the absorptivity of .05 had existed, the dome heating would have been almost insignifi-
cant. As indicated in Figure 3-5, for absorptivities investigated, the dome heat flux
is always significantly less than the cylindrical section, although the dome surface
area exceeds the dry side wall in this case by 18 percent. This fact is further
demonstrated in Figure 3-6 where a heat flux comparison is made for the forward
bulkhead, the ullage cylindrical section, and the liquid. Test data points from
Reference 1-1 on Figure 3-5 correlate reasonably well with the cylindrical section
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prediction. Test data in the dome area confirms the absorptivity value is higher than
.05. As the absorptivity on the forward dome increases, the forward bulkhead heating
rates become a more significant contribution to ullage heating. From the pressure
rise analysis discussed in Section 3. 3 it appears ullage heating for the closed tank
experiment should total about 49,000 BTU. The absorptivities of 0.05 and 0.55 gave
respectively 41,000 and 61,000 BTU for ullage heating. The negative heating flux in
Figure 3-5 and the inability to match the temperature differences in this area with
a=,05 lend support to a value of absorptivity near 0.20. As expected the prediction
with a equal 0. 20 falls between the previous predictions. It is significant that
predictions with an absorptivity of .20 more closely matches the heat flux calculated
by wall temperature difference than the other values for dome absorptivity. The wide
scatter in the test data indicates the uncertainty of the exact behavior after 20,000 sec.
A significant point is that for either .05 or .20 for a, the 3,000 or 7,000 BTU/hr

flux is still a minor portion, less than 25 percent, of total ullage heating.

The heating rates to the liquid and gas are calculated in the thermodynamic program
REPORTER (Ref. 3-6). The heating rates are input to the program as a function of
axial location and the program calculates liquid and ullage heating. These heating
rates are presented in Figure 3-7 for the ullage where a comparison can be made

with the results reported in Reference 1-1, There, two approaches were used in an
evaluation of the heating rates, one an evaluation of heating rates through changes in
ullage fluid properties, and the other a calculation using measured wall temperature
differences and an assumed thermal conductivity. The authors of Reference 1-1 prefer
their results on change of fluid properties since it is in agreement with continuous vent
flow and the thermal conductivity in the temperature difference method is probably
higher than used. The comparison of these two methods with Convair predicted results
suggests better agreement for the ullage during the fourth orbit with the wall tempera-
ture difference method, however, the phase angle of the cyclic nature of the data is

not matched. Nonetheless, the most recent prediction using a dome «of 0.20 is
preferred.

For liquid heating, predicted results are compared with test data in Figure 3-8.
Predicted results again compare more favorably with the heating rate determined
from the wall temperature difference method. Investigators in Reference 1-2 report
a heat input of 79,000 BTU/hr to the liquid using wall temperature difference and
69,000 BTU/hr plus 47,000 BTU/hr boil-off using fluid properties. The Convair
predicted value is only 52,000 BTU/hr input to the liquid, a value somewhat lower
than the other investigators; nonetheless this value is sufficient heating to match the
pressure profiles.

3.2 PRESSURE RISE RATE.

The existence of a valid model for thermal analysis and substantial results are
prerequisite to the ability to predict the pressure rise rate. Other than defining hot
spots and maximum temperatures, the thermal analysis is primarily responsible for
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an adequate model of the thermodynamic state of the fluid. A study of the pressure
rise in the locked-up S-IVB - AS-203 tank during the range time of 17,100 to 28,000
seconds was completed. The results for the two programs used, P3542 (Ref. 2-5) and
REPORTER (Ref. 3-6) are presented in Figure 3-9. Results indicate the important
effect of the emissivity value for the forward dome. The results of the modeling are
considered excellent,

Program REPORTER is a First Law thermodynamics analysis with a capacity for
analysis of a 10 node problem permitting stratification in the ullage because of
different axial heating rates; however, the use of a single node problem with one liquid
and one ullage node has been found to give similar results for pressure rise rate to
the multinode configuration. In the interest of economy, the single node analysis

has been used.

The liquid thermodynamic states determined with REPORTER were independent of
absorptivity on the forward bulkhead. The liquid in all instances remained subcooled
during the entire simulation with no evaporation occurring. This is not entirely in
agreement with previous investigators.

The differences in ullage heating due to different dome absorptivities resulted in
different pressure rise rates. These rates are compared in Figure 3-9 with the
pressure history of the AS-203 flight for the period of the closed tank experiment.
These cases indeed bracket the test data. I boil-off occurred and was not accounted
for in REPORTER, inclusion of boil-off would increase the low absorptivity prediction
toward the flight data. It is noteworthy that the degree of subcooled liquid, 5.7°R
below the saturated conditions for final test data pressure, indicates increasing liquid
heat flux two-fold would not result in a prediction of boil-off with program REPORTER.
Thus, to expect a contribution from evaporation with this model is unacceptable and the
contribution of boil-off must be added outside the program. This difficulty with
boil-off contribution has been experienced elsewhere in models which fail to adequately
model stratification. ‘

The analysis of the long term pressure rise during coast with the program P3542
developed by Epstein (Ref. 2-5) provides insight into the various contributions to
pressure rise. Again, the significance of ullage heating cannot be over emphasized.
Nonetheless the modeling with P3542 could at this point be improved only slightly with
extra effort expended in matching predicted ullage heat flux with that input to the
ullage gas. As indicated earlier, matching the predicted heat flux which leaves the
inner tank wall with the desired heat flux calculated in P3542 is a cut-and-try process.
The resistance and heat sink capability of the wall enter into the problem.

The modification to P3542 which permits monitoring energy input to the ullage and
liquid for each time step and the summation of energy input provides information to
evaluate program sensitivity to ullage heating. The predicted or desired heat input

is compared in Figure 3-10 with the achieved heat input for two cases run with P3542.,
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Figure 3-10. Comparison of Propellant Heating Rates Predicted With P2162 and Those
Achieved in P3542

The desired heat input to the ullage was 53,700 BTU from P2162 for the period of lock-up.
Case 1 with P3542 with 50,160 BTU input resulted in a pressure rise to 38.1 psia while
Case 2 with 55,800 BTU resulted in a rise to 41.1 psia, both from 12.5 psia in 5700
seconds. This sensitivity to heat input suggests the required accuracy for heat input
must be better than 5 percent if pressure rise rate is to fall within 1 psia during this

type of coast phase. The Case 1 and 2 heat fluxes in Figure 3-10 resulted in the Case

1 and 2 pressure curves of Figure 3-9. The absence of AS-203 test data in the region
18,000-21, 000 seconds and the backward extrapolation of the later data suggest the

flight data curve may be higher than indicated. The Case 1 correlation in Figure 3-9
based wholly on predicted data is gratifying.

Another significant factor in the analysis with these two programs is the results for
evaporation or boil-off. Program REPORTER predicted zero boil-off while P3542
predicted 32 and 36 lbs respectively for the two cases above., These latter values are
significantly lower than those given in earlier studies where in excess of 200 1bs was
reported.
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In conclusion, the results of pressure rise rate are satisfactorily predicted with both
REPORTER and P3542 within a desirable accuracy range. Both programs are
equally dependent on good data for ullage heating, probably requiring 5 percent
accuracy, while both are inadequate relating to effects of liquid stratification. The
model by Epstein, P3542, only partially recognizes the boil-off contribution.
Modifications to P3542 to monitor ullage heating are believed to aid significantly in
the analysis of data.
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DEPRESSURIZATION AND LIQUID LEVEL RISE

A depressurization or vent down of a cryogenic tank in orbit remains a realistic
requirement, although recent zero-gravity vent systems have lessened this technology
requirement somewhat. Nonetheless, current vehicles are vented down from an initial
settled propellant condition. The phenomena of liquid level rise and liquid carryover
are of interest to those defining propellant requirements. Photographic coverage of
AS-203 did not indicate significant liquid level rise, but did show liquid globule
dynamics. There is a requirement to define liquid globule behavior in the ullage.
There is a requirement to define liquid interface behavior at higher vent down rates
and the bulk liquid dynamics underlying the interface response.

The behavior of the liquid interface is analyzed with three models in this section. The
first portrays gross bulk boiling, a second develops boundary layer vapor bubbles due
to boiling, while a third examines liquid level rise resulting from a solution to overall
bubble dynamics in a settled liquid. The models are presented in order of increasing
complexity. The latter has broad application to problems of bubble motion in low
gravity environments.

4.1 AS-203 DATA ANALYSES

During a rapid venting operation, boiling phenomena will have a significant influence on
the dynamic and thermodynamic behavior of a propellant. There are two potential
problems associated with venting a propellant tank under conditions of reduced gravity.
These are:

1. Loss of propellant by boilover due to liquid level rise.
2. Loss of propellant from dynamics of liquid globules in the venting vapor.

This section describes the main findings of the AS~203 data analyses pertaining to the
rapid depressurizations of the fuel tank.

Three rapid depressurizations of the liquid hydrogen (LHg) tank were performed during
the orbital flight of the S~IVB - AS-203 stage. The first was conducted through the
continuous vent system (CV) and occurred 55 seconds after J-2 engine cutoff. The
second and third blowdowns were through the non-propulsive vent system (NPV) and
occurred during the third orbit of flight.

For the first depressurization, 19, 000 1b of LHg were present in the tank. Because of
the previous boost flight, the LH2 was settled in the bottum of the tank approximately
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six inches below the baffle. The pressure was decreased from 30 psia to 22 psia in
170 sec during which 60 lbs of hydrogen vapor were vented. To determine the liquid
level rise, temperature and liquid-vapor sensors in the vicinity of the initial liquid
level were examined.

Temperature sensors C0345, C0346, and CO347 (see Figure 4-1) were plotted against
time during the first blowdown and are shown in Figure 4-2. Also given are the heights
(Ah) of these sensors from the settled liquid-vapor interface (S-IVB Sta. 443.5) at J-2
engine cutoff. The instrumentation indicates that 17 sec after engine cutoff CO346 and
CO 347 become wetted for about 20 seconds. Because of the short wetting period, it
appears that a slosh wave was generated at J-2 engine cutoff. On the down-cycle of
the slosh wave, CO345 indicated dry for 30 seconds, C0346 dried for 60 seconds, and
C0347 remained dry during the remainder of the first blowdown. On the second up-
cycle of the slosh wave CO345 indicated wet for the remainder of the tracking period
and CO346 indicated wet for 20 seconds. On the second down-cycle, CO346 showed
dry for the remainder of the first depressurization. Since C0O346 and C0O347 remained
dry during the latter portion of the first rapid blowdown, we can conclude that no
significant liquid level rise due to vapor entrainment was present during this
depressurization. From Figure 4-2 it is noted that the liquid was subcooled (tem-
perature of 39. 3'R or saturation pressure of 22,5 psia) at the start of first de-
pressurization, therefore one would not expect bulk boiling as the pressure decreased

from 30 to 22 psia.

Liquid-vapor sensor NO52 which was at the same station as temperature sensor C0O347
indicated the same wetting and drying behavior as CO347. Measurement NO52 was the
only liquid-vapor sensor that appeared to operate correctly, since it agreed with
measurements of CO347. Sensor NO52 was a variable resistance type sensor similar
to those used on the Centaur vehicle. The other liquid-vapor sensors seemed to trap
liquid once they became wet.

During the third orbit, the second rapid depressurization was conducted through the
NPV system with 16,300 lbs of LHo remaining aboard. Since the tanks had been
operating with continuous venting prior to this blowdown, both the liquid and the
ullage were at saturation temperature throughout, and the liquid was settled in the
bottom of the tank. The pressure was decreased from 19.5 psia to 13. 8 psia in 180
seconds, and 360 lbs of hydrogen vapor were vented. The television camera film,
temperature sensors, and liquid-vapor sensors were examined to establish the
magnitude of liquid level rise for this venting period.

The TV camera at the top of the tank recorded a white fog forming above the liquid

level at the beginning of the venting operation. This fog reached the top of the tank

1-1/4 minutes later and prevented visually locating the liquid level during the

depressurization. Temperature sensors C0O345, C0346, and CO347 were plotted

against time during the second rapid blowdown and are shown in Figure 4-3. Since

both the liquid and ullage were saturated, temperature sensors were not effective in
distinguishing liquid from vapor. ‘
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It would have been more advantageous to run a pressure rise test prior to this depres-
surization rather than to operate the CV system. Locking up the tank would have set
up stratification in the ullage and would have made temperature sensors more effective
in distinguishing liquid from vapor as was demonstrated with the {irst depressurization
in Figure 4-2,

Liquid-vapor sensor NO52 which was 35.5 inches above the initial liquid level is shown
plotted in Figure 4-4 for the second blowdown. The output of NO52 has been erroneously
processed and presented in degrees Rankine instead of volts. However, the use of the
output to indicate wet or dry appears valid. The blowdown was initiated at 14, 342
seconds and 40 seconds later N052 became wet and continued to intermittently wet and
dry during the remainder of the venting sequence. After termination of the venting
operation at 14,525 seconds, this sensor continued to alternately wet and dry with
decreasing frequency. Since earlier observations indicated NO52 was the only liquid-
vapor sensor operating correctly, the data from this sensor suggest most of the liquid
level rise was due to sloshing and not to vapor entrainment caused by boiling.
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Figure 4-4. Response of Liquid-Vapor Sensor N)52 During Second Depressurization
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The third rapid depressurization test consisted of two venting cycles spaced 200 seconds
apart. For the first cycle, the pressure was reduced from 17 psia to 13 psia in 90
seconds, and 150 lbs of hydrogen vapor were vented. During the second cycle, the
pressure was reduced from 14.4 psia to 11.9 psia in 100 seconds, and 160 lbs of vapor
were vented. The results of the third blowdown are quite similar to those of the
second. Fog formation and saturated conditions again prevented determining the
position of the liquid level. The results of liquid~vapor sensor NO52 are shown

plotted in Figure 4-5 and 4-6 for the third venting sequence. The first step of the
two-step blowdown was initiated at 16,730 seconds and about 50 seconds later, NO52
became wet for approximately 180 seconds; thereafter, NO52 alternately dried and
wetted before, during, and after the second step of the blowdown. This observed
wetting-drying cycle could have been caused by globules in the ullage or a low level
slosh wave. A slosh wave could have resulted from the change in acceleration level
caused by the NPV system. However, slosh period would be 40 seconds or greater

for the acceleration level at this range time which is higher than the observed wetting
period of 15 seconds. Globules were observed to be present from photographic coverage.

As previously mentioned, a second potential problem during a rapid depressurization
is globule dynamics in the ullage. Near the end of the second blowdown, nearly
spherical liquid globules ranging in size from one to six inches were observed flowing
past the TV lens toward the vent with velocities of about 1.5 ft/sec. During the

third depressurization large, irregular shaped globules appeared and floated towards
the TV camera. These liquid globules appeared to be several times larger than
those observed in the second blowdown, However, the globules did not appear to
constitute a substantial liquid loss.

The sizes of the observed globules were considerably greater than a globule which
could have been entrained by the drag of the vented vapor under prevailing fluid
conditions. The larger observed sizes could possibly have been the result of

ejection at the liquid-vapor interface by rapid surface boiling or break-up of a slosh
wave, Coalescence of smaller globules in the ullage could also account for the
observed larger sizes. Part of the wetting and drying of liquid-vapor sensor NO52
reported in Figure 4-4 through 4-6 may be attributed to liquid globules intermittently
hitting this sensor. Future analyses of this boiling phenomena is required to examine
possible formation mechanisms and subsequent motion of the liquid globules.

Since the quality meter did not perform satisfactorily, it was not possible to determine
the amount of liquid lost through the vent systems (Ref. 1-1). However, temperature
measurements upstream of the CV and NPV orifices indicated that superheated vapor
was vented during most of the rapid blowdowns. Some liquid was lost due to entrain-
ment, but this appeared to be minimal. No liquid appeared to be lost due to liquid
level rise due to boiling.
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Boiling studies were conducted to develop analytical models to determine: (a) liquid
level rise, (b) maximum depressurization rate, and (c) maximum quantity of vapor

that can be vented before liquid boilover occurs. Since the magnitude of liquid level
rise due to vapor entrainment could not be determined from the AS-203 experiment,
no valid boiling correlations can be made for this flight.

Liquid level rise caused by boiling constitutes a potential problem area for space
quid cryogen boiling in a tank increases
due to the presence of vapor bubbles entrained in the liquid. The amount of vapor
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Figure 4-5. Response of Liquid-Vapor Sensor NO52 During Initial
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entrainment is enhanced in a low-gravity environment when a decrease in buoyancy
force results in a reduction in bubble rise velocity; longer bubble residence times in
the liquid occur. The liquid level rise problem is particularly serious during pressure
relief venting of a tank containing saturated liquid wherein large quantities of vapor
can be generated from boiling caused by the pressure reduction.

A model for prediction of liquid level rise due to boiling is desirable for design
purposes to preclude liquid boilover during a venting operation. Further, it is
desirable to predict the maximum venting rate that can be scheduled for a rapid
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Figure 4-6. Response of Liquid-Vapor Sensor NO52 During Final Part
of Third Depressurization
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blowdown of a cryogenic tank. To date, there is no quantitative data of level rise
during venting in a low-gravity environment. A successful design of a cryogenic tank
incorporating pressure relief venting depends on the availability of such information.
However, before experiments are conducted, it is desirable to have analytical tools
available to predict liquid level rise during a venting operation. The development of
these tools is the purpose of this study.

A purely analytical approach to the problem of liquid level rise will be employed here.
The model employs the basic equations of motion and heat transfer. At the present
time, there are few analytical investigations of liquid level rise Ref. 4-1, 4-2, 4-3,
4-4). This is because the unknowns involved are rather difficult to describe
analytically. These unknowns include determining the amount of energy that goes

into vapor production and quantity of vapor that remains entrained in the liquid during
a venting operation. The first unknown involves describing bubble nucleation, growth,
and departure at a solid surface and liquid-vapor interface, while the second entails
describing the motion, interaction, and coalescence of individual bubbles in a liquid.
Also, there are problems related to determining the relative importance of nucleation
at a solid surface, liquid-vapor interface, and impurities in the liquid bulk, The
above problems which previous investigators have neglected or simplified in their
liquid level models are further examined in this study.

This parametric model is concerned with indicating the possible magnitude of liquid
level rise under certain simplifying assumptions. Equations are derived to determine
the quantity of liquid mass evaporated allowing for saturation pressure change, liquid
superheat, and wall heat transfer. From the evaporated mass, equations are
developed to predict liquid level rise in terms of a boiling mass residency parameter,
B. This parameter describes the amount of vapor that remains entrained in the liquid
and is related to the nucleation process, motion and interaction of bubbles. For large
magnitudes of entrained vapor, significant liquid level rise is predicted.

4.2 ANALYTICAL MODEL FOR BULK LIQUID

Consider a cylindrical tank of height H that is initially filled with liquid to a height hy.
The entire liquid remains saturated and settled in the bottom of the tank during the
course of a venting operation in which the saturation pressure decreases. The
reduction in mass of saturated liquid by evaporation and the subsequent liquid rise
due to vapor entrainment are to be determined for different levels of pressure
reduction. Also, estimates of the effects of liquid superheat and wall heat transfer
are determined.

4.2.1 LEVEL RIE DUE TO PRESSURE REDUCTION. The quantity of liquid mass
eaporated by boiling due to a saturation pressure reduction can be determined from
ain energy balance on a saturated liquid given as

Adm = mCg dT (4-1)
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where heat transfer, liquid superheat, and variable properties have been neglected.
Integrating equation 4-1 between initial and final states yields

My Cs

-—o =exp | = ('I‘Sf - Tso) (4-2)
CS

.Ahz =h, {exP [ x (Tsf - TSO)] = 1} (4-3)

This change in liquid height in equation 4-3 assumes no vapor entrainment.

If a fraction B of vapor generated over the reduction in pressure remains entrained
in a settled liquid, the increase in liquid height due to bubble displacement is given

Bm -m)
.Ah, = o f (4-4)
pVAC

where g has been assumed to remain constant over the duration of a venting operation.
This is an approximation due to the unsteady nature of the nucleation process, location
of nucleation, and bubble motion in the liquid. Analyses in Section 4.4 examines these
interactions. For now, however, B will be assumed to represent some average
quantity of vapor entrained in the liquid during the time interval of a vent cycle.

From the summation of the Ah 2 due to vaporization and the Ah, due to vapor entrain-
ment, change in saturation pressure and vapor entrainment is given by

h ™ O, o0, Mf
=== +gt g2 —
(o) 0 O, Py "o

Cg /aT [o] Cs /4T

= £ 2 - S

exp [ X (dP) AP:I +BOV {1 expl: Y (dP) AP (4-5)
where an average slope of the saturated liquid-vapor pressure curve, dT/dP, has

been employed, and AP = P - P,.

Calculations which have been performed utilizing equation 4-5 are presented in Figure
4-7. Average liquid hydrogen properties were used over a pressure range of 10-50
psia.
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Figure 4-7. Relative Liquid Level Rise Versus Pressure
Reduction

It is noted in Figure 4-7 that potentially serious liquid level rise problems can occur
for high pressure reductions, depending on the quantity of entrained vapor. For
example, for a pressure reduction of 26 psi where 60 per cent of the vapor generated
remains entrained, the liquid level rise would be twice the initial fill level.

To determine the maximum allowable pressure reduction for venting a tank of height
H initially filled to a level hy, without liquid reaching the top of the tank, Equation 4-5
is solved for APy5x corresponding to h = H to yield

A dP _( H _ 1 _
SPrac= & ar zn[l (E 1)<W)} (4-6)

Calculated results using Equation 4-6 with LHg properties are presented in Figure 4-8.
This figure shows that the magnitude of pressure relief during a one cycle blowdown
may be small depending on the fill level and quantity of entrained vapor. It is not
unlikely that multiple vent cycles would have to be employed to reach a required
pressure reduction if 8 were near one,

It should be noted here that two conservative assumptions were made in this model.
These are:
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1. That all the heat input into the tank is absorbed in vapor generation.

2. That the fraction of vapor specified by 8 which is generated in the liquid
remains entrained.

From the analysis of the S-IVB vent-downs during the AS-203 flight (Section 4.1) it

is believed that both of these assumptions are overly conservative and place severe
restrictions on venting a propellant tank as noted from the S=1 curves of Figures

4-7 and 4-8. Both of these assumptions must be examined to predict their quantitative
importance.

4.2.2 EFFECTS OF LIQUID SUPERHEAT, Before boiling occurs in the bulk liquid
or at the wall, the liquid temperature must rise above the saturation pressure by an
amount proportional to the surface tension forces on the bubble surface. Thus the

degree of superheat required is dependent on liquid properties, operating pressure,
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and geometry of the nucleation site. To account for the energy which can be absorbed
in liquid superheat, Equation 4-1 is modified as

- m'CS AT; + Adm = mCg dT 4-7)

where m' is the superheated mass. Dividing through by m and integrating Equation
4-7 between initial and final states corresponding to a saturation temperature change
yields for the final liquid mass

Mg Cg
n—l—o- = exp [ 5 (ATg+ szTi)] (4-8)

where ¥ = m'/m is assumed constant, ATg = T¢ -~ T, ATj = Tgyperheat ~ To- Equation
4-8 relates how liquid superheat reduces the amount of evaporation since part of the
energy released due to a saturation pressure reduction is absorbed in superheating the
liquid. Similar to the derivation of Equation 4-5, the liquid level rise due to pressure
reduction with superheat effects included is given as

h Csq Py Cs
—=exp | == (AT *YAT) [+8— {1-exp| = (ATq+YAT)) (4-9)
h, P

v

To determine the magnitude of superheat that a liquid can sustain before boiling, the
following expression developed in Reference 4-5 for a bubble growing in a solid cavity
will be used. Experimental values of superheat which are required for wall nucleation
are less than the theory for cavities suggest. They are also considerably less than
would be required for nucleation in the pure liquid where sites are not present.
R T2
v s 2o

ATy ~ 3% TP,

(4-10)

Using saturated LHg properties corresponding to a pressure of one atmosphere and a
cavity radius of 10-4 inch which is typical for most surfaces, the amount of superheat
is determined to be 0.116°R. This result is consistent with the values measured in
Reference 4-4. Using this value of superheat in Equation 4-9 and assuming all the
liquid is superheated (A = 1) results in a 12 per cent reduction in level rise for a 1°R
reduction in saturation temperature and 8= 0.6. It should be noted that a 2. 5°R
superheat was required to initiate boiling of LHy in Reference 4-6 which employed a
different surface material and preparation than that of Reference 4-4. This indicates
that surface effects can be important. If this higher value of superheat is attainable
for LHg and nucleation at a solid surface is the main contributor to vapor production,
then, superheat effects can become very significant as a factor in delaying and
reducing LHo level rise.
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4,2.3 INFLUENCE OF WALL HEAT TRANSFER. Heat transfer through the walls of
a cryogenic tank containing saturated liquid is another mechanism for vapor generation.
To account for wall heat transfer, the energy equation for a saturated liquid is given

6Qy +Adm = mCg dT (4-11)

Dividing through by m, approximating
6Q 6Q - C
W W exp[ 8 ATS] (4-12)
m

from the use of Equation 4-1 and integrating Equation 4-11 between initial and final
states for constant heat transfer results in

mf 1 AQw Cs ATs

Equation 4-13 shows how wall heat transfer results in increased vapor production.
As derived previously, the liquid level rise due to pressure reduction with constant
wall heat transfer is given as

LN 1l ar -AQW ex CBATS)
b, P X |[“8SleTTm P A
(o]
0 c AQ C_ AT
gL 1—exp[ = ar - ¥ exp( =2 s)} (4-14)
Py A ® Am, A

Using the following values in Equation 4-14 which are representative of the third orbit,
first vent-down of the S-IVB LH9 tank during the AS-203 flight

]

Q, = 25 BTU/sec m, = 16,300 b

A© 180 sec AQW =~ 4500 BTU

results in a 11 percent increase in level rise due to wall heat transfer for a change in
saturation temperature of 1°R and B =0.6. For heating rates near the value used here
and larger saturation temperature changes, the influence of wall heat transfer on level
rise becomes negligible as compared to pressure reductions by venting.
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4.2.4 CONSIDERATION OF BOTH SUPERHEAT AND WALL HEAT TRANSFER.
From the analysis presented in the previous two sections, the influence on a saturated
liquid of both liquid superheat and wall heat transfer can be accounted for by considera-
tion of the energy balance

+ &Ry, - m'Cg ATg + Adm = mCg dT (4-15)

Dividing through by m, using the approximation given in Equation 4-12, and integrating
between initial and final states yields

m £ 1 AQ CS TS
W
— =exp —X[CSATS+?.DCSAT1—-I;- exp( _T—):] (4-16)
o} o

Equation 4-16 indicates how liquid superheat and wall heat transfer oppose each other
in terms of vapor production. The liquid level rise due to saturation temperature
change with liquid superheat and wall heat transfer included is determined to be

h 1 AQW CSATS
}T(;zexp I[CSATS—wCSATi—?O_ exp( )}

A

o} cC T YC T, AQ C AT
S s i
1—exp[

S w S S
+p—2 - + S 8 4-17
B Py ) Am_ exp ( A )J (4-17)

v
Substituting the values used for superheat and wall heat transfer used in Sections

4,2.1.2 and 4.2.1,3 results in a 1 percent reduction in LHy level rise for a saturation
temperature change of 1°R. This results from opposing effects due to the 12 percent
reduction from superheat and 11 percent increase caused by wall heat transfer. There-
fore, from the results determined here, the effects of superheat and wall heat transfer on
LHy level rise are negligible compared to saturation pressure reductions.

In this analyses on liquid level rise, the quantity of entrained vapor was left as an
unknown parameter and has been assumed to remain constant with time during the
period of a venting cycle. To remove these shortcomings, further study of the basic
phenomena involved in a venting process is required. These phenomena include bubble
nucleation, growth, rise, interaction, and coalescence, which are discussed in Section
4.4, Also, the relative importance of nucleation at a surface, liquid-vapor interface,
and in the liquid bulk must be examined.

A fter the above time-dependent bubble phenomena have been resolved, the unsteady
'ture of liquid level rise can be examined. From the determination of bubble size

and spatial distributions as a function of time during a vent-down, the rate of liquid

rise can be determined for various vent flow rates. Maximum vent rate and quantity
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of vented vapor can then be determined before boilover occurs for various fill levels
and gravity levels,

4.3 BOUNDARY LAYER MODEL FOR LIQUID LEVEL RISE

An analytical model is developed to predict the rise in tank liquid level due to bubbles
entrained in the boundary layer during a venting process. This model compliments
the previous development with the assumption that the major boiling phenomena occurs
at the wall rather than the interface or within the bulk. The model presented results
from a solution for the boundary layer thickness and volume as a function of time. A
steady state boundary layer solution is used with an additional constraint of a mass
balance on the boundary layer. The development and application of this model is
presented in the following sections,

4,3.1 DESCRIPTION OF BOUNDARY LAYER ANALYTICAL MODEL, Pressure

relief venting of a cryogenic tank containing saturated liquid causes preferential

boiling along the walls of the container and at the liquid-vapor interface. The bubbles
generated by boiling along the walls will have a certain rise velocity depending on

their size and the environmental acceleration level. Because of the rise velocities of
bubbles and continuous depressurization of saturated liquid, vapor will continuously

be leaving the liquid at the interface and forming along the tank walls. It is the purpose
of the model developed here to determine the quantity of vapor entering and leaving

the bulk liquid and the boundary layer so that the amount of entrained vapor and
subsequent liquid level rise can be found.

Because a buoyancy force acts on vapor bubbles generated at the tank wall and imparts
a certain rise velocity to them, a two-phase boundary layer exists at the tank wall
which will grow until it reaches equilibrium. Certain characteristics of the boundary
layer are beyond the scope of this model and must be obtained elsewhere from
specialized models, experimental determination, or engineering judgment. These
include the boundary layer quality, relative velocity between liquid and vapor, profile
shapes, and bubble sizes in the boundary layer. The sizes of the bubbles must be
ascertained to predict the bubble velocities. The spacing of the bubbles in the
boundary layer must be known or assumed in order to predict the boundary layer
characteristics.

Although it is not possible to calculate the spacing and the bubble diameters directly,
some estimates can be made from qualitative considerations. The saturated liquid

in the tank is evaporated at a certain rate depending on the depressurization rate.
Most of the vaporization which occurs other than at the interface results in small
bubbles created along the tank walls. Since the acceleration level will be low and the
bubbles are small, these bubbles will have low velocities in the direction of the
acceleration vector. The period of time that a bubble exists in the vicinity of another
bubble provides a good opportunity for bubble coalescence or formation of vapor
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bundles. As bubbles coalesce, their velocities increase, since the bubble velocity is
proportional to the square root of the bubble diameter. The larger bubbles, moving

at higher velocities than the smaller bubbles, will coalesce with smaller bubbles that
they encounter. These considerations suggest that the bubbles in the boundary layer
will probably be very large. The bubbles will be spaced a certain distance apart.
Experimental evidence (Ref. 4-7 and movie) indicates that a bubble rising in a fluid

in a gravity field behind another bubble will catch up and coalesce with the first

bubble if the initial spacing of the bubbles is too small. Hence, closely spaced bubbles
in the boundary layer will coalesce.

Based on the above qualitative considerations, the following assumptions will be made
concerning the bubble spacing and size distribution in the boundary layer:

1. All bubbles at any given axial height along the boundary layer are equal in
diameter.

2. There is only one bubble at any given point extending from the tank wall to
the edge of the two phase region. This is shown in Figure 4-9.
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Figure 4-9. Bubble Boundary Layer Model
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3. The bubbles are assumed to be spaced as a function of bubble diameter.

Bubble spacings factors, Sy, and Sv which are functions of tank height, are defined as
the number of bubble diameters defmmg the space between bubble peripheries.

From a local mass balance on the vapor in the boundary layer, the shape of the boundary
layer can be determined. For mathematical convenience, it is assumed that a) there
are no temperature gradients in the boundary layer, and b) the liquid velocity in the
boundary layer is negligible. Also, for the purpose of this analysis, it is assumed that
at equivalent vapor film exists instead of discrete bubbles. At any given point in the
boundary layer, the boundary layer thickness which is also equal to the bubble diameter
at that point will be proportional to the vapor film thickness.

Referring to Figure 4-10, we can determine a relationship between bubble diameter and
equivalent film thickness by equating the volumes occupied by bubbles of a given spacing

/

/|
/
/|
/
/|
/|

Figure 4-10. Bubble Geometric Spacing Factors

and a vapor film. This is given as
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The following equation for bubble velocities which has been shown (Ref. 4-8) to be
good for bubble Reynolds numbers greater than 5000 will be used to determine the
local film velocity

1/2
uZ=0.73 [(pz-pv)gdz/pz] (4-19)

The time dependent mass balance on a differential element of the vapor film includes
an input term due to boundary layer vapor velocity and due to bulk evaporation, an
output term at the upper boundary, and a growth or accumulation term, individual
terms are indicated in Figure 4-11.
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Figure 4-11. Mass Balance for Differential Film Layer Section for Unsteady
State Boundary Layer

1 acz auz
TrDT py Uy [GZ +§ 8—6_ dO] do+ meW d6 - 7 Dy pV [u + g dZil
36 36 825
z 1 7 1 °z ]
+—2 dz += 2 dg+= —=
X[G 5z 9275 59 9973 5256 92 40| 99
TPr | 30 2 3736 ]
Simplifying and neglecting higher order differentials,
m ad du d6
e Z z Z
_— - _— —_— =— d 4-2
57D |:uZaZ dZ+6Z 7 dz:l Y Z (4-21)
v
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Equation 4-21 is not readily amenable to solution; it is convenient to decouple the time
dependent growth term and consider the shape of the boundary layer as a function of
height only. The time-dependent growth term is small in comparison to the flow terms.
The growth term can be treated within the analytical model as a restriction imposed on
the solution in a later step by the mass balance of the boundary layer. Thus

d
a8 uZ

pVTrDT [uz iz +oy 17 de|=meW (4-22)

The rate of saturated liquid evaporation in the boundary layer incremental distance dZ
due to the change in saturation temperature of the bulk fluid is given as

D -
CsP, ™ DPp D /4-8,) 4
'\ ag

mg = - (4-23)

2
where the boiling cross sectional area is defined as 7 DT/4 -7 Dy 6y,

To determine the amount of liquid mass evaporated in the boundary layer as compared
with interface evaporation, we define a quantity ¢ which is the fraction of ¢vaporated
mass that forms along the walls, that is

nhew

€ = (4-24)

I.ne
With the evaporation occurring along the walls of the container and at the liquid vapor
interface, one approach is to say that the relative importance of nucleation at the walls
versus the liquid-vapor interface is given to a first approximation by a ratio of wall
area Sy to the interfacial area

S
w

Sw + (@ Dp2/ 4)

€~ (4-25)

A more accurate approach is to use the bubble surface area output by program EVOLVE
(Ref. 4-9), as the preferred ratio is interfacial areas rather than wall area.

From the use of Equations 4-23 and 4-24, Equation 4-22 becomes

du ds €C.p, D :
7 7 S z[ T ]l:dT] dp (426

GZﬁ“f“z‘aE:"p'v;\ - ap | de

where the slope (dT/dP) of the saturated vapor-pressure cu~ve has been employed.
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The variation of film thickness with position along the wall is given by simultaneous

solution of Equations 4-18, 4-19 and 4-26. Rearranging Equation 4-18
6
dZ =~ (1 +8 ) (1 +8y) 67

and substituting into Equation 4-19 yields

u, = 0.73

_ 1/2
l: 6 (1 +s£) 1 +SV) (ij pv) géz]

TP,

duz=0.73 6@+8)(1*5) ~p)8 1/26-1/2‘ﬂz
az 2 "o, 7z az

Substituting (4~27) and (4-28) into (4-26) gives

6 (1 +s£) 1 +sv) (oz—pv)g:ll/Z 61/2 dé

(%)(o.m)[ mp, Z EEZ

€
. CsPy Er_é dr | dp
Y 4 ‘"z || dp| do

v

Defining the following

6(A+8S) @ +8)(p, -p) g]l/z
1

K, = -3—-0.73
2 ﬂpz

K, = - ke
2 o A dt

€

CsPy [ar] ap
ap

A%

and

=~

2
Ky

it

Kq

Fauation 4-29 can be written as

1/2

GZ/ daz
———= =K, dZ
(DT/4-62) 3

4-22

(4-27)

(4-28)

(4-29)

(4-30)

(4-31)

(4-32)
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Equation 4-33 can be integrated by making the following substitutions

Gzzy and d6Z=2ydy
which gives
y 2 K Z
o] DT"4y o

This integral can be evaluated from a table of integrals to be

(4-35)

Y \/I_);tanh_l[ 2y ]=E3—z
vorl °®

Expanding tanh ™! in a series

27[52:'7/2 29[52}9/2
o | —— + —_—] — R I IR
7 [ Dy 9 | Dy

higher order terms after the first five are less than one percent significant for
boundary layers less than one foot in the S-IVB.

Equation 4-35 reduces to

z-8 8", 278

+ + +oeoe e (4-36)
2 3 4 ]
K3 13 Dp 5DT 7D 9D

T T

o [63/2 02 5/2 _4_7/2 X 59/2

The volume occupied by the vapor film boundary layer can be found from

6 (h)

dz

- = el 4-

Voo "DT/5Z dz wDT/ b, 17— %, (4-37)
(o] (o] Z .

Substituting Equation 4-36 into 4-37 and evaluating gives
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7/2 4 9/2 6 11/2
v _Sn[a(h>5/2+225<h>/ 2tem™? 2% o™ ]
S (4-38)
BL K 5 7D, 2 3
3 T 9DT 11 DT

From Equation 4-36 above, it is apparent that the implicit expression for § as a function
of Z is not time dependent. Similarily, the boundary layer volume, Equation 4-37, is
not time time dependent. It is observed that the only free constant in this equation is
K. By iterating with Equation 4-36 and a conservation of mass relation Equation 4-39,
which utilizes variables §., at the interface and Vpj,, one can obtain a growing boundary
layer. The assumption here is that the boundary layer shape is characterized only by
Kg, and is in the form of Equation 4-36. The mass balance on the boundary layer of
Figure 4-12 is

p,dVpL- (o, u,6,), 7D df+dm, =0 (4-39)

dmg, u
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Figure 4-12, Mass Conservation in the Boundary Layer

whk” ‘h can also be written as

(4
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Using Equations 4-27 and 4-36 with Z=h, this equation becomes

1+5 )2 - 1/2
- [dT ] P, ©0.13)7D [6( PV, R 8] /2 3/2
=- - |= . T
at p A | dP |dt mp, ] h
(4-41
_from which the time rate of change of liquid level height can be found from
d
dh 1 VBL

— = - (4-42)
dt nDT(DT/4 éz)z=h dt

To determine the change of liquid level height from E quation 4-42, the depressurization
rate (dP/dt) due to tank venting must be determined. The depressurization rate can be
found from a mass balance on the tank. The change in vapor mass in the tank due to
liquid evaporation and vent outflow is given as

dm =dm -m 6t (4-43)
g e v
The vapor-mass in the tank can be related to the tank pressure by the equation of state

bv

m ===

g ZRT
from which the change in vapor mass for negligible change in ullage volume is given as

v _dp_ar_de_1far], s
m P T P T|dP (4-44)

Substituting Equation 4-44 and the change in mass due to liquid evaporation in Equation
4-43 gives
m C

dp 1 dT _ g S dr .
mg[—ﬁ T(a—P-) dP:]-— x ((ﬁ)dp mvﬁt

which can be solved for the depressurization rate

-m
dp \
= (4~45)

® ™S rar, L_i(dT
) ap | " Mgl P T\AdP
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From the substitution of Bquation 4-45 into Equation 4-41 and then into Equation 4-42,
the rate of change of liquid level rise can be determined.

Another variable of interest is the mass remaining in the boundary layer as a function
of time. From Equation 4-38 above and from Equation 4-2, the ratio of final to initial
liquid mass is determined

(4-46)

This gives the quantity of saturated liquid mass evaporated due to saturation tempera-
ture change; the fraction of mass evaporated that remains entrained in the boundary
layer at any time is defined as B where

Vg P
g = BL"v (4-47)

C. AT
. s s
™o *p x

4,3.2 PARAMETRIC ANALYSIS. This model has been programmed for the

CDC 6400 and the FORTRAN code, LIQLEV, is presented as Appendix B.

A parametric analysis of the important variables defined in the previous section was
undertaken. The results explore the range of variables anticipated for an upper stage
experiencing a g-level of approximately 3 x 104 g's. Bubble residency time is
affected by this g-level. The program is, by necessity, restricted to a defined
geometric configuration, The S-IVB hydrogen tank, 21, 67 ft in diameter, with an
initial liquid height of 14.4 ft representative of AS-203 orbital conditions was
selected.

The fraction of evaporated mass feeding the boundary layer, €, was varied from .4 to
. 8 at three discrete levels. A fourth level consisted of an input function, € = £(g),
from EVOLVE with € starting at zero and reaching a steady state value of . 60 at 180
seconds, see Figure 4-22, The boiling area is defined to include all vapor interfacial
area, either bulk interface or bubble interface. Vent rate was varied from 1.1 to 3.3
1bs/sec. Bubble spacing factors of 1.0, 2.0, and 4.0 were used. In all cases the
tank was initially saturated at 19.5 psia and was vented down to 13.8 psia. This
nominally required 280 seconds, ‘

As anticipated, for a given volume of vapor generated in the boundary layer, i.e.
5490 cu ft at final tank conditions, only a small fraction remained in the boundary
layer. This amount is lower as bulk interfacial boiling increases at lower values of
€. This phenomena is illustrated for dimensionless liquid interface rise, Ah/h, in
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Figure 4-13. The boundary layer has nearly reached steady-state conditions for the
prescribed vent rate, thus these values reflect the maximum liquid level rise expected
for these conditions, independent of venting duration. The film thickness is correspond-
ingly larger with higher values of €.

The effect of the venting rate, the primary variable in this process, is shown in Figure
4-14 with the corresponding dP/df for these vent rates. The lowest vent rate selected,
1.1 Ib/sec resulted in a steady state boundary layer with a maximum increase in liquid
level of less than one foot. The vent rate for AS-203 was 2.2 1b/sec and steady state
conditions were being approached at 280 seconds. For higher vent rates, correspond-
ingly higher liquid levels were defined. The film thickness was also determined for

the various vent rates. The above comments on steady-state obtain; results are
presented in Figure 4-15.

The effect of bubble spacing is more difficult to picture. Since the mass evaporated is
constant for a given depressurization rate, the larger bubbles which form have a
shorter residency in the boundary layer and result in less overall liquid level rise.
Unfortunately, no data was available from AS-203 to confirm this variable selection,
thus a spacing of 1.0 was used in most of the parametric study. Effects of this
parameter are presented in Figure 4-16.

The results of Program EVOLVE show this parameter to be characteristically less
than 1.0. Increasing Sy and S, makes bubbles larger which should rise faster with
lower residence time. This results in small boundary layer volume, i.e. less vapor
hold-up. A glance at the analytical formulation shows that doubling the spacing has the
same overall effect as doubling the g-level. One of course would calculate larger
bubble diameters for the same boundary layer thickness for higher Sy and S,.

Two design variables which may be specified for the venting process are rate of pressure
decay and g-level for the operation. In Figure 4-17, the resultant liquid level increase
for a tank of AS-203 proportions is presented. At larger values of time, the boundary
layer approaches steady state and ceases to grow. Indeed, the predicted liquid level
rise in 280 seconds for AS-203 does not appear to cause a problem. The relationship
between g-level and the dimensionless height variable is presented in Figure 4-18. It
can be stated that the liquid level rise is not a strong function of g-level.

4.4 BUBBLE DYNAMICS MODEL FOR LOW-G

The phenomena of liquid level rise can only be approached with some degree of
sophistication when the behavior of the bubble population can be modeled. Convair
recognized the need for an analytical model to describe bubble behavior in low-g and
developed a computer model solely under the 1968 company funded IRAD program
(Ref. 4-9). This model considers the buoyant and drag forces acting on the bubble in
the various Reynolds number regimes. The fluid temperature gradients also result
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Figure 4-17. Dimensionless Liquid Level Increase Dependence on Pressure Decay Rate
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in surface tension forces acting on the bubble. The resultant bubble motion from these
forces in a finite medium is considered. Interaction between bubbles, agglomeration,
and bubble wake effects are considered.

4.4.1 ANALYTICAL MODEL. Heat transfer to the propellant is defined by the liquid
level, its orientation, and energy transport mechanisms at the tank wall. The latter
necessitates a specification of boiling parameters, e.g. number of sites, radius of
each site, and frequency of production at each site.

The propellant moments of inertia and the liquid location are determined by the spatial
distribution of voids, heat transfer and void generation, surface orientation, and
pressure transient of the tank contents. Additional requirements for void distribution
description are generated by propellant venting and outflow problems, e.g. vapor
entrainment.

A computer program has been developed to give rigorous definition of the previously
mentioned variables. The resulting computer program (EVOLVE) describes the
temporal and spatial evolution of a bubble society. The CDC 6400 code, developed
under company funds, is listed in Appendix C. The phenomenological considerations
which are embodied in the program are

1. Bubble generation with time and spatial dependent radii and frequencies.

2. Kinematics and energetics of a single bubble moving in temperature and
inertial acceleration fields in three dimensions.

3. Time and spatial dependent temperature and inertial acceleration fields,
4. The effect of wake behind a bubble on following bubbles.
5. Bubble agglomeration «
6. Slip or no-slip interaction with tank walls,
7. Interaction of a single bubble with porous walls (screens).
8. Vaporization (2 ways).
a. Nucleate boiling as mentioned.
b. "Bulk' boiling due to change in state of liquid (pressure decay) ~ this

vapor generation is divided between the liquid-ullage interface and the
existing bubble population in proportion to relative surface areas.
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9. Liquid energy conservation, outflow, and level determination.
10. Convective heat transfer to liquid phase which is dependent on liquid level.

The program is designed to consider populations of up to 1,000 bubbles, three
dimensional transport, bubble dependent surface orientation (not necessarily normal
to inertial acceleration vector), and time dependent ullage pressure history.
Analytical treatments of the above phenomena which are incorporated in the program
are described in the following sections.

4.4.1.1 Single Bubble Dynamics. The motion of a bubble moving in a liquid with
noncolinear gravitational and temperature fields is considered by summing the body
and surface forces acting on the bubble, neglecting the bubble inertia.

B ST D
F +F +F =0 (4-48)

-~B
F = buoyant force

=S
F T surface tension force resulting from liquid temperature gradient

F b = liquid-bubble momentum exchange (drag)

The equation of motion for a bubble, neglecting inertia (implies terminal velocity), is
written as the difference form of the time integral of velocity

<1l

5 Ot (4-49)

o
R}
i

6 X = vector change in position

<l

B = average velocity

5t = time increment

The buoyant force is given (for nearly spherical bubbles)

bad

4 3 A
F =|=-7mR - e 4-50
[3 €0, pg>] . (4-50)

Consideration of the effect of a surface tension gradient on bubble motion requires
conceptual investigation of the principles of interfacial phenomena. The interface is a
thin film which is elastic but not plastic (it may not flow), Reference 4-10, for no
circulation within the bubble. The bubble is treated as an inertialess void. The normal
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traction, therefore, establishes the surface topology and has no accelerative effect on
the bubble. A confined liquid segment, on the other hand, would have an induced
pressure gradient corresponding to the surface tension gradient and would cause the
liquid to flow. The tangential tractions will accelerate the bubble since the interfacial

surface cannot flow, The result for an axially symmetric surface is given by Reference
4-11 as

=S5T
F o=

-

-ffaT n. dS = acceleration due to surface effects (4-51)

AT = net surface traction tensor

HT = unit tangent vector to surface

For an axially symmetric surface and surface tension gradient

For small changes in bubble radius with polar angle

3R

-t a0 1 B 1 fsle; -
AT nTE[WB (g w)*g Y] ] no (4-53)

The bubble radius for an axial symmetric bubble is given by the balance of normal surface
traction forces across the bubble surface, this is constant since the surface is not growing,

g
2 -_2 - constant (4-54)
R RBO

o}

which defines the bubble radius or topology. For an axial temperature field

d3g T

= + —_— —
o oo RB cos @ ST 3% (4-55)
o0 _ oo aT
3R %037 5% (4-56)
From equation 4=54
d R

1 °Rp _ Bo 3 ‘ (4-5T)
— < "R 3 -
RB 30 o, Ry 36

Equation 4-53 becomes
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R
- 1 3o dg T Bo
. O + 4-5
AT I = Bag[c 5037 32 o 1] (4-58)

From symmetry, only the axial component of force survives

S -
For =[[(vo - 0p) sinfds (4-59)
1 oo .. ,00 OT
§; 3g =" sin 0 3T 5% (4-60)
ST 2 g , 00 do oT 0
== 2 i — — o—— o——— d —
Fz ﬂf RBo sin GBZ [COSGBT 52 o, +1] 0 (4-61)
o

To first order, equation 4~61 yields,
30 JdT _2
ST 5z BB, (4-62)

Equation 4-62 is for a nearly spherical gas volume with a single surface (bubble). The
vector form of (4-62) is

ST 87m 30 _2 =
=-— — R -
F 5 57 RB, VT (4-64)

The drag force is given by

2
- B 2 .
Fp =-Cp P, 3 (TRp) & (4-64)

The velocity vector direction is given by the vector sum of forces (equation 4-48),
{"‘ST ""B }

|-‘ST e -°B| (4-65)

In order to define the drag coefficient, it is necessary to review the kinematics of
bubble drag. Three regions of interest are considered

I Spherical Particle
II Nearly Spherical Particle
III Deformable Body and the Transition Region

Region I is commonly known as Stokes drag region for spheres; the Reynolds number
interface for Regions I and II occurs at Re ~ 2, Reference 4=12. Region II is for nearly .
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spherical particles and is the same functional relationship as Region I with different
constants. The Reynolds number interface for Regions II and III is a function of

fluid parameters and is defined by the intersection of the drag function in Region II

with the functional relationship in Region III. Typical values of Re at the intersection
are 80-400., The evaluation of the region separation and functional dependences in

each region are based on extensive study and comparison of data contained in References
4-8 and 4-12, Considerable scatter and conflict in data preclude a more definitive
evaluation. In Regions I and II, the drag coefficient is a simple function of Reynolds No.

Cp=aRe" (4-66)
The velocity is defined by
64R2 o 9 (FT-8) 32R 0 -0 )@ &)
[“L ][ szg-’i‘(v v)+ szgpz pg g v):|2+n
VR = -
B 2 2
?Rpp 3a u, 3a u,

(4~67)
The value for "a'" of 24 provides reasonable data correlation for Region I, with n = -1,
For Region II, a =19.7 and n = -, 725 are appropriate.

Region III is associated with the onset and growth of surface deformation due to
tangential shear stresses. The region embodies both the initial oblate deformation
and the final "hemispherical cap' configuration. The drag coefficient is a function of
the ratio of accelerative forces (F B + ¥ ST) to normal surface tension traction; for
only buoyant forces, this is the E6tvbs or Bond number.

_3| ¥B + T8T |
NE=—FTRgo (4-68)
-AN
Cp=C,(l-e = B (4-69)

The exponential relaxation of equation 4-69 accommodates the transition to the totally
deformed hemispherical cap state. Values of C,, =2.64 and A = 0.13 were found to give
the best correlation with References 4-8 and 4-12. Using n =0 and a = Cp in equation
4-67, the velocity is prescribed for Region III. '

In Region III, the acceleration due to surface tension gradient (temperature field) is
reduced because the topological deformation alters the surface integral and traction in
equation 4-51 and introduces anisotropic components. However, this force is only
important in low-g buoyancy situations; therefore, the alteration for region dependence
is neglected.

The effect of finite medium on the velocity is approximately treated by considering the
mass conservation equation of the liquid surrounding the bubble in the limited region.
The increased relative velocity around the bubble increases the drag and results in a
reduced velocity for the bubble in the confined region.
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[ ]
VB_ ) RT) (4-170)

where R defines a finite radius region. Reference 4-8 shows that this result is
approximately correct (it is obviously self consistent). The velocity, actually, falls
off somewhat faster for bubbles in region III. For a medium containing many bubbles,
the velocity is defined by

v, = vy, (1-9) (4-71)

where @ is the local area fraction of bubbles.

4.4.1.2 Bubble Energy Equation for a Single Bubble. Thermodynamic evolution of a
bubble is described by a differential form of the first 1aw energy equation. The gaseous
phase inside the bubble is considered to be saturated at the pressure corresponding to
the external pressure plus the surface traction. Energy transport (heat and/or mass
transfer) between the bubble and liquid phase is considered.

0=m2u2—m1u1+5mchT+5mQhT—5thT+5(Pv) (4-72)
for time 1 to time 2, where,

hg~6mc< 0, GmQ<0, 6mv>0

hT = _
hfg'“ amc >0, 6mQ >0,6mv< 0
Continuity of bubble mass yields
mgp - mp = émy = émQ - &dmg, (4-73)

It is assumed that the bubble remains at saturated gas conditions.

4,4,1.3 Wake Effects. In the study of bubble populations, the velocity field behind a
bubble (wake) must be considered in the velocity prescription of bubbles traveling in
succession. As an approximate approach, a superposition of wake velocities which
interfere with a particular bubble is used. This is quite reasonable for moderately
dense populations because the wake relaxes as (x/ d)"z/ 3 for axisymmetric bubbles.

The velocity of bubble "i'"" is given by -



where

il

v, = wake velocity which interacts with bubble "i" from bubble "j"

The velocity field in the wake of axisymmetric bodies is expressed by a vector
representation of the wake velocity

I i -
.‘.,.]1 P fu _.Jl _ -‘]1 -‘lj3A VisA 4=T6)
leil IRjiI IVBA |

w 1 VBpa Tl

where

J

—

R..
i

-
=X

- E{d = relative vector coordinate of bubble (j) with respect to bubble (i)

X = position vector of bubble

f]ll = functional dependence of axial velocity in wake on the relative distance ‘f{.] il

f]21 = functional dependence of radial velocity in wake on the relative distance |ﬁ] i
The terms axial and radial are defined by the velocity vector of the lead bubble (j).
The velocity field behind a single body with axial symmetry has been investigated,
Reference 4-13, for turbulent wakes. The consideration of only turbulent wakes is
reasonable since laminar wakes occur only for very small bubbles or low velocities

where wakes are not important; also, the laminar wake is similar to a turbulent
wake in its attentuation, (x/d)~!, References 4-10 and 4-14,

The functions tJl1 and f]21 are
j2

gt = | v | | 0.202¢7%+8 EBW_RE 1-.3/2 2

1 BA : x2 nji (4"76)
ji
) "

. . C R 2/3

3173 1 [o. os2s 1-067 [ ZD mRp 1% L 3/2 2
2 Ba T —z ] Wi |1y (4=77)

ji
where
s
x =——2  =projection of relative position vector on (4=78)
n l;BJ’A velocity direction of lead bubble
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- lﬁ o x , / =normalized projection of relative position
ji BA vector on the direction normal to velocity (4=79)
of the lead bubble
b=1,222 c™0-267 cpyq Ri: xji)1/3 (4=80)

The constant ""C" is determined by experimental correlation. A value of C = 0.288 was
obtained using data in Reference 4-15,

4.4.1.4 Agglomeration and Tank Wall Interaction. Inter-bubble agglomeration
(coalescence) and bubble, liquid-ullage surface coalescence is represented by two
equations

IRji | ®p +Ry) + bpyp (4=81)
Sovp = impact parameter for bubble collisions
- i s
=82
IRyl <Rp *+opyp (=52
s
6

IMP = impact parameter for bubble-surface collision

-

Ris = vector from bubble center normal to liquid-ullage surface

Equations 4- 81 and 4-82 define conditions for agglomeration to occur; for inter-bubble
collision, the resulting bubble is positioned at the center of mass of the two original

bubbles. Observation of coalescence indicates that
s

Smip = O = O

Bubble collisions with the confining walls of the tank result in one of two possible
situations: free slip, no slip.

FreeSlip~¥g ' #| =vg | =0
WALL  © WALL

No Slip ~ Vg \!VALL =0

In the first situation, the bubble hits the wall and travels along a geodesic of the
surface; for the second situation, the bubble strikes the wall and remains at the
point of impact.

Another consideration is that the wall may be porous and the bubble could possibly .
escape; this is determined by the relation of the normal force of bubble at the container
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wall to the surface tension retardation force provided by the wall pores. If the normal
force is greater than the combined surface tension forces of all involved pores, then
the bubble "escapes'' and islost forever; if the normal force is less, the bubble is
retained.

4.4.1,5 Vaporization. There are two mechanisms for vapor generation: nucleate
boiling, and '"bulk' boiling. For nucleate boiling, the site, the time dependent initial
radius, and the time dependent frequency of production are input to the program. The
mass of vapor produced is subtracted from the liquid phase and a new bubble is born.

Boiling which is the result of change in thermodynamic state of the liquid (bulk), e.g.,
pressure decay and convective heat transfer, is added to the existing voids, including
the ullage space, in proportion to liquid-gas interfacial areas.

i2
CA(4 7R ) 6m
om, = B LV (4-83)

i2
[As+40A Cnm?‘” RB)]

where

GmLV = liquid phase mass change due to vaporization

Ag = liquid-ullage interface area

6§nv = mass addition to ith bubble

C A =arbitrary weighting factor
CpEgg = degeneracy factor for considering only a sector

The parameter Cp permits alteration in the partitioning of vapor production between
bubbles and the ullage space. The degeneracy factor is an antifact which represents
an axisymmetric container and void distribution as a degenerate sector of the cross
section. In other words, only the evolution of voids in one degenerate sector need be
considered if all forces obey the same symmetry rules as the container and the voids
do not out grow this sector. The program uses Cpgg to keep track of gas, liquid
phase and volume changes to insure the satisfaction of conversation requirements.

2
CDEG ~ SECTOR ANGLE (RADIANS)

= INTEGER QUANTITY (4-84)

Observations of boiling due to pressure reduction indicate that existing voids increase
appreciably in size and that some new nucleation sites appear on the walls; however,
there is no evidence that new bubbles are created internal to the liquid phase providing
that no incipients are present, e.g. gases in solution, solid particles, and other
contaminants., The latter could be input as additional nucleation sites.
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4.4.1.6 Liquid Energy Conservation and Level Determination. The liquid phase energy
conservation is defined by a differential first law energy equation. The pressure history
is a given function of time (input).

6Q“=m‘q,2 uzz-mzl u;,l + hy ¢5m0+hfg Smyy (4-85)
where .

8Qyg = convective or conductive heat transfer to liquid (input per unit liquid height)
6mo = &nFO - 6mc - 6mQ
Mass conservation yields,
mg, = my =8mg + dmyy (4-86)

Because of the arbitrary surface angle (function of time) and the various axisymmetric
tank configurations, the liquid level is calculated every time step by an iterative method.
The convective or conductive heat transfer to the liquid is input per unit liquid height;
therefore the program explicitly calculates the feedback effect of changing heat input
with liquid level.

4.4.2 DEMONSTRATION PROBLEM FOR S-IVB LIQUID LEVEL RISE. As an illustra-
tion of the program EVOLVE, a problem was chosen which simulates the S-IVB liquid
hydrogen tank in the settled condition at ~ 3 X 10~4 g. The problem simulates depres-
surization at 14, 342 seconds in the AS-203 experiment. The tank was despresurized at
the rate of 1.9 psi/min from 19.5 psia. The initial propellant mass was 16, 300 lby,.
Thirteen sites were distributed between four radial planes and the bottom center of the
tank; each site producing a one-inch diameter bubble per second.

Figure 419 illustrates the effects of agglomeration and wakes on the number of bubbles
existing at any time; at the end of 30 seconds, there are nearly twice as many bubbles
with wake interactions as there are without wakes. The reason is that the bubbles are
drawn away from the site by the additional velocity increment inhibiting agglomeration;
in some cases, however, the opposite effect could occur. The effect of agglomeration
is shown by the difference in the number produced and the number present (the ratio
390:30 for a case without wakes).

Figures 4-20 and 4-21 depict a particular radial plane with three sites plus the site at
the origin after an elapsed time of 30 seconds, for cases of wake and no wake interactions,
respectively.

With the problem solution known to 30 seconds for the 180 second blow down, it was

apparent that a symmetrical solution was developing which could be approximated by
considering only a corner bubble site with thirteen sites spaced around the tank

perimeter. The solution to this problem with wakes, which are considered important,

was continued for a set-up with a degeneration factor of 13. This approach neglects

the interactions at the five feet generation site location on the same radii, however,

this effect is of minor significance. It is, nonetheless, important to represent 13

sites versus 1 site because of the important effects of void areas which affect .
bubble velocity and liquid level rise, which in turn causes longer travel before the
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bubble breaks the surface. It is quite interesting that agglomeration for the entire
period limits the bubble population to only 143 bubbles, while a total of 1560 were
generated. The bubble population growth rate is depicted in Figure 4-22; it is noted
agglomeration results in only 117 bubbles (9 per site) at problem end time of 122.4
seconds. The calculation interval for this study was 0,2 second with a one-inch
bubble generated on the tank bottom each second.
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Figure 4-22. Bubble Population and Areas for S~-IVB Simulation

For this solution of the AS-203 blowdown, all liquid/vapor surfaces, i.e. interface

and bubbles were weighted equal for their vaporization potential. A parameter permits
weighting the above two surfaces differently. It was indicated earlier that a preferred
ratio of bubble generation sites may be based on bubble surface area rather than wall
area. Such a parameter can be generated from the bubble surface area curve
presented in Figure 4-22. The shape of this curve is influenced by agglomeration as
well as void fraction and bubble velocity. It is shown that in the 120 second period,

for the parameters assigned, no bubbles broke the surface. It is estimated some
cyclic steady state condition might develop after a period of several minutes.
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These results can be related to the liquid level rise problem by means of the volume
of bubbles entrapped at any time. The volume history entrapped for the thirteen sites
assumed for this problem is presented in Figure 4-23. The liquid level rise for the
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Figure 4-23. Liquid Level Rise and Entrained Volume for S-IVB
Simulation

S-IVB - AS-203 vehicle is also presented. It appears this may approach a worse case
analysis, since an assumption of a larger number of gener ation sites would result in
less bubble interference due to void fraction ultimately resulting in bubbles which would
rise faster and depart the liquid surface at an earlier time. The computer program
EVOLVE computes bubble velocity with Equation 4-67; for Re > 5000, the increase in
velocity is proportional to the square root of the radius; however, a decrease in
velocity occurs due to local area fraction proportional to bubble radius squared,
Equation 4-73, To illustrate this further, the diameter and velocity of the uppermost
bubble is presented versus time in Figure 4-24, Recall that with bubbles of this size,
a total of thirteen at the same tank height, the void fraction effect is a strong factor

in decreasing bubble velocity. '

It is illustrative to consider the population of bubbles at any given time in the tank
generated by a single representative site, The print cycle period of ten seconds
disclosed a range of 2 to 11 bubbles present per generation site. I is relatively
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Simulation

simple to trace the upward trajectory of the first bubble; however, later bubbles
move faster within its wake and agglomerate making bubble identification difficult.
The overview of this population is presented in Figure 4-25 with the approach to

the rising liquid surface indicated. It is estimated the upper bubble will break the
surface prior to 180 seconds resulting in a liquid level collapse of several feet.
Formulation of the problem with generation rate, number of sites, and degeneracy
(scaling) factor of thirteen resulted in an impossible geometric configuration within
confines of the S-IVB which limits 13 bubbles around the perimeter to approximately
2.09 feet radius. Agglomeration in a lateral direction, not accounted for in a
degenerate solution, would have modified the results if 13 physical sites had been
used. In summary, the above problem gives representative results which are
conservative while demonstrating the potential of the computer model. Parametric
tradeoffs would include increasing generation sites and rates to increase total bubble
area and bubble velocities while reducing individual bubble sizes. A more random
generation pattern would also result in higher velocities by resulting in an overall
reduced void fraction. '
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4.5 LIQUID LEVEL RISE CONCLUSIONS AND RECOMMENDATIONS

The analtyical model LIQLEV developed for liquid level rise confirms the observed
absence of level rise on AS-203. This model adequately determines the anticipated
phenomena for parametric conditions other than AS-203. The model represents the
growing boundary layer fed by evaporation of the saturated bulk and gives the steady

percent ullage for the rates discussed here could result in liquid level rise to the
vent, The analytical model should be used to define the particular case in question.
This program can be used in conjunction with Program EVOLVE for the analysis

of bubble phenomena resulting in liquid level rise. The gross analytical model,
LIQLEYV,is much more economical to use than Program EVOLVE, typical cases
requiring less than one minute of CDC 6400 time. The analytical model represents
a considerable improvement over earlier models given in the literature (Ref. 4-1
and 4-4). In particular, it considers the residence time of the bubble in the boundary
layer as well as distributing the evaporative surface between the bulk liquid/ullage
interface and the bubble interfacial area. The parametric studies conducted with
this model are representative of the design information which can be acquired from
the model,

The bubble dynamics program, EVOLVE, developed at Convair under company-funded
research, supplements the above liquid level program. EVOLVE meticulously
computes the dynamics of the bubbles in a low-g field considering wake effects and
agglomerations. These latter two effects have been shown to be important in defining
the bubble population, residence time, and surface area/volume ratio for the
entrained gas. Recent program verification with one-g test data in Freon 11 lends
confidence to the model. A pressing need exists for verification of this model with
low gravity bubble dynamic data. The model will serve as a valuable tool for analysis
of robtial propellant behavior including experiments. All potentials of Program
EVOLVE have not been fully explored. Bubble phenomena in long term low-g storage
is a major factor in predicting heat transfer and pressure rise evaluation. A
continuing program in this area of low-g bubble phenomena is required.

A phenomena which is not understood or predicted by either of the above programs is
the interface break-up into globules in low-g. Forces which are negligible in one-g
have been observed in AS-203 films to cause globules to be thrown into the ullage
and possibly out through the vent systems. A study to define size and velocity of the
globules as a function of forces and gravity level is required. The effects of the
unbalanced thrusting from venting liquid may exceed the significance of the mass
loss. An evaluation of interface forces such as sloshing and inertia forces related
to emerging bubbles should be examined. A model should be formulated which would
predict globule size and velocity as a function of interface disturbances or forces. It
is recommended further analysis be conducted in this area to define this gravity-
sensitive phenomena.
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PROPE LLANT CONTROL AND SETTLING ANALYSES

Propellant control and settling analysis studies are based on an analysis of propellant
sloshing dynamics. The sloshing dynamics are represented by an equivalent mechan-
ical model obtained from the solution of the hydrodynamic equations (Reference 5-1).
An ideal liquid is assumed, i.e., nonviscous, incompressible and irrotational flow.
This model is combined with other dynamic elements of the vehicle to study the over -
all system propellant dynamic behavior. Effects such as stratification or thermally
driven motions are not included in this portion of the study. The fundamental
difficulty with this model is its assumption of perturbational fluid motion, while

the low-g slosh condition is characterized by large displacements of the free liquid
surface. The analysis has been divided in two areas; slosh model correlation with
drop tower test results and simulation of the AS-203 propellant sloshing/ vehicle
dynamics.

5.1 PROPELLANT SLOSHING MATHEMATICAL MODEL

The mathematical model used in this analysis is based on the pendulum analogy to
duplicate the forces and moments produced by the oscillating propellants. The total
propellant mass is divided into two separate masses each treated individually. One
mass, the reduced mass, is treated as being rigid; the remaining propellant mass,
termed the slosh or pendulum mass, is free to oscillate. The reduced mass, its
moment of inertia and center of gravity are used to calculate a new effective vehicle
moment of inertia and center of gravity, (Figure 5-1). These values are then used
in all subsequent vehicle slosh analyses. Forces and moments produced by propel-
lant sloshing are coupled to the vehicle through the pendulum hinge point. The length
of the pendulum is governed by the natural frequency of the oscillating propellants.
All sloshing parameters are dependent on the propellant tank geometry and are
functions of the undisturbed liquid level within the tank.

In reality an infinite number of slosh modes exists however in practice only one mode
is usually considered. All energy pertaining to the propellant liquid is assumed
contained in the first mode slosh mass. Splashing, geysering, or breakaway liquid
is not accounted for. In addition low-g capillary effects are not included directly.
The usual procedure, for low Bond number conditions where capillary effects are
significant, is to superimpose the liquid level rise as approximated by the height of
the meniscus on the results obtained from the mechanical propellant slosh analogy.
This superposition is demonstrated in a later section.
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M Total liquid propellant mass.

X0 Station number of the center-of-gravity of total propellant mass (MT).

Ir Moment of inertia of total propellant mass (M) treated as a rigid
settled mass about its center of gravity (Xo).

Mp Sloshing propellant mass used as the pendulum mass in the pendulum
analogy for first mode sloshing.

Mp2 Sloshing propellant mass used as the pendulum mass in the pendulum
analogy for second mode sloshing.

Mo Reduced propellant mass, the total propellant mass less the first mode
slosh mass. Mg = Mt - Mp. This mass is added to the vehicle dry
weight (vehicle total weight less liquid propellant in the tank) and is
treated as a rigid point mass at station XR.

XRr Station number of the center of gravity of reduced propellant mass (Mg).

Ior Moment of inertia of reduced propellant mass (M) about its center of
gravity (XR).

Xgp Station number of the pendulum hinge point for first mode slosh.

Lp Pendulum length used in the pendulum analogy for first mode sloshing.

Figure 5-1. Propellant Sloshing Parameters for Pendulum Slosh Analogy
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5.1.1 S-IVB PROPE LLANT SLOSHING PARAMETERS. Propellant sloshing parameters
have been determined for the liquid oxygen and hydrogen tanks. Figures 5-2 and 5-3
illustrate these parameterss as a function of the propellant interface level. These param-
eters were obtained from a digital computer program, Ref. 5-2. All mass and moment
of inertia parameters are based on an assumed propellant density. To reflect any

change in density multiply these data by the ratio of the density change. Note that in

both cases the second mode sloshing mass (Mp,) is insignificant relative to that of the
first mode. In addition to the slosh analogy parameters, the mass, center of gravity,

and moment of inertia of the propellant treated as being rigid are also presented.

5.1.2 DROP TOWER MODEL PROPELLANT SLOSHING PARAMETERS. Propellant
sloshing parameters for the six inch scale model fuel tank are presented in Figure

5-4. The propellant interface level is given in inches relative to the tank bottom.

Note that above approximately 4 inches bottom effects are negligible as the slosh mass
and pendulum length remain essentially constant until reaching the dome section of

the tank forward end.

5.2 BAFFLE DAMPING MATHEMATICAL MODEL

The analytical slosh analysis treats the slosh baffle purely as an energy dissipation
device. The propellant motion is not physically constrained. Instead kinetic energy
is removed in accordance with the theoretical energy dissipation provided by the
baffle. Under this condition the propellant slosh wave remains continuous and is
limited in amplitude only as a function of the slosh energy.

The baffle damping expression for a ring baffle in an arbitrary tank with rotational

symmetry is obtained from Reference 5-2. The theory is basically an extension of

Miles (Reference 5-3) baffle damping equation to include tank bottom effects for any

tank with rotational symmetry. The baffle drag coefficient is based on a curve fit

to test results obtained from Reference 5-4. Energy losses due to damping are

obtained as an instantaneous function of time. This is especially important for the

low "'g" slosh condition which is characterized by oscillations with long time periods.

During coast phase flight the function of the baffle is to damp the liquid oscillations

within a very few cycles. Under these conditions where more than 50 percent of the

total energy dissipated can be dissipated over the first half cycle, the time averaging ‘

process can lead to serious errors in predicting liquid behavior.
|

The relationship between propellant slosh and energy dissipation is given by:

(5-1)

where Qs x represents the instantaneous maximum pendulum displacement as
defined by the instantaneous slosh energy and C¢ is the baffle energy dissipation
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constant. This energy dissipation constant is incorporated into the mechanical slosh
analogy to simulate effective baffle damping. The proportionality constant for a
given tank geometry is dependent on the baffle dimensions, location within the tank,
and location relative to the undisturbed liquid level.

The derivation of the energy dissipation constant is based on the solution of the
hydrodynamic equations. This constant is determined by integrating the vertical
component of fluid velocity over the wetted baffle area. A fundamental assumption
is that of perturbational fluid displacements. Based on this theoretical solution the
baffle becomes ineffective when the quiescent liquid level is below that of the baffle.
A similar condition exists for large amplitude motion even when the nominal liquid
level is above the baffle. Under this condition the wetted portion of the baffle is a
function of the slosh amplitude. Theoretical damping expressions when the baffle is
allowed to become uncovered have been developed in References 5-5 and 5-6. These
expressions unfortunately are based on averaging techniques making use of an
effective baffle area over a complete slosh cycle.

These conditions do not exist during Centaur flight except perhaps during the first
slosh cycle following main engine shutdown. However during the S-IVB AS-203
orbital experiment and the drop tower slosh tests the baffle is uncovered. Baffle
damping for simulation of these cases assumed an effective baffle area based on
expected slosh amplitudes. This assumption in effect results in an average energy
dissipation. The baffle damping coefficient for both the full scale and drop tower
model tank as a function of the quiescent liquid level is given in Figures 5-5 and 5-6
respectively.

5.3 DROP TOWER PROPELLANT SLOSHING ANALYSIS

The drop tower slosh data is valuable in that it enables a direct evaluation of the
propellant slosh theoretical solution as applied to the low g condition. Analytical
results of drop tower sloshing are based on simulation. Analytical data is compared
with test data obtained from Reference 5-7 wherever possible. Unfortunately the
actual test data available did not cover the complete range of test conditions. Under
these circumstances questions regarding data reduction techniques and the validity
of some of the reduced data have been unanswered with a corresponding reduction in
confidence level. In any case the drop tower provides more complete quantitative
propellant sloshing data than can be obtained from flight testing. Furthermore test
conditions can be controlled to practically eliminate unknown disturbances often
present in flight results. Every effort is made to correlate test data with theoretical
results to point out the slosh model inaccuracies in this application.

A digital computer program was set up to simulate the drop tower propellant sloshing

dynamics. The simulation uses the pendulum analogy to duplicate the sloshing
dynamics, provision is included for three slosh modes. The pendulum slosh analogy ‘
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parameters and the basic mathematical model are shown in Figure 5-7. Propellant
inertia and pendulum hinge point parameters are not required since the model tank
is assumed to have only one degree of freedom in the axial direction. The analytical
procedure was the same as that employed in the actual model test. Sloshing was
induced in a one ''g'"' environment, then the acceleration reduced to a low level as
defined by the Bond number. Data was obtained on propellant slosh wave amplitude,
velocity and acceleration. This data enabled determination of the maximum liquid
slosh amplitude, amplification factor, effective baffle damping coefficient, and
slosh period as a function of Bond number and Froude number.

Lp. Pendulum length used in the
pendulum analogy for the ith
mode sloshing,

Mp. Sloshing propellant mass used
as the propellant mass in the
pendulum analogy for ith mode
sloshing.

O

o, Pendulum displacement angle
for ith mode sloshing.

@)

O
Q
AR RN NN

NOUONMONONOSIOONNONOOWNNNNNNNNN

Figure 5-7. Drop Tower Propellant Slosh Analogy Parameters

5.3.1 MAXIMUM LIQUID AMPLITUDE WITH CLEAN TANK CONFIGURAT ION
(NO BAFFLES)

5.3.1.1 Analytical Results. A series of computer runs have been made simulating
the drop tower slosh testing. Propellant sloshing is initiated under a one g
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condition, then the g-level is suddenly reduced to a low value as described by the
Bond number. The maximum liquid amplitude plotted in dimensionless form is
presented in Figure 5-8 as a function of the square root of the Froude number. The
Froude number is calculated at initiation of the low '"g'" condition and is therefore a
measure of the initial slosh kinetic energy. The upper curve represents the clean
tank configuration, ie, no baffle damping. The lower curve, with points denoted by
solid symbols, illustrates conditions including baffle damping. The data presented
here does not include the liquid level rise produced by low g capillary effects.

Figure 5-9 illustrates the maximum liguid amplitude as a function of time for a

typical simulation run. Since for analytical purposes the slosh wave is antisymmetric,
this represents the amplitude of either the left or right side, the only difference being
the sign of the amplitude. Figure 5-10 shows the propellant mode shapes for a large
amplitude first mode slosh wave and the same wave superimposed on a low-g meniscus,
as approximated by a sphere. Note that the new wave profile now appears distorted
although in reality, it remains a first mode slosh wave.

5.3.1.2 Drop Tower Test Results, The maximum drop tower liquid amplitude data (Ref.
5-7) is presented in Figure 5-11 for comparison with analytical results shown in Figure
5-8., A comparison of the data for the clean tank configuration shows that for Froude
numbers exceeding approximately 1,0, the predicted amplitude (Figure 5-8) exceeds that
obtained from tests (Figure 5-11), conversely for Froude numbers less than 1.0 the ampli-
tude is less than observed in tests. The broken line represents a smooth curve approxi-
mation to the maximum amplitude curve with low g capillary effects as approximated by the
height of the meniscus subtracted out. The height of the meniscus as a function of Bond
number was analytically determined based on the theory of Reference 5-8.

Figure 5-12 shows a typical amplitude versus time curve for both the left and right
sides measured at the tank wall as obtained from test data. Basic slosh modes are
evident during both the one g and subsequent low g periods. However because

of the data scatter, which appears as "noise,' filtering or smoothing is necessary to
make maximum effective use of the data in correlating with analytical results. The
slosh amplitude shows a relatively large steady state wave height after the drop
during the low-g condition. This large bias appears to be characteristic of all
available test data. The left side amplitude for this case has a bias of 1.3 inches

at the poirt of maximum wave height and the right side 0. 8 inches. This compares
with a predicted meniscus height based on low g capillary effects of approximately
0.29 inches. Assuming that the theoretical meniscus (0.29 inches ) does agree with
unexcited test results in the transition to low=-g, still a significantly greater rise (1.3
inches total) in the quiescent liquid level was observed for a test drop in the excited
state than can be predicted analytically by conventional slosh theory. Because of the
short test time duration, the new quiescent level cannot be examined for a sufficient
period of time; however the observed quiescent level rise does appear to be decreasing
with increasing time, indicative of a transient response.
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Figure 5-9. Liquid Amplitude History of a Typical Simulation Run

Table 5-1 presents a summary of the liquid level rise during the low g condition
along with the analytically determined meniscus height for three tests on which data
is available.

Table 5-1. Quiescent Liquid Level Rise Obtained From Drop
Tower Test Results

Quiescent Liquid Level Rise (Inches)
Analytically Determined
Test No. Bond No. | Left Side | Right Side Meniscus Height
2F-41 76 1.3 0.80 0.29
2F-42 76 0.23 0.29
2F-49 95 0.70 0.25 0.22

Inspection of the drop tower film data shows that as the slosh wave passes through

the equilibrium point it is highly curved in the shape of a meniscus. Figure 5-13
illustrates this for test 2F-14 at the second zero crossing. This observed "meniscus"
height is the same as that shown on Figure 5-12 at 2.5 seconds. The curvature however
appears in the plane of the slosh motion only and not in both planes as would a meniscus
produced by low g capillary effects. Inaddition, liquid inertia effects due to the
sudden reduction in axial acceleration should be manifested on both the pitch and yaw
planes. The symmetry of the liquid interface profile suggests that the observed
waveform does not represent a low-g surface perturbation. Unfortunately an
insufficient number of data points was available and no attempt was made to correlate
the quiescent liquid level rise with specific test conditions over and above that
attributable to low-g capillary effects.
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Figure 5-13. Liquid Vapor Profile Test 2F-41 at 2.5 Seconds

Removing this total bias from the available data and recomputing the maximum slosh
liquid amplitude gives the four points plotted on Figure 5-11 below the broken line.
Both the left and right side data points are given assuming the same Froude number.
This modification brings the analytical data in closer agreement with test results,
however, more test data points are required to improve on this correlation.
Unfortunately, although requested, more data was not available. The magnitude of
this exaggerated meniscus liquid level rise in any case remains an unanswered
question requiring further study.

5.3.2 MAXIMUM LIQUID AMPLITUDE WITH BAFFLED TANK CONFIGURAT ION

5.3.2.1 Analytical and Test Results. Data points for the maximum liquid amplitude
for the tank configured with the baffle are also presented on the figures discussed
above. The vehicle configured with a baffle represents a more realistic condition
compared to that without a baffle. Most liquid propellant space vehicles designed
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with a multiburn capability will require use of an antislosh device for propellant
control because of the inherently low natural slosh damping. Here again an
insufficient number of test data points is available for a thorough correlation of
analytical and test results.

Conditions with the baffle are unique in that in the tank, the fluid motion is physically
impeded by the baffle causing the fluid motion to be directed through the unbaffled
portion of the liquid vapor interface. In this manner the baffle acts more as a slosh
deflector confining propellant motion than as a baffle in the conventional sense. The
slosh analytical model includes the effect of the baffle purely as an energy dissipation
device. The propellant motion is not physically constrained. Kinetic energy is
removed in accordance with the theoretical energy dissipation provided by the baffle.

The theoretical baffle damping is based on fluid drag in deflecting the liquid flow
around the baffle, Under the low-g conditions being analyzed here the baffle is only
wetted during a portion of the slosh cycle. The analytical solution has not been
verified for this sustained condition. The results presented are based on an assumed
effective baffle area based on expected slosh amplitudes. For this reason close
correlation of propellant wave height at the tank wall for the test data and analytical
results is not expected.

The maximum amplitude data (Figures 5-8 and 5-11) for this condition shows reason-
able agreement with the slope of the two curves being similar. However, more
analytical work remains to be done in correlating the analytically determined baffle
damping with that observed in actual tests, in particular, the rate of energy dissipation
when the baffle is only partially covered during a slosh cycle. An alternative, if more
test data were available, would be to parameterize the baffle energy dissipation in an
attempt to empirically fit the slosh test data.

5.3.3 AMPLIFICATION FACTOR. Another measure of liquid slosh amplitude entering
a low g condition is obtained from the amplification factor. This is given by:

‘b _ sinZ o+ B o2 V2
- in ®+a—' cos” ¢ 5-2)
2 £

where ¢ is the instantaneous slosh phase angle when the acceleration level is reduced
from ah to a, and &y, is maximum slosh waveheight under the high-g condition and &y
the maximum under the reduced-g condition. The amplification factor is based on
energy considerations as measured by the maximum propellant waveheight . Itis a
measure of the maximum wave height under low g conditions based on initial energy
conditions at the time of the g level change. Low-g capillary effects are not included.
Theoretically for a slosh wave possessing mechanical energy only, this gives the
maximum waveheight in the absence of damping.
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5.3.3.1 Analytical Results. Figure 5-14 shows the theoretical amplification factor
as a function of the cosine of the phase angle squared. Based on linear slosh theory,
this is the ratio of the Froude number at the drop to the maximum Froude number
prior to the drop assuming no damping. A family of curves is presented for the drop
tower test conditions. Points on the curve have been obtained from analytical
simulation or drop tower test condition runs for the clean tank configuration. The
points designated by solid symbols represent the amplification factor including the
slosh attenuation provided by baffle damping as obtained from analytical simulation
runs. The difference between these solid points and the corresponding smooth curve
is a measure of the baffle efficiency in reducing the slosh amplification factor. This
analysis indicates that the baffle as analytically simulated for the drop tower test
configuration effectively reduced the amplification factor.

5.3.3.2 Drop Tower Test Results. The amplification data presented in Reference
5-7 appears to have little or no correlation with the analytically determined
amplification factor. However for a valid comparison the steady state liquid level
rise must first be removed from this data since this effect is not included in the
amplification factor. Under this condition the measured slosh amplification factor
does not exceed the theoretical maximum value, ie, the amplification factor for a
phase angle of zero. Figure 5-15 shows the theoretical solution and the three test
data points available. Note points are both above and below the theoretical curve.
This figure suggests an error may have occurred in the phase angle in fitting a
linear function to the test amplitude data. Again an insufficient number of data
points are available to make any definite conclusions,

5.4 S-IVB AS-203 SLOSH SIMULA TION

Simulation of the propellant slosh during orbital flight includes the basic slosh model
with a six degree of freedom rigid vehicle. The forces and moments produced by the
on-off attitude control system is also included. Propellant sloshing analysis during
orbital coast is treated in two phases. The first is concerned with settling of the
transient motion produced by main engine cutoff. Once the propellant motion has

been stabilized, it must be retained in that condition to permit propellant tank venting.
The primary concern here is with dissipating the slosh energy upon entering the low
thrust coast mode. During sustained orbital coast, propellant slosh perturbations

are produced by settling thrust disturbances, propellant tank venting, reaction control
motor firings, and vehicle attitude changes. The initial phase is characterized by
large amplitude slosh waves while the coast mode is characterized by relatively low
amplitude slosh waves. The available flight data during orbital coast is qualitative

at best, but the TV camera does show very low amplitude slosh waves.

5.4.1 VEHICLE DYNAMIC MODEL. The dynamic model used for orbital coast is
that of a six degree of freedom rigid vehicle with forces and moments produced by
propellant motion represented by pendulums, The propellant slosh damping consists
of a small linear component produced by fluid viscosity and in the liquid hydrogen
tank a larger amplitude dependent term as a result of the baffle. The basic rigid
body equations of motion with the addition of the propellant sloshing forces and
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moments are given below.

Force equations are:

Fy=Ax My (5-3)
F,= AyMo - Ay (Mpg B, + MpF Bg) (5-4)

The equations of angular momentum are:

L=Ixxof-’-1

wyo @~ Ixz R +Az Mo Ay - A

y Mo 87, (5-6)

+Ag M, Az (=7)

N =y R + (Iyy, = Ixx) PQ - Ay (Mpg 4 g + Mpp 4 AF)
- Ax M, Ay, (5-8)

The propellant sloshing equations are:

_— Q (Lpp~ip*h, X o % 5|
F F 2 2y
Lpp Lpr My Lor Vorax
- 20 Cp O (5-9)
: :_Q Tpg~f*™, A oy |+ Ny 1| 610
@ Lo Lo %% | 0“7 "0MAX
; =ﬁ(LPF-zF)-Ay A . Ce B o]
F Lop Lpp 7 MPFszF \/;—;;M_;( ¥
- 2uy, CpBr (5-11)
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R (LPO-L )-Ay Ax

: N
Bo= - B. - 2w, B [; + —— |8, ] (5-12)
Lo, Ly, © 070 |0 7 MAX

Figure 5-16 illustrates this model. A separate pendulum is used for each propellant

tank in both pitch and yaw. Roll or rotary slosh is neglected with the vehicle assumed
to rotate about the propellants.

ROLL
AXIS

/
Y PITCH AXIS
/
Q& @Q AZ
N o
S Q
< Mo
; AY

=k

72 YAW AXIS .
Figure 5-16. S-IVB Propellant Slosh Dynamic Model

The primary disturbance affecting propellant motion during sustained coast is
produced by the reaction control motors in stabilizing the vehicle attitude along the
desired reference attitude. Vehicle perturbations are produced by propellant tank
vent disturbances and attitude maneuvering requirements. The attitude control
system details have been obtained from Reference 5-9. The engine locations are
shown in Figure 5-17 and the autopilot diagram as simulated in Figure 5-18. The
engine thrust characteristics are approximated by a square pulse, The total
impulse is preserved and effective thrust use and decay times are treated as pure
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Figure 5-17, Saturn S-IVB Attitude Control System Engine Locations

time delays. The engine control is such that the engines are commanded on when the
controlling error signal exceeds the ON limit and commanded OFF when the signal
falls below the OFF threshold, The pitch axis operates independently using two
engines for control. Yaw and roll control is provided by a set of four engines
operating in a coupled mode. The necessary parameter values obtained from
personal communication with MDAC are given in Table 5-2. The commanded vehicle
attitude is along the local horizontal with the positive yaw axis pointed down. The
guidance attitude command is updated once every second commanding an -0.068 deg/
sec average pitch rate,

5.4.2 SIMULATION RESULTS. Figure 5-19 shows typical simulation results during
LH9 continuous venting. The condition simulated is during the first continuous vent
period of the first orbit. The average axial thrust is 8.0 pounds which produces a
1.36 x 1074 g axial acceleration. The Bond number is approximately 400
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Table 5-2. Saturn S-IVB AS-203 Coast Phase Attitude Control System

Parameters
Parameter Description Value Units

A/P Gain Ratio KI" 5.0 sec
Psuedo Rate Feedback ' Gain K¢E, 0.133 deg/sec
Pseudo Rate Feedback Constant tf 0.65 sec
Pseudo Rate Circuit Hysteresis K,E, 0.0133 deg/sec
Rate Threshold E¢ 0.20 deg/sec
Attitude Control Motor Thrust 142 1bs
Equivalent Engine Rise Time 25 millisec
Equjvalent Engine Decay Time 10 millisec
Guidance Pitch Over Cycle Time At 1.0 sec

minimizing capillary effects. The undamped natural first mode slosh frequencies
have a period of 305 seconds in the oxidizer tank and 234 seconds in the fuel tank.
Propellant sloshing is initiated in each tank in the pitch plane only. The initial wave-
height is 15 inches in each case; initial velocity is zero. In the LHy tank this
amplitude just makes contact with the baffle. Two disturbances are present, one
produced as a result of pitch plane steering commands. The second is produced by
the continuous vent system; pitch and yaw disturbances are 3.3 ft-1b and -3.4 ft-1b
respectively as obtained from flight data.

The propellant slosh amplitude data (Figure 5-19) shows a relatively insensitivity to

both disturbances. The results show that in pitch both initial slosh waves decrease

in amplitude with time. Because of the assumption of a slight amount of baffle damping

LH9 slosh damps out faster than LOs even though there is no contact with the baffle.

This is an inaccuracy of the baffle damping model used. In yaw, where no initial

slosh motion was assumed, a slosh wave is initiated in response to yaw control motor
firings, Although neither of the disturbances are particularly significant, the larger of

the two is produced by attitude control motor firings in response to the steering commands;
this relegates the continuous vent disturbance to a minor role, The lateral attitude control
disturbances directly excite propellant motion. Fortunately the reverse is not true. That
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is, the forces and moments produced by propellant sloshing are insufficient to cause
attitude control system response.

Fuel sloshing in the pitch plane shows the effects of guidance system attitude commands
on propellant behavior. Note that after the initial slosh transient has passed there is

a 0.3 ft steady state slosh amplitude. A low amplitude oscillatory wave about this
value can be seen. In addition a higher frequency (approximately 40 second period)
component produced by attitude control motor firings in response to guidance commands
can be seen. The time average lateral thrust of these firings is approximately 0.3
pound, this moves the net vehicle acceleration vector (axial plus lateral) 2 degrees off
the longitudinal vehicle axis resulting in the 0.3 ft steady state waveheight. In order

to keep this steady liquid level rise small the ratio of the average lateral to axial
thrust should be minimized. This can be accomplished by reducing all disturbances
and maneuvering requirements to a minimum. For example, during the low thrust
Centaur orbital flight no laterally directed engines are used for pitch and yaw control.

Inspection of the AS-203 propellant slosh amplitude data shows that the LO2 slosh is
oscillating at its natural frequency. The LHg tank pitch sloshing shows in addition a
cyclic response to attitude control motor firings. In the case of yaw the slosh wave
is somewhat irregular and the frequency less obvious. The AS-203 flight represents
an unusual situation in that the fuel slosh mass exceeds that of the oxidizer tank.

For normal tanking conditions the LOy sloshing mass is an order of magnitude larger
than the LHo counterpart. This is significant since when this condition exists the
coupled system is driven by LOg propellant sloshing, with LHg beating in response.
Although LO2 is the driving function, by virtue of its large mass, usually LH, is of
greatest interest as a result of the greater boiloff and venting considerations,

5.4.3 SUMMARY OF SIMULATION RESULTS. Analytical results are based on
simulation of AS-203 orbital flight during LHo continuous venting, range time of
1200 seconds. Unfortunately there is no quantitative propellant amplitude flight
data with which to compare simulation results directly. Under this condition
verification of simulation results is qualitative at best. The propellant slosh
amplitude data shows the perturbations produced by vehicle disturbances are
insufficient to excite the propellants. This is true even in the oxidizer tank which
does not contain a baffle. Slosh perturbations produced by attitude control motor
firings are clearly evident and point out the need to keep vehicle disturbances at a
minimum. In addition the forces and moments produced by propellant slosh were
insufficient to cause coupling through the attitude control system.

The results show that no coupled frequencies exist and that after the initial transient
has passed the propellants oscillate at their natural frequencies. These results are
in agreement with those presented in Reference 5-10 and point out the usefulness and
applicability of the analytical slosh analysis.
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5.5 SIMULATIONS WITH MARKER AND CELL MODE L

The Marker and Cell (MAC) method of solution for fluid dynamic problems originated
at Los Alamos and has been developed for application to low-g problems under Convair
research funds (Ref. 5-11, 5-12, 5-13). A brief description of the program as it
currently exists at Convair is given below. Applications to sloshing, settling, and
propellant stratification are typical phenomena which can be simulated. In a second
phase to this study contract, extensive modifications are being made to the MAC
method to include surface tension and two-fluid simulation capability. Under that
phase of the study, the complete code will be delivered to the NASA/MSFC.

The MAC method is a numerical technique used to solve the full Navier-Stokes equations
for a viscous incompressible fluid. These equations are coupled with the energy
equation through the Boussinesq approximation to account for buoyancy effects due to
density gradients. An initial value problem is then created by specifying the initial
fluid velocities and temperatures and the velocities and temperatures around the
boundaries of the system. When the differential equations are differenced, a two
dimensional spacial mesh is created that may be visualized as covering the fluid
system. The fluid passes through the mesh in increments corresponding to the
velocities and time steps of the difference equations. In order to graphically depict

the fluid motion, "marker particles' are placed in the cells of the mesh and moved with
the velocities of the cells in which they reside at a particular time. The program
stores the coordinates of all particles on tape for each time step, and this tape is then
processed by data display equipment. This equipment plots a point on microfilm at

the coordinates of each particle, and the resulting series of plots shows how the fluid
configuration progresses in time. In addition to the particle plots, velocity vector
plots and temperature and pressure contour plots are available that completely
describe the fluid motion. When a series of these plots are placed together a motion
picture is made that is analogous to viewing an actual experiment.

5.5.1 SLOSHING SIMULATION MECHANICS. Since the AS-203 data on slosh is
available only from an above camera view and because of the large tank size, it was
decided to investigate MAC slosh modeling using drop tower data. The test series
recorded on film in the MSFC tower provides good visual data for simulation. Details
of the experimental conditions were provided in a recent paper Ref. 5-7).

The MAC simulation was performed for a six-inch diameter by ten inches high

container filled to four inches with petroleum ether. A flat bottom cylinder was

assumed. The actual physical situation modeled is a lateral acceleration setting up

an initial slosh wave followed by a low-g drop period of approximately 4 seconds at
constant accelerations within the range of 0.008 to 0.0313 g. Difficulties were
encountered in the simulation of the initial accelerations setting up the wave motion

at one~g prior to the drop. Wave motion was initiated by either initial displacement of the
interface resulting in a potential energy source or initial fluid motion or acceleration
imparting kinetic energy prior to the drop. The following methods were evaluated and

compared after a few time steps.
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A. The fluid was given an initial distorted interface at time zero resembling the zero
velocity position after one-quarter cycle.

B. The fluid with a flat interface was given an initial velocity at time zero in a
lateral direction.

C. The fluid was given an initial lateral acceleration at time zero which was cut-off
at drop time.

D. The fluid was given an initial positive lateral acceleration at time zero followed
by an equal magnitude and duration negative acceleration, both prior to drop.

In all of the above methods, secondary wave motion occurred at the interface and moved
from the high amplitude liquid side to the low. This secondary wave motion was not
observed in the drop tower film data prior to drop because of its low level. Interface
disturbances observed in the analysis of movie data for Test 2F-41 when g-level dropped
from 1.0 to 0.0313 were not relatable to the surface motion predicted with MAC. The
single lateral acceleration, C above, appears most suitable for initiating the slosh wave.

The results of a MAC simulation of the drop tower data is presented in Figure 5-20

to illustrate the difficulties with interface motion. The small sloshing wave perturba-
tion in this case was started with the fluid given an initial velocity at time zero
simulating the side motion of the container in the one-g environment. At time .3
seconds, the g-level is reduced from 1-g to .0313-g for the remainder of the run.
The input variables were a 13 X 20 mesh of size .05 ft with 630 particles. The
kinematic viscosity of the fluid is 3.37 x 10~6 ft2/sec. It is concluded that numerical
instabilities occur in the interface cells due to high velocities gradients, low viscosity,
and the absence of surface tension. Similar observations have been reported by Daly
(Ref. 5-14) in his investigation of Rayleigh-Taylor instabilities with the marker-and-
cell method. In the illustration 5-20, the interface is distorted prior to the drop time
of .3 seconds, these instabilities are then magnified in the low-g environment. It is
observed that the main slosh wave is significantly magnified in the low-g environment.
Modifications now in progress under the continuation of this contract to incorporate
surface tension in the MAC method will considerably enhance the predictive reliability
of this procedure for sloshing.

5.5.2 SETTLING DEMONSTRATION MODEL. The Marker and Cell method has
application in several areas of thermodynamic and fluid dynamic investigation. A
sample problem was developed under Convair research funds to illustrate a possible
settling experiment for the S-IVB configuration from an unsettled liquid situation.
The results of this sample case are presented in Figure 5-21. A mesh of 21 x 36
cells of one ft by one ft model the S-IVB fuel tank. Nine particles are placed in each
cell full of liquid. A pressure of 35 psia is applied uniformly to the interface.

Commencing at time zero and remaining constant, a settling force of 1.35 g is applied
vertically along with a .01 lateral force. The presentation duration of Figure 5-21
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represents 0. 909 seconds real time. The scaling factor for velocity vectors can be
determined from the values indicated for the maximum vector. With a constant ullage
pressure of 35 psia, pressure isobars are shown with Pmyjp at the top of the tank and
Prax at the tank bottom. This example indicates the potential of this method for
modeling orbital fluid behavior. Excessive running time is a program limitation for
analysis of fluid dynamics after the initial fluid mass impinges on the opposite end of
the tank. TFluid velocities are very high requiring small time steps; moreover accurate
fluid resolution after this time requires selection of an initially very fine mesh with the
inherent higher cost. A motion picture presentation running two minutes depicting this
experimental simulation has been produced.

5.5.3 STRATIFICATION/DESTRATIFICATION MODELING. Another feature of the
MAC method which indicates potential for low-g modeling is the stratification or
destratification of fluids. A free convection study has been performed in a liquid
hydrogen tank in a 1073 g field to show the potential for tankage with complex boundary
conditions. In this case, the fluid is initially at 35°R with the side walls kept at 369°R.
A penetration resulted in a hot spot at 600°R on the left wall while the bottom bulkhead
was kept at 166°R. Mesh size was 0.2 ft for a 13 X 19 mesh with 464 particles used.
The temperaturc and velocity contours are shown in Figure 5-22. The initial
temperature contour plots show the development of a heated fluid layer along the
sidewalls and hottom. This causes convection patterns as shown in the velocity vector
plots. These patterns are strongly influenced by the presence of the baffles which
deflect the hot fluid toward the middle of the tank. The temperature contours on the
lower left side show the presence of the high heat flux penetration and it can be seen
that the fluid velocity on this side is greater than on the right. In addition to the two
major vortices in the lower part of the tank, there are two above the baffles, The
temperature contours show gradual heating of the bulk fluid due to mixing until at about
35 seconds there is no longer any distinct unheated liquid. At this time what appears
to be a numerical instability can be seen in the downward moving fluid adjacent to the
heated fluid layer. This is probably caused by the high velocity gradients and low
viscosity. Increasing the viscosity or decreasing the mesh size would help to reduce
this instability, however, another differencing scheme should also be considered.

The simulation of the AS-203 stratification during the long-term coast phase was
examined; however the planned computer budget did not permit the extensive
investigation which would have been required in developing the modeling of that
stratification phenomena.

5.5.4 MARKER AND CELL MERITS. The MAC method shows significant benefits as

a tool for the analysis of fluid behavior in low-g. The ability to simulate several

aspects of drop tower testing have been demonstrated (Ref. 5-12). The introduction

of surface tension into the model will qualify the model for further analysis of various

aspects of interface behavior in low-g. Specifically, sloshing and settling studies

should be continucd after the inclusion of surface tension is completed. The potentials

of this tool for destratification analysis with the simulation of internal mixing with a

pump should be further pursued. .
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CONCLUSIONS AND RECOMME NDATIONS

The PRISM model used in Section 2 indicates adequately the energy and mass
contributions during the repressurization process. This model is highly suited
to a parametric analysis of energy contributions including recirculation flow,
The AS-203 data can be represented by this model with judicious selection of
empirical constants. The S-1I Pressurization model was analyzed to determine
its suitability to repressurization analysis; from the disparity with AS-203, it
was concluded that the influence of recirculation flow on the ullage pressure
behavior is significant.

The analysis of chilldown flow merits further analysis. This requirement will
-reoccur in the design of engine chilldown sequences for all vehicles with orbital
restart requirements. Although a recent contract (Reference 6=1) resulted in a
chilldown computer model, this model lacks the flexibility for analyzing lines
where thermal mass varies with length. A program is required in which flow
rate and thermal mass are input and outlet quality is defined. The interaction
of this recirculation flow with the bulk liquid and then apparent interaction with
the ullage should be further analyzed.

Convair computer codes for propellant heating were found to be adequate for the
analysis of AS-203 orbital heating during the long term coast. Large differences
were determined between the heating for the four individual vehicle quadrants;
this should be accounted for in all thermal analyses. The heating rate to the
dome was higher than originally assessed, the absorptivity of the forward dome
exterior had probably deteriorated from .05 to .20. The latter value fit thermal
predictions best. This deterioration should be avoided on future flights by proper
insulating techniques. Thermal energy predictions agreed more closely with
AS-203 rates predicted by wall temperature difference than with changes in fluid
properties. Evaporation was probably less than 50 lbs during the long term coast
period.

The ullage heating should be predicted within five percent to attain reasonably
accurate pressure rise rates. Both the S~II Pressurization program and
REPORTER closely predict pressure rise rate when furnished with good ullage
heating data. Although settled propellant coast pressure rise prediction capability
has been verified within this study, unsettled propellant behavior should be further
considered and models verified for extended long term coast.
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The AS-203 data was reviewed and indicated no serious problems with liquid
level rise for vent rates of 2.2 lbm/ sec with the propellant initially settled.
Parametric studies with three analytical models confirmed these results. A
model which states all sensible heat goes to boil-off is unreliable and overly
conservative. A pre-design model developed on the basis of boiling in the
boundary layer affords reasonable results for liquid level rise parametric data.
A bubble dynamics model confirms the above pre-design model and indicates
good potential for the study of bubble behavior in low-gravity environments.

In the analysis of liquid level rise, significant factors are wake effects on
bubble velocities, agglomeration, and void faction effects on bubble velocities.
A related area to liquid level rise is the break-up of the interface into globules
which float in the ullage. This was observed on AS-203 but the mechanism
providing this large amount of energy to the globules was not identifiable.

The behavior of bubbles in temperature fields in low gravity environments will
define the propellant ullage configuration for design specification. Ullage
growth due to bubble agglomeration from localized heat leaks should be analyzed.
The program EVOLVE provides a useful tool to perform this analysis. The
fluid configuration also interacts with propellant heating and the pressure rise
evaluation. These areas merit extended analyses before design proceeds on
new stages with long coast periods, An analytical study is called for on
interface break-up during changes in g-level and during vent downs. An
examination of interfacial forces and the interaction of emerging bubbles is
required. The location of the propellant and the ability to control this location
are important considerations in vehicle design.

Liquid propellant slosh analysis is based on an analytical solution to the hydro-
dynamic equations of motion. Drop tower testing of a 6-inch scale model S-IVB
afforded more detailed data for analysis than the AS-203 coverage; however
both were simulated with the slosh model. The correlation of maximum liquid
amplitude with Froude number between the slosh model and drop tower data
shows under prediction below a Froude number of one and over prediction at
higher Froude numbers. Differences shown between theoretical amplification
factor and observed model data are an indication of baffle efficiency. Transient
meniscus effects complicate the analysis of sloshing in drop tower tests,

in addition the meniscus is larger than theoretically predicted. The most
serious discrepancy between analytical and test results however exists in the
modeling of propellant slosh with partially uncovered baffles.

Time averaging of propellant slosh energy losses in iow-g can result in serious
errors in predicting fluid behavior. Mathematical modeling under these slosh
conditions is not well established. Further analytical development and correlation
with test data is necessary. Possibly curve fitting test results with current slosh
baffle damping parameters would prove useful.
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Simulation of S-IVB sustained coast shows that the reaction control motors are
the single most important disturbance. It is therefore necessary to minimize
vehicle maneuvering requirements and keep disturbances at a minimum. No
coupled frequencies were observed in simulating S-IVB flight conditions; the
propellants oscillated at their natural frequencies. The results of this study are
in qualitative agreement with actual AS~203 results and confirm the utility and
applicability of the sloshing model used.

The Marker-and-Cell model has broad applicability in the analysis of fluid
behavior in low-g. In slosh simulation some difficulty was encountered in
setting up initial conditions. Fluid simulation of sloshing can be improved
with the addition of surface tension to the model. Applicability of the model to
sloshing, settling, and stratification are demonstrated. Additional analysis

is required in wave amplification analysis as related to propellant control
devices such as baffles and deflectors. It is also recommended that further
efforts be made to simulate other available low-g data with this theoretical
model to define and confirm the applicability to orbital low-gravity simulation.
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APPENDIX A

PRISM PROGRAM

This program is designed to predict pressurization system requirements and pressure
histories for the Centaur and S-IVB vehicles. The full capability of the program is indicated
by the input, nomenclature and program listings given below. Some program options were
not used as evidenced by the sample input case shown at the end of the program listing.
The input is explained following the listing.

The problem was inputted in three phases. In the first phase, helium addition and
ambient heating were included. In the second phase recirculation begins. In the third,

helium addition is not included while ambient heating and recirculation continue.



’

Card 1 of the input gives the constant data indicated on page A-3 Helium bottle data
is not included since the helium flow rate, temperature and pressure are input as a function
of time.

Card 2 gives indicators for heat input. Three heating segments each will be input
with heating values. The heat transfer options in the program are not used since the
data obtainable from these calculations was already available from the Variable-Boundary
II Heat Conduction Program (P 2162). The sixth, seventh and eighth data fields indicate
whether recirculation, multilayer walls and helium flow rates inputs are to be used.

Cards 3, 4, and 5 give the stations for each of the 3 heating segments.

Card 6 indicates the heat table entries will be 14 for Table 1.

The next 14 cards (7-20) give the heating rate for 14 time values for segment 1.

Cards (21-50) give heating tables for nodes 2 and 5.

Card 51 gives the number of recirculation values to be nputted. The next five cards
give that number of recirculation flow rates. This is followed by the Ah between the liquid
entering the recirculation system and the fluid exiting the recirculation system and reentering the
tank. The times corresponding to these flow rates and enthalpy changes are then listed
in order.

The next table (Card 67-73) for helium pressurant inflow gives 9 entires of flowrate,
followed by 9 entries of temperature entering the tank and 9 time values.

Card 74 begins the case data which is specified by '"namelist. "' Following the title
card is series of case data values giving the initial ullage pressure, temperature, mass of
liquid and saturation pressure.

The case data is followed by phase data indicating whether recirculation, helium
addition, liquid outﬂow,‘ venting, interfacial heat transfer tank wall vaporization, or
ullage heating directly by the recirculation flow occurs. Also given are the gravity level,
the initial time and time step and the allowable integration errors. Phase data is given
for all three phases separately.

Three cases are then inputted in addition to the initial case outlined. The case data
and phase data are repeated completely for each case with appropriate changes made corres-
ponding to each case.

Central processer time used for the four runs in Figures 2-6 and 2-7 was 34 sec.

A2



LISTING OF PRISM INPUT
(P3995)

1.1 CONSTANT DATA - FORMAT (8E10.5)

AL = Area of Liquid - Gas Interface, 2

cP = Approx. Const. Pressure Specific Heat of Propellant Vapor, Btu/lb °R
Ccv = Approx. Const. Volume Specific Heat of Propellant Vapor, Btu/lb °R
CPHE = Const. Pressure Sped fic Heat of Helium Vapor, Btu/Ib’R

CVHE = Const. Volume Specific Heat of Helium Vapor, Btu/lb °R

HFG = Heat of Vaporization of Propellant, Btu/1b

CL = Specific Heat of Liquid Propellant , BTU/1b°R

RHE = Gas Constant of Helium ,

VBTL = Volume of Helium Bottle, in3

MBTL = Mass (Weight) of Helium Bottle, 1b

CBTL = Specific Heat of Helium Bottle, Btu/lb °R

ABTL = Helium Bottle Area For Heat Transfer From Bottle to Helium, ft2

2.1 INDICATORS FOR HEAT INPUT- FORMAT(10 I2 )

NQSEGS = No. of Segments (or Nodes) of tank heating to be Inputted
NQWTBS = No. of Tank Heating Tables
NCWTBS = No. of Tank Wall Specific Heat Tables
NNER@® = No. of Sets of St. Nero Heating Tables
NRETR@ = 0 or Blank for no Retromaneuver Data
Positive Interger For Input of Retromaneuver Data
IRECIR = 1 or 0,Recirculation Flow, 0 if Omitted
MLTIWL = 1 or 0 Multiple Material Wall or Multitemp Wall
0 if Single Thickness
IBURP = 1or 0, 1 - Inputting Helium Bottle Flow Rate

0 - No Helium Bottle
2.2 HEATING SEGMENTS (NODES) - FORMAT (512, 7E10.2) - Repeat
Qw
ICW

I

Heating Table Flag
Tank Wall Heating and specific heat flag.



IFLUX

IAW
INERQ®

ST@PS
SB@TS
QW
TW
MW
EMISS
FAW

Flag to indicate whether heating rate or heat flux is
being input O - Rate
1 - Flux

Tank Side Wall Area Flag

St. Nero Heating Table Flag (will not handle upper dome type
radiation)

Station of Top of Heating Segment - from top

Station of Bottom of Heating Segment - from top

Segment Heating Rate (or Flux)

Segment Wall Temperature

Segment Wall Mass

Emissivity for Reradiation to Space From Segment Wall Area

Ratio of Segment Area to Tank Wall Area Between
(ST4P) and (SB@TS)

Also (if ICW = 0 with Format E 10.5):

cw

Specific Heat of Wall Segment

Note: If IQW.6TO, QW may be left blank, also if ICW.LT.0 TW, MW, and
EMISS may be omitted.

If FAW is left blank, program sets it equal t0o 1.0

2.3 HEATING RATE TABLES - FORMAT (2I2, 6X, E10.2/(2E10. 2)) - REPEAT NQWTBS

NQ
NQTB
DTQ
TBTQ
TBQ

I

No. of Pairs of Entries in Heating Table

Heating Table No. (must be LT. 6)

Bias Added to (TIME) prior to Loock-up in Table
Time Entries in Tank Heating Table, Second

Heating Rate (or Flux) Entries in Heating Table, Btu/sec

2.4 SPECIFIC HEAT TABLE - FORMAT (212/(2E10. 2)) - Repeat NCWTBS TIMES -

NCW
NCWTB
TBTCW
TBCW

it

h

Il

No. of Pairs of Entries in Heating Table
Specific Heat Table No. (Must be LT. 4)
Temperature Entries

Specific Heat

2.5 ST NERO HEATING RATE INPUT - FORMAT (212, 6X, 3E10.2) and (F10. 2, 10X,

4F10.3)




2.6 RETROMANEUVER DATA

2.7 RECIRCULATION TABLE

NRE
XRECIR
XDELH
RETIME
NHE
HEFLOW
HETMP
TBURP

No. of entries Recirculation Table (Maximum 50)
Recirculation Flow Rate, LB/SEC

Recirc AH, BTU/LBM

Time of entry

Number of entries, Helium pressurization table
Helium flow rate, LB/SEC

Helium temperature at inlet, ‘R

Time of entry

3.1 CASE TITLE CARD - FORMAT (8A10)

HEAD

3.2 CASE DATA - FORMAT SPECIFIED BY "NAME LIST" (Good for every phase run

or initialized yalues

P

PU }
PHE

TU

™™
TBTL
PBTL
XML
PSATL
ISAVE

NVENT
XPVENT
XMVENT

Total tank pressure, psia

Initial ullage temperature, °R

Initial ullage temperature, °R

Initial wall temperatures (supercede TW in 2.2), °R

Initial temperature of Helium Bottle and Helium in Bottle, ‘R
Initial pressure of Helium in GH, PSIA

Initial mass of liquid, 1bs

hitial vapor pressure of liquid, PSIA

Flat = 1 for normal initialization
= 2 for reinitialization to previously saved conditions
=3 to use conditions at end of previous phase as initial
conditions for next phase

No. of eniries and vectors containing table of vent flow rate
versus pressure



4.1 PHASE TITLE CARD - FORMAT (80H )
4.2 PHASE DATA - FORMAT SPECIFIED BY "NAMELIST"

CD = Burp Orifice Discharge Coefficient
AOTGT = Burp Orifice Area "Seen" By He Bottle, in2
AGFUEL =
ADGAS _ [Burp Ori.fice Area '""Seen'' by Ullage, in2 (2 names for
same variable)
CONTLG = Constant Multiplied to Rate of Heat Transfer From Gas
CONQLG =] to Liquid (usually = 1. 0)
CONTV = Constant to specify vent temperature, T qnt = Ty * CONTVHTy-Tyjq )
DEADWT = Dead weight of vehicle (for acceleration calcu)
WRATI@ = Ratio of Total Liquid Propellants to Liquid in Tank Under Study
TIME = Tnitial Time (This is updated during phase and equals TIMEF at
End of Phase)
TIMEF = Final Time of Phase
DTIME = Initial Stepsize (changed in DIFE3 to Satisfy Error Tolerances)
DTTQ@L = Time Allowance in Specifying Boil-off
EPSP = Allowable Relative Error in Pressure Iteration
EPSR = Allowable Relative Error in Integration
EPSA = Allowable Absolute Error in Integration
HAMS = Heat Transfer Parameter in Spray Calculations
HBTL = Helium Bottle Heat Transfer Coefficient, Btu/hr-ft2-°R
HEUSE = Helium (Constant) Usage Rate, lbs/sec
IFLGW = Venting Flag =1 Vent - but V/V initially closed

=2 Vent - but V/V initially open

= 3 No venting - vent rate initially set = 0.
=4 (Call subroutine VENT

= 5 No venting - vent rate set = 0 each time.

i

G G LEVEL = (g/g,)

Vent valve flow rate at P=PFFL@W and T = 45°R, lbs/sec

MD@TFF

MD@TRS = Vent valve reseat flow rate, lbs/sec
MPRESET = Vent Valve Reseat Pressure, psia ‘



PCRACK
PFFLOW
MD@TL
NEXT

PCQLH2
FQLIQ

™

NQS
DTQ
QBP
QWG

QWL
TIMES

DTQSW
RRATE
QW
PVARY(J
DPVARY

CONSAT

ISAVE

Vent valve cracking pressure, psia
Vent valve full-flow, pressure, psia
Liquid outflow rate (constant), 1bs/sec
=1
=2
=3
=4
=5

to return for input beginning at 1.1 at end of phase
to return for input beginning at 2.1 at end of phase
to return for input beginning at 3.1 at end of phase
to return for input beginning at 4.1 at end of phase
to stop at end of phase

Flag

Fraction of liquid heating which goes to heating liquid,
remainder goes to boil-off, this parameter is calculated in
Prog. if CONQBO > 0.

Vector of integrated quantities

Number of Heating Sections - Supercedes NQS (= NQSEGS) in 2.1
Heating Table Time Bias, Seconds

Boost pump Heating Rate, Btu/sec

Rate of Heat Transfer From Walls to Ullage, Btu/sec
(Not used if NWSTO)

Rate of Heat Transfer From Walls to Liquid, Btu/sec

Time Bias in Spray Calculations, seconds

Quality of spray flow

Total Vehicle Thrust, Pounds

Same as DTQ(1)

Vehicle Roll Rate (Relative to St Nero Input), Degrees/sec

Wall Heating Rate, Supersedes QW in 2.2, Btu/sec or Btu/sec-ft2
Pressure at which bump orifice area is set to zero, psia

Delta-Pressure (Below PVARY®) at which orifice area begins to
be restricted.

Constant to specify pressure at which liquid boil-off occurs
= 1.0 for B/O at partial pressure of vapor
= 0.0 for B/O at tank pressure

Save Flag {=1 To not save initial conditions of phase
= 2 To save initial conditions of phase for intial
conditions of future case



DISPRAY

ICPV

CONQSP
IRETRO

XMPULL

IPLOT

NPL@T
CONFAC
TNVNT
KBURP

CONBRP

CONQBQ

KRECIRC
CONFAC

2 To not perform spray calculation during

Flag l
phase

<0 Do not call subroutine CPVENT
>0 Call constant pressure venting subroutine
in CPVENT. Must also set IFL@W =5

Flag

Constant to specify LOX tank standpipe heat transfer.

- < 0 Do not call subroutine RETRO during phase
a8 > 0 Call subroutine RETRO during phase
Liquid mass remaining in tank when gas pull-through

occurs during retromaneuver, pounds

0 No plots
1 Save points for plots

IA

Identifies variables to be plotted
Fraction of energy to liquid due to recirculation
Vent temperature

Flag for helium addition, 0 -No Helium
1 - Helium Added

Constant between 0. and 1.0. If 1.0 as maximum heat
transfer occurs due to burp. If 0.0 no vapor is formed
due to burp.

Constant between 0.0 and 1.0 determine fraction of
Helium added to sensible heat of liquid. 0.0 for Helium
added to the top of the tank. 1.0 for Helium added at the
bottom and bubbled up through the fluid.

Recirculation flag - set to 1 to start recirculation
Constant 1.0 means all recirculation flow condenses
before it reaches the ullage, 0.0 means all recirculation
flow reaches the ullage with no energy transfer to the

liquid.

1 To perform spray calculations during phase

2 Save points for plots and generates plots at end of phase



DL

AT

AC
FRICTN
GAM
LINE
MF@
MC
MFT
AFI
KBUG

FMIN

4

Variables for Improved Centaur Venting Subroutine



APPENDIX A
PROGRAM LISTING FOR PRISM

RUN(Sgreorvrorl)
SET(0)

LGO,

R

PROGRAM PRISM (INPUT, TAPES=INPUT, OUTPUT, TAPE63OUTPUT, TAPE4S8)
c
o CENTAUR TANK PRESSURE SIMULATION PROGRAM
C

DIMENSION TM(99) ,HEAD(H) »AWLL (2) » TMSAVE (99)

REAL MUOTL +MDOTBP,MDOTE »MDOTV +sMDOTG +MDOTHE»MOOTFF,MDOTS
* MDOTSOsMBTL oMDOTETyMDOTRSLEFF oMW

KEAL MDOTE3

COMMON /CMAIN/

* AOTOT »AOGAS AL s AWLL »ABTL

* Cu ' CV ' CP 'CVHE oCPHE CL 'CHBTL

* CONQLG»CONTYV »CONSAT»CONQSP

* DEADwWTDTIME ,DTTOL »UPVARY?

* EPSP J+EPSR JEPSA F 'FQLIQ +FMDOTSYG ’

* HF G ' HAMS  JHEUSE »HBTL  oHW ' HL ’

* IFLOW »IFLOW1lyISPRAY,11 012 2y ICPV 1 1ISAVE JLEFF
* MUCTL ,MDOTBP,MDOTE »MDOTV »MDOTG +MDOTHEMDOTFF+MDOTS
* MUCTSO,MBTL +MDOTET¢MDOTRSyNTDOT

* P +PBTL +PCRACK PRESET'PFFLOW!PR 'P1L 'PINV ,
* PVARYO,PMAX PMIN HPCON

* QGS ' OBHE ,QBP QWL 'QWG +QGL ’

* RHOL ,RHOG RHE ’

* SV »SVSAT »SVVNT »SLL 'SIGN STOP »SVLIG

* TU ' TUL ' TSAT »TUNT +»TIMES ,TMES2 TIME] »

* UG »UGSAT JUGVNT

% VTOT sVL ' VU e VUL 'VBTL o

x WRATIO,» X

COMMON /HEAT/
NQS yIOW(30) » ICW(30) »IFLUX.30) »IAW(30) »EMISS(30),
STOPS(30) ,SB80TS(30) »QW{30) »TW(50) ,Mw(30) »Cwy¢30) ,
FAW(30) ,ATOP(30) +»AW(30) JNQW(S) ,TBTQ(30,5),»TBQR(30,5),
NCw(3) ,TBTCW(30,3) »TBCW(30,3) ,DTQ(5)»
NAw(2) ,TBSA(90.2) »TBA(S0,2)
COMMON /TABLE/

LB R SR B

* NPGINTG,TBPG(9) »TBTU(9,50) s TBSV(9,50) ¢ TBUG(9,50)

* NSAT »XPSAT(10) »XTSAT(10) »XSVSAT(10) »XUGSAT(10),»

* XHFG(10) »XSVLIQ(10) oNVOL »TEBHVOL(110),TBVOL 110).,

X NVENTe XPVENT(10) »XMVENT(10) oNS ZXTIMES(20) »XMDOTS(20)
*9 TOTKW(10,3) »TBKW{10s3) oNKW(3)

COMMON /CVENT/DL »DO 2 AT »AC o FRICTN»GAM LINE
* MO +MC 'MT e AL 'PTO PTS POQ '+ POS ’
* FPO oFPT vy PCO P10 v AE 'KBUG oME 0 ISP ’
* PCS »DPENT »PTANK »IFIRST»IPRINT,FMIN

COMMON /SUHEAT/

* MLTIwL oMATL(7912)sNSLICE(12) 2 THICK(7012) WD 3)
C

COMMON /SUMAIN/

* XRECIR(50) yXDELH(50) »RETIME(50),RECIRC ¢ DELH ’
* NRE + CONFAC » IRECIR ' TBI s MDOTE3 ’
* KRECIR s QLREC »MDOTC
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C
COMMON/BURP/
* IBURP » NHE +HEFLO (50) HETMP(50) ,TBURP (50),
* KBURP ) PHE
COMMON /CNERO/ NNERO)NSETS»NSET(2)9» INERO(30) »RRATE
COMMON /CTEMP/ CONBRP,»CONQBO/SBOT
COMMON /CPLOT/ IPLOT, NPLOT(H)
COMMON /CTEMP1/ IRETRO,»XMPULL
COMMON /CTEMP2/ PSAT,MDOTEZ2,PVLIQ,QV,QVLQVGePVAP
COMMON /CCIFE/ IERROR»NOFE
REAL MC ' MO 'MT 'LINE 2 ISP ' ME ' MFO ' MFT
REAL MDOTC
EQUIVALENCE (AOFUEL»AOGAS) » (PCQLH2/FQLIQ) » (DTQSWIDTGR. 1)) (PUIP)»
* (MO)MFO) » (MTyMFT) ) (AI)AFI)» (CONQLGICONTLG)
EXTERNAL CERIV,CNTRL
o
NAMELIST /CASE/ P »PU ' TU 'PSATL +TBTL »PBTL sXML ’
* Tw PR » TMES2 +FMDOTS» ISAVE ,PHE ’
* NS ¢t XTIMES y XMDOTS »NVENT o XPVENT » XMVENT IFTB
C
NAMELIST /PHASE/ CD »AOTOT »AOFUELCONTLG,CONTV »DEADWTDTTOL »
* DTIME »EPSP (»EPSR (EPSA /+HAMS LHBTL +HEUSE »IFLOW
* MDOTL sMDOTFF/NEXT +PCQLH2/PRESETPCRACKPFFLOW,TM ’
* NQS ' DTQ » QBP 1 GOWG ' QWL ¢+ TIME »TIMEF »TIMES ,
* WRATIO, X +AOGAS »FOLIQ »F v OTQASW +RRATE »QW ¢
* PVARYO/yDPVARY CONSAT»ISAVE »ISPRAY,ICPV +MDOTRS,CONQLG,
%* CONQSP,yCONBRP»CONGBO IPLOT +NPLOT »TVYNT »IRETRO¢XMPULL,
x DL DO ' AT v AC 'FRICTN:GAM 'LINE 2MFO 0
* MC ' MFT vAF1 'KBUG ¢#AE Al 'FMIN o IMIYX
* 'G sCONFAC,TBI +KRECIR,KBURP »DTHE
C
DO 10 I=1,NPG
10 TBPG(I) = 1,/T4P6G(I)
PMINP = 1.,/PMAX
PMAX = 1./PMIN
PMIN = PMINP
IPRINT = 1
CONBRP = 1.0
XMPULL = 1.E+10
C
20 REAU (S¢30) ALyCPsCVeCPHECVHE yHFGeCL ¢RHE »
* VBTLyMBTL CBTL»ABTL
30 FORMAT (8E10,5)
c

40 READ (5,185) NQSEGS/NOWTBS+NCWTBS)NNERO,NRETRO,»IRECIR, MLTIw

* » IBURP

IF (NQSEGS.LE.0) GO TO 90

NQS = NQSEGS

NSETS = 0

DO 8uU I=1.NQS

READ (5,160) IQW(I)»ICW(I)»IFLUX(I)»IAW(I)»INEROLI))STOPS(I),
x SBOTS(I) »QWALI) o TW{I)MW(I),EMISS(I)sFAW.T)

IF (ICW(I1).EQ,0) READ (5,30) Cw(I)

‘ K = IAW(])
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60
70

80

=10

100
110

120

130

1440

150

153
185

160
179
18u

CALL TABL (STOPS{I)/»ATOP(I)»TBSA(1+K)TBA{1,K)r1r1r1sNAW(K),]IR)
CALL TABL (SBOTS{(I) »ABOT .TBSA%I.K).TBA(I.K)ololvloNAw(K).IB)
AW(I) = ATOP(I) = ABOT

IF (AW(I).LE.0,0) AW(I) = «AW(]I) « 1,E=50

IF (FAW(I).WE,0,0) FAW(I)=1,0

IF (IFLUX(I),6T,.0) FAW(I) = FAW(I)*AW(I)

IF (IQW(I)«EQ,0) QW(I) = QW(Il)xFAW(]I)

IF (INERO(I),.LE,0Q0) Gu TO B0

IF (NSETS.EQ.Q0) GO TQ 70

JO 60 Jz=1+NSETS

IF (IQW{I).EQ,NSET(J)) GO TO 8u

NSETS = NSETS + 1

NSET(NSETS) = IQw(I)

CONTINUE

IF (NQWTBS.LE.0) GO TO 11U

00 100 I=1+NQWTBS

READ (S59170) NQyNGTB,DTQ(NATB) » (TRTQ(J)NQTB) » TEG(JrNQTB) »J=1»NQ)
NQW(NQTE) = NO

IF (NCWToS.LE.0) GO TO 130

DO 120 I=1+NCWTBS

READ (59180) NCoyNCWTBr {TBTCWI{JINCWTB) » TRCW(J)NCWTRB) rJx=1,NC)
NCw(NCWTB) = NC

IF (NNERO,G6GT,.0) CALL MEROIN

IF (IRECIR .LE, 0) GO TO 140
READ (5,185) NRE

READ (5919U) (XRECIR(I)»I=1,NRE)
READ (590190) (XDELH (I)»I=1,NRE)
REAU (5019U) (RETIME(I)»I=1,NRE)

IF(IBURP +LE. 0) GO TO 150

READ (5¢185) NHE

READ (5919U0) (HEFLO(L)»IZ1sNhE)
READ (5¢190) (HETMP(I),I=1/)NHE)
REAU (50190) (TBURP(I1),I=1/,)NHE)

IF (MLTIwWL .LE,0) GO TO 200

U0 155 I=1+NGS

IF (ICwW(I) LT, 0) GO TO 155
READ (59185) NSLICE(I)

K = NSLICE(])

DO 153 L =1/,K

READ (54195) MATL(LoI)»THICK(L,I)
THICK(LesI) = THICK(L,I)/12.
CONTINUE

READ (5,190) (WD(I)»I=1,3)

IF (NRETRC.6T,0) CALL RETIN
FORMAT (512,7E10,.2)

FORMAT (2I2+6X9E10,2/(2E10.2))
FORMAT (212/(2E10.2))
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OO0

169 FORWMAT (1ul2)
190 FORMAT (8L 10.4)
16y FORMAT (11U, E10.4)

=xx INPUT OF CATA FOR CASE

20U KEAD (59rclV) HEAD
wRITe (60220) HEAD
210 FORMAT (8A10)
220 FORMAT (1H1,24x932H S5-IV K TANK PRESSURE SIMULATION / 1HO,8A10/)

KEAL (59CASE)

GC TU (2500230,245)» ISAVE
230 PUSPUSAVL

TU=TUSAVL

b0 240 I=1e8TDOT
264G TM(L) = TMSAVE(D)
245 1SAveE=l

oC T0 27U

250 PINV = 1.,/7(P = PHE)
CALL UTABLZ (TUNPINVIUG»THPGIL1) 1 yNPGe1,1»IByTETG(1e1)» TBUG(191)

* 999 9NTG)
CALL CTABLZ (TUsPINVeSVITHPGIL1) 1 ,NPG1,1vIByTRTG(Lr1)»THBSV(1s1)
* 999 NTG)

CALL TAPL (PSATL,TLIXPSAT (1) XTSAT(1)21,191,NSAT,IH)
CALL TAPL (TLySVLIGyxTSAT(1) e XSVLIG(1) 919191 eNSAT,IR)
vU = VTOT = XML#SVLIG

XVMG = vU/SV

XMHE = PHE*VU*144,/RHE/TU

iM(1l) = X¥6xUG + XMHE*CVHE*TU
T™M{2) = XMG

TVM(3) = XWMHE

TM(4) = XML

IM(5) = TL

T¥M(B) = 0.0

IF (IBURP «G6T7, 0) GO TO 255
TM(7) = PBETL*VBTL/RHE/TBTL/12,
TM(8) = T&TL
TM(9) = TaTL
TM(10) = 0.0

€55 NTDOT = 10
IF (NGS,LE«Q) 60 TO 265
IF(MLTIWL o537, 0) GO TO 265
LU0 2600 I=100QS
IF (ICw(I)eLT,0) CO 1O 260
NTOUT = WTUGT + 1
TMINTDOT) = TwiD)

260 CONTILNUE

265 IF (NSETS.LE.Q) GO TO 270
NTUOT = HWTUGT + 1
TMINTLOT) = 0,0

27u NEXT = 4
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OOOCOOOOOOO0O

*kn
280
290

300

305

310
320

330

340

350

360
370
380
39u

IERROR = 1
INPUT OF DATA FOR PHASE

READ (5,290)
WRITE (60290)
FORMAT(80H DUMMY FORMAT FOR INPUT OF TITLE

READ (54PHASE)

IFIRST = 1

TIMEL = TIME

IF (IFLLOW.NE,3) GO TO 300
MDOTV = 0,0

MDOTG = 0.0

MDOTHE = 0.0

IF (ISPRAY.NE,2) GO TO 305
@GS = 0,u

MDOTS = 0,0

MDOTSC = 0.0

IF (IMI¥.LE.O0) GO TO 310
CALL MIX (TIME,TIMEF,TM)
IMIX=0

60 TO 350

GO0 TO (340r320)s ISAVE
PUSAVE=PU

TUSAVE=TU

DO 330 I=1:NTDOT
TMSAVE(I) = TM(I)

ISAVE=1

CALL DIFE3 (DERIV,CNTRL/NTDOT»=1/,EPSRyERPSA» TIME»TMsDTIME) TIMEF)

GO TO (3500370+370) s IERROR

IF (IPLOT.6T,1) CALL PLOUT (TIME,TM™M)

G0 TO 380

REAL (59 PHASE)

IF (NEXT.EQ.4) GO TO 3o00

GO TO (20040,200+280¢390) fNEXT

STOP

END

SUBROUTINE DIFE3 (VDERIWICMTRLINIMEPSRIEPSAsXp Y HyXE)

THIS SUBROUTINE INTEGRATES A SYSTEM OF FIRST ORDER ORDINARY
OIFFERENTIAL=EQUATIONS, TO PERFORM A SINGLE STEP OF INTEGRATION
IT USES THE SUSROUTINE *DIFEl%*, WHICH USES THE RUNGE=KUTTA=MERSON
METHOD, ANU PROVICES AN ESTIMATE OF THE LOCAL TRUNCATION ERROR
bASED ON THIS ERROR,THE SUHBRUUTINE ADJUSTS THE STEPSIZE SUCH

THAT THE TOLERANCES ARE SATISFIED,

ARGUMENTS,
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10
30

70

8u

90
100

110
115

120

CERIW
CNTRL

EPSR

EPSA

H
XL

DUMMY=NAME FUR SUBROUTINE FOR COMPUTING THE
DERIVATIVES

DUMMY=NAME. FUR SUBRQUTINE FOR PRINTING THE RESULTS
NUMBER OF EQUATIONS IN THE SYSTEM

NUMBER OF STEPS BETWEEN TwO COMNSECUTIVE EXITS TO
SUBRUUTINE CNTRL

VARIABRLF SPECIFYING MAXIMUM ALLOWABLE RELATIVE
ERROR(IF NEGATIVE OR ZERO=STEPSIZE IS NOT CHANGED)
VARIABLE SPECIFYING MAXIMUM ALLOWABLE ABSOLUTE
ERROR

INDEPENDENT VARTIABLE

DEPENDENT VAKIABLES (VECTOR)

STEP SIZE (PUSITIVE OR NEGATIVE)

FINAL VALUE UF INDEPENDENT VARTIAGLE

COMNMON /CLIFE/ 1ERRORyNOFL
UIMENSICN Y(1),YL(50) sERR(50),YDOT(50)
EXTERNAL  OERIw,CNTRL

CALL DERIlW
CALL CNTRL

(XoY»YDOT)
{(XoYyYDOT,»0,.0)

TEST WHETHER BACKwWARU OR FORWARD INTEGRATION
TEST IF INITIAL GUESS OF STEPSIZE HAS CORRECT SIGN

IF (H) 350280010
IF (XE=X) 330,310030
MPR = 1ABS(M)

STARTING THE INTEGRATION

CALL DIFcl (DERIW/NeOs0rXeY ) ERR)

bEGIN SEWUENCE CF INJEGRATION

DO ¢ou IPR=Z1yMPR

INC = 1

D0 9U I=1.N
YL(I) = Y(I)
CALL DIFE1

(DERIwrNosHe X2 YrERK)

IF (EPSR) 230,2300110

DETERMINATION OF THE MAXIMUM RELATIVE OR ABSOLUTE INTEGRATION
ERRUR/NOFE DESIGNATES EQUATIUN WITH LARGEST ERROR

GO 7O (115+190,400) » IERROR

ERKNM = 0.
DO 120 I=1eN

ERRA = ABS(ERR(I)) /((ABS(Y(1)) + ABS{Y(1)=YL(I)))*EPSR + EPSA)
IF (ERRM,GE.ERRA) GO TO 120

ERRM = EKRA

NOFE = I
CONTINUE
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130
160

19y

230
260

270
280

290
30U

310
3eu

330
340

380
360

370
380

TEST IF STEPSIZE IS APPROPRIATE TO PRESCRIBED MAXIMUM TRUNCATION
ERROR, (BEFORE INCREASING THE STEPSIZE THE PROGRAM CHECKS WHETHER
THE STEPSIZE wAS DECREASED IN THE PRECEDING STEP, THIS AVOIDS AN
UNWANTED CECREASE=-INCREASE=DECREASE LOOP, THE PARAMETER INC IS
USED IN THIS TEST.)

IF (ERRM,GT.1,0 ) 60 70 190
IF (ERRM,GE,.01 ) GO TO 230
60 TO (1300230), INC

IF (XE=X) 270,28(0¢160

H = 2.,%H

G0 70 100

H = H/2,

IERROR = 1

INC = 2

IF (H) 370+370¢100

TEST IF X GREATER THAN UPPER END OF INTEGRATION=INTERVAL

IF (XE=X) 270,280+260
CONTINUE

SUBROUTINE CNTRL IS CALLED AFTER EVERY M COMPLETED INTEGRATIONS

CALL DERIW (X»Y,YDOT)
CALL CNTRL (X,Y,YDOTsH)
GO0 TO 80

FINAL INTEGRATION STEP=-STEPSIZE IS DETERMINED SO THAT ENDPOINT
OF INTEGRATION=INTERVAL WILL BE HIT

CALL DIFE1 (DERIweN¢XE -H=XyX?Y+ERR)
CALL DER1W (XsY,YDOT) °

CALL CNTRL (X,YsYDOTH)

RETURN

WRITE (60300)

FORNAT (49HPROGRAM=ERROR, INLTIAL GUESS OF STEPSIZE wAS ZERO)
RETURN

WRITE (6+320)

FORMAT (73HPROGRAM=ERROR, INITIAL AND END=VALUE OF INTEGRATION=INT

1ERVAL ARE THE SAME)

RETURN
WRITE (6+340)
FORMAT (63HPROGRAM=ERROR, POSITIVE STEPSIZE BUT X-END SMALLER THAN

1 X=BEGIN)

RETURN

WRITE (6,360)

FORMAT (31HPROGRAM=ERROR,NEGATIVE STEPSIZE )

RETURN

WRITE (6,380)

FORMAT (39HPROGRAM ERROR, STEPSIZE REDUCED TO ZEROQ)
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40U RETURN
eND
SUBROUTINE DIFEL (DERIWsNsH,X»Y»ERR)

THLS SUPKCUTINL PEKRFQORMS ONE STEP OF INTEGRATION RY THE

MERSONS MOUIFIED RUNGE=KUTTA METHOD, IT USES FIVE SUBSTITUTIONS
INTO THE OIFFERENTIAL-EWUATIUNS AND GIVES AN ESTIMATE OF THE
LOCAL TRUNCATION ERROR, WHICH CAN BE USED FOR THE ADJUSTMENT

OF THE STEP=SIZE

DERIwW = DUMMY=NAME FOR SUBROUTINE FOR THE EVALUATION
OF THE RIGHT HAND SIDES OF THE DIFF.=-EQUATIONS
i = NUMBER OF THE EGWUATIONS IN THE SYSTEM
H = STEPSIZE
X = INDEPENUENT VARIABLE
Y(I) = DEPENDENT VARIABLE
ERR(1I) = LOCAL TRUNCATION ERROR

THE COMPUTED VALUES OF X AND Y ARE SAVED IN DOUBLE=-PRECISION
FOR THE USE AS INITIAL=VALUES IN THE NEXT STEP

EACh TIME WHEN A NEW INTEGRATION SEQUENCE IS STARTED» THE
SUBROUTINE WUST BE CALLED WITH H=0 AND THE INITIAL-VALUES OF X AND
Y(I),

THE SUUROUTINE TESTS IF THE VALUE OF H IS THE SAME AS IN THE
PREVIOUS STEP

IF YES.. IT COMPUTES THE NEW STEP WITH THE X AND Y=VALUES
AT THE END OF THE LAST STEP

IF NOse IT COMPUTES THE WEW STEP WITH THE X AND Y=VALUES
AT THE BEGINNING OF THE LAST STEP

TC RELUCE THE ROUND=OFF ERROR)DOUBLE -PRECISION IS USED IN
INCKEMENTING THE DEPENDENT AND THE INDEPENDENT VARIABLES

COMMON /CT1FE/ IERRORWNOFE

CIMENSION Y(1))ERR(1)2YY(50)rP1(50)sP3I{S0)yP4(50),P5.50)
1 YLDP(50)»YZDP(50)

DCUBLE PRECISION XLDP»YLDP»YLDP»DUDP/»HDP»XZDP

EXTERNAL CERIw

IF (H) 10020010
10 IF (H=HQ) 40,80,40

*%x STORE INITIAL x AND Y
20 xXLLP=DBLE(X)
U0 30 I=1+N

26 YLOP{I)=DRLE(Y(T))
HO = (.0
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RETURN
C »»x RESTORE X AND Y

40 DO 50 I=1vN

50 Y(I)=SNGL (YLDP(I))
X = SNGL({XLDP)
HO H
H2 H/2.
H3 H/3,
H6 H/6.
H8 H/8.
H15= H/15.
HOP = DBLE(H)
60 70 &0

60 GO 70 I=lsN

70 YLDP(I)=YZOP(])
XLDP=XZDP

C »xx PERFORM ACTUAL INTEGKATION

80 CALL DERIW (X,Y,P1)
60 TO (85¢135,135) ¢ IERROR
85 00 90 I={sN
S0 YY(I) = Y(I) + P1(I)&H3
XXZX - H3
CALL OERIW (XX,YYsP3)
GO TO (95+135,135)»IERROR
95 UO 100 ISlei
100 YY(I) = Y(I) % (P1(I)+P3(1))*He
CALL DERIW (XX,YY,P3)
GO TO (1050135,135) IERROR
105 GO 110 I=1eN
P3(I) = P3([)=3,
110 YY(I) = Y(I) + (P1(I)+P3(1))4H8
XX = X + He
CALL DERIW (XX,YY¢Pl)
GO TO (115¢135,135)+IERROR
115 DO 120 I=1sN
PU(I) = P4CI) % 4,
120 YY(I) = Y(I) + (P1(I)=P3{1)+P4(I))nH2
XX = X+H
CALL DERIW (XX,YYsPS)
GO TO (1250135/,135) ¢ IERROR
125 0O 130 I=1eN

»*x% INCREMENT DEPENDENT AND INDEPENDENT VARIABLES

OO0

YZUP(I) = YLDP(I) + UBLE((P1(I) + P4(I) + PS(I))%H6)
Y{I) = SHNGL (YZDP(I))
130 ERR(I) = (P1(I) = P3(I) + P4(]I) = (P3II) + PS(IV)1/2.) » H1S
XZUP = XLCP + HOP
X = SNGL (XZDP)
135 RETURN
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SUBROUTINE DERIV (TIME,TM,TMOOT)

DIMENSION TM(99),TMOOT(99)»AWLL(2)

DIF1103¢

REAL MDOTL ,MDOTBP,MDOTE ,MDOTV +MDOTG »MDOTHEMDOTFF,MDOTS ,
MDOTSO,MBTL +MODOTET MDOTRS LEFF oMy +MDOTC »MDOTE?2
REAL MDOTLT
REAL MDOTLE3
COMMON /CHAINY/
AOTOUT ,AOGAS AL rAWLL ABTL
CD CV o CP 1CVHE CPHE CL ' CBTL
COMOLGYyCONTV »CONSATCONQSP»
DEADWTDTIME ,DTTOL ,UPVARY?»
EPSP  JEPSR JsEPSA oF 'FQLIQ »FMDOTSG '
HF G yHAMS  HHEUSE oHBTL rHW P HL ’
IFLUw o IFLOwlys» ISPRAY, 11 v12 s ICPV 2 ISAVE JLEFF
H“OOTL #MDOTBP,MOOTE »MDOTV »MDOTG +MDOTHEMDOTFF»MDOTS
MDOTSONMBTL  »MUOTET»MDOTRSPNTNOT
P sPRBTL »PCRACK FRESET'PFFLOWIPR P11 PINYVY
PVARYO,FMAX H,PMIN »PCON
QGS v QRHE  »GBP P WL 'QWG » QGL ’
RHCL »RHOG »RHE ]
Sv ¢t SVSAT #SVVNT oLL ySIGN  »STOP SVLIO o
TU ' TUL » TSAT  »1VNT »TIMES »TMES2 »TIME]L
9] ©) rUGSAT »UGVNT
VTICOT  »VL ' VU VUL 'VBTL
WRATIO X
COMMON /HEAT/
NGS p»IGW(30) » ICW(30) »IFLUX{(30) ,IAW(30) »FEMISS(30),
STOPS(30) ,SBOTS(30) »UW(30) »TWiS0) ,MW(30) »Cw(30) ,
FAW(30) LJATOP(30) +AW(30) »NGW(S) »TBTQ(30,5),TBG(30,5),
NCW(3) ,TBTCW(30+s3) »TBCW(30,3) ,DTQ(5).,
NAW(Z)  HTBSA(90,2) »TBA(90,2)
COMMON /TABLE/
MPGINTG,»TBPG(G) »TBTG(9950) ¢ TBSV(9/950)»TBUG(9,50),
NSAT o XPSAT(10) oXTSAT¢10) »XSVSAT(10) +XUGSAT(10).
XHFG(10) »XSVLIQG(10) oNVOL »TBHVOL(110),TBVOL1110),
NVENT o XPVENT(10) o+ XMVENT(10) /NS ,XTIMES{(20) +»XMDOTS(20)
? TOTKW(10,3) »TBKW(10,3) NKW(3)
COMMON /SULHEAT/
MLTIwL HJMATL(7+12)NSLICE(12)sTHICK(7+12),wD.3)
COMMON /S4MAIN/
XRECIR(50)» XDELH(50) »RETIME{S0) sRECIRC ' DELH ’
NRE » CONFAC v IRECIR ' TBI +MDOTES ’
KREC IR » GLREC »MDOTC
COMMUN/ZFURP Y/
IruUrP » HHE yHEFLO (50) sHETMP(50) »TBURP (50),
KRyUHP y PHE

COMMOM /CMERO/ NNEROPNSETSeNSET(2) 9 INERO(30) o RRATE

COMNMOMN /CTE¥P/ CONUBRP»CONUBO»SROT
COMMON /CTEVMP1/ IRETKO» XMPULL
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C
C =%z
Cc

10
C
C xx%xx
C

20
C
C
C »xx
C

COMMON /CTEMP2/ PSAT)MDOTE2,PVLIG,QVrQVLIQVGIPVAP
COMMON /CDIFE/ IERROR¢NOFE

MISCELLANEOUS INITIALIZATION

IF (TIME.GE,TIME]1) GO TO 10

PINV = P1

TU = TU1

IFLOW = JFLOW1

TIMEL = TIME

CALL TABL (TM(5))SVLIG XTSAT(1) o XSVLIQ{1)s1,1,1,NSAT,IB)
vL = TM(&)=SyLIQ

VU = VTOT = VL

RHGG = (TM(2) + TM(3))/VU

ITERATION FOR ULLAGE PRESSURE AND TEMPERATURE

11 =11 -1

12 212 + 1

IF (12/11.6T,200) GO TO 950

IF (PINV.GT,PMAX,0R.PINV,LT,PMIN) GO TO 900

CALL DTABLZ2 (TUsPINVIUG,TBPG(1)e1yNPGs1,1+IBrTBTG(1,1),TBUG(L,1)

x 999NTG)

*

*

*

CALL OTABL2 (TU)PINV)SVeTEBPG(1)91yNPGr1,1»IBeTBTG{1+1),TBSV(1s1)»
999¢NTG)

VUP = TM(2)%SV

TUP = TU

TU = TU = (TM(1) = TM(2)%UG = TM(3)sCVHERTU)/ (TM(2)*CVyTM(3) «CVHE)

PINV = PINVx(TUP/TU)%(VU/VUP)

IF (ABS(TUP=TU) +6TEPSP*TU.OR,ABS (VUP=VU) «GT.EPSP2VU) 60 TO 20

CALL DTABL2 (TUSJPINVYUGITBPG(1) 91 ,NPGy1,1,IByTBTG(1,1),TBUG(1,1),
999sNTG)

CALL DTABLZ2 (TUWPINVSVeTBPGL1)91,NPGs1,1+IB»TBTGL101),TBSV(1r1)
99»9)NTG)

PVAP = 1,/PINV

PHE = TM(3)*RHE*TU/VU/144,

P = PVAP + PHE

PSAT = P = CONSAT*PHE

CALL TABL (PSAT)TSAT o XPSAT(1),XTSAT(1) +19191¢NSATyIR)

CALL TABL (TM(5),PVLIG »XTSAT(1) s XPSAT(1)e1¢1+1,NSAT,IB)

CALL TABL (PVLIG)HFG »XPSAT(1).XHFG{1) v10101yNSAT»IB)

CALL TABL (PVLIQ,SVSAT,XPSAT(1),XSVSAT{1),1,1,1,NSAT»IB)

CALL TABL (PVLIQ,UGSATXPSAT(1),XUGSAT(1)r1,1+,1,NSAT,1IB)

CALL TABL (PVAP ,TSAT2,XPSAT(1)sXTSAT{1) +r1s1+1,NSAT,IB)

PCON = PVLIQ®144,/7778,

HGSAT = UGSAT + PCON%SVSAT

EVALUATION OF LIQUID BOIL=OFF AND VAPOR CONDENSATION RATES
IF (TM(5).LE.TSAT) GO TO 30

MDOTE = TM(4)*CLx(TM(5)=TSAT)/HFG/DTTOL
60 TO 4o

30 MDOTE = 0.0
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C
o
C

OO0

OO0

4y IF (TU,GE.TSAT2) GO TO H0
MOOTC = TM(2)%xCVvx(TSAT2=TU)/HFG/DTTOL
w0 70 60

50 MDOTC = v.U

whk EVALUATIO!H OF VENTING ~ATE

60 GO TO (8Ur9VP1509)7Urdbi),y IFLOW
7u CALL VEMNT (TM,TMDOT)
GO TO (BUe9UP120915UricH) e IFLOW
8y IF (PJ.LT.PCRACK) GO TO 14U
IFLCOw = 2
90 LF (P,LE.PRESET) GO 10 13V
TUNT = TU + CONTV®(TU = TSAT)
IF (NVENT.LE.O0) GO TO 100
CALL TAPL (PyMDOTVsXPVENT(1)rXMVENT(1)01¢1r1oNVENT»IB)
60 TO 120
100 IF (P,GE.FFFLOW) GO TO 110
MDOTV = \MDOTRS + (MDOTFF=MDUTRS)#*{(P = PRESET)/(PFFLOwW - PRESET))
* *SART(45./TVYNT)
GO 10 120
110 MDOTV = MCOTFFx(P/PFFLOW)*SQRT445,/TVNT)
120 MDOTG = MCOTVETM(2)/(TM(2) + TM(3))
MDOTHE = MDOTV « MDOTG
125 CALL DTABLZ (TUNTsPINVIUGVNT)TBPG(1)91)NPGr1s1IB,TBTG{1,1),

* TBUG({101)99,9,NTG)
CALL DTABLZ (TVYNTIPINVISVVNT»TBPG(1) 91 sNPGr191+1B,TBTG(101),
* TBSV(101)99,9)NTG)
GO 70 150
130 IFLOW = 1
mMDOTG = 0LV
MODUTHE = 0.0

%% LETERMINATION OF RETROMANEUVER FLOW RATE

150 IF (IRETRC.LE,y) GO 7O 158
IF (TM(4) LT XMPULL) GO TO 154
CALL RETRO (P,TU»MDOTLF,1)
GO 7O 158

154 CALL RETRC (PyTUsMDOTGeF2)
SVVANT Sv
UGVNT UG
MOOTL 0.

*%xx INITIALIZATION FOR COMPUTATIUN OF HEAT INPUTS

158 CALL TABL (VL,SLL»TBVOL(1)eTBHVOL(1)»1r21e1NVOL,IB)
IF (N3S.LE.0) GO TO 310
DO 160 I=1r2
160 CALL TABL (SLL,AWLL(L)»TBSA(L»I)»TBA(L1»1)s1s1s1,NAW(I),IB)
LEFF = 147012,/ (SLL=5TOP) - 1./721,6)
NTUCTL = 10
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OO0

OO0

nxx

200

260

265

270

275

<80
290
300

310

*kaw

320

330

340
350

Qw6 0.0

wwL = 0,0

IF (NSETS.LE.0) GO Tu 200
CALL STNERO (TIME,TM(NTDOT))
TMOOT (NTDOT) = RRATE

SUMMATION OF HEAT INPUTS 10 PROPELLANTS FROM TANK WALLS

D0 300 I=1/NGS

IF (lGW(I).£Q,0) GO TO 260

IF (INERO(I).GT,u) GO TO 260

K = IQw(l)

CALL TABL (TIMESOTQ(K) »QWEI)rTBTQ(19K) 9TBOLL1oK)»10o1r1,NQW(K)18)
QW(I) = QWlI)=FAW(I)

K = IAWQI)

PART = (ATOP(I) = AWLL(K))/AW(I)

IF (PART.GT,1.0) PART=1.0

IF (PART,LT,0,0) PART=0.0

IF (ICW(I) .EQ, 2) GO TO 265

60 TO 270

QG = PART * QW(1I)

QL = Gw(l) = Q6

GO TO 290

IF (MLTIwWL JLE, 0) GO TO 275

CALL TIKWAL (TMyTMDOT»QGGyQL ¢ NTDOTLLEFF,I+PART,TU)

G0 TO 290

NTOOT = NTOUOTL + 1

CALL FCONV (TM(NTDOTL)HWeLEFF,1)

@G = PART*HWFAW(I)®(TM(NTDOT1) = TU)/3600,

QL = (1, = PART)*Gw(1l)

GRERAD = PART*0,1714E-8%FAW(1)«EMISS(I)*TM(NTDOT1)*%4/3600,
IF (ICW(I).EQ,0) GO TO 280

K = ICw(l)

CALL TABL(TM(NTDOT1) sCW(I)oTEOTCW(L1oK) s TPCW(L1eK)rlodel,NCWI(K),IB)
TMOOT(NTDCT1) = (QW(l) = GG = QL = QRERAD)/MW(I)/CwW(I)
WWG = QWG * QG

QWL = QWL + QL

CALL FCONV (TSATyHL»21.6/92)
QGL = CONQLG*HL#»AL%(TU = TSAT)/3600,

ESTIMATION OF HEAT TRANSFER TO SPRAY IN ULLAGE

GO TO (320+360)» ISPRAY

CALL TABL(TIME=-TMESZ2 *MUOTS »XTIMES(1),XMDOTSA1)y10101,NS,IB)
CALL TABL(TIME-TMES2=-TIMES,MUOTSO,XTIMES(1),XMDOTS41)91r1+1,NS,1IB)
MDOTS = FMUOTS*MDOTS :

TERM = 1, = HAMSx(TU=TSATI*TIMES/3600./2.14/HFG

IF (TERM) 340,3400330

MDOTSO = FMDOTS*MDOTSO*TERM%%x2,14

60 TO 350

MDOTSO = 0.0

WES = TM(b)*HAMSx(TU - TSAT)/3600,
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OO0

J6éu

*x ¥k

xxg

361

* &K

Jéy

365

376
*

IF (IBURP +LE. 0) GO TO 361
HELIUM ADCITION LOOK=UP

IF (KBURP +LE. 0) GO TO 364

CALL TABL (TIME+DTHE,MDOTBP,TBURP(1),HEFLO(1)9s1,1»1,NHE,IB)
CALL TABL (TIMESDTHE,THEIN ,TBURP(1),HETMP(1)9s1,1,1/NHE,IB)
PHEL = P = PVLIQ

IF (PHEL .LT. 0,001%P) PHEL= 0,001%pP

PART = CONBRP *x (RHE*TM(S5)/PHEL/144,)/SVSAT

MDOTE2 = MDOTBP % PART

60 TO 364

DERIVATIVES OF HELIUM SOTTLE CONDITIONS

FBTL = 12.%TM(7)*RHE=TM(8)/VBTL
DMDA = 0.210%CDPBTL/SART(TM(8))
AOVAKY = AOGASx(PVARYO=P)/DPVARY
IF (AOVARY«LT,0,0) AQVARY=0,U

iF (AOVARY.GT,AO0GAS) AQVARYZAQOGAS

PHEL = P = PVLIG

IF (PHEL.LT.0,001%P) PHEL = U.001P

PART = CONBRPx{(RHE*TM(5)/PHEL/144,) /SVSAT
AOVARY = AOVARY/(1., ~ PART)

MDOTBP = LMDA%(AOTOT=AOGAS-AUVARY)

GBHE = HBTL*ARTL*(TM(9)=-TM(8)) /3600,

TMOCT (7) ~-MDOTBP = HEUSE

TvOOT(8) (GRHE =~ MDOTBP*RHE*TM(8)/778,)/TM({7)/CVHE
TMUOT (9) -QBHE/MBTL/CBTL

MDOTEP DMDA%AOVARY
MDOTE2 MDOTRP*PAKT
CALL HETEMP (MDOTBP,TM(8)+CONQSP,SLL,»THEIN)

VDERKIVATIVES OF TANK CONDITIONS

1F (CONGEC +LE. 0.0) GO TO 365
DTLMAX = CONGBO®QWL*%0,714/(5BOT=SLL)*%0,857/G**0,286
FQLIG = (TSAT = TM(5))/DTLMAX
IF (FGLIW.LT.0,0) FQLIQ = 0,0
IF (FOLIW.6T.1,0) FQLIQ = 1,0

IF (KRECIK JLE. u) GO TO 370

CALL TABL (TIMESTBI/RECIRC)RETIME(1)XRECIR(1)e1r1¢1,NRE»IB)
CALL TARL (TIME+TBI»uELH +RETIME(1),XDELH (1)9e191¢1/NRE,»IB)
GLREC = CONFAC#«RECIRC*DELH

MDOTE3 = (1.,=-CUNFAC)*DELH/HFG

'

MDOTET = MUCTE & QGS/HFG + X*MDOTS » (1,-FQLIQ)*QwL/HFG + MDOTE2

+ MDOTE3

MDOTLT MOOTL + MDOTET = MOUTC
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C
C

x
®

*

800
k%
900
950
*
902
*

*
*

*

LR BE 2R K 2R BE BE BN B OB N NE BE BE NF BE BN

*

TMDOT(1) = QWG - QGL = QGS = MDOTLT*SVL1G=P»144,/778,

+ MDOTET#(UGSAT » PCON&SVSAT) & MDOTBPCPHE®THEIN
=~ MDOTG#(UGYNT + PCONaSVYNT) = MDOTHE*CPHE*TVYNT
MDOTC* (UGSAT % PCON#SVSAT ~ HFG)

IF (ICPV.6T,0) CALL CPVENT (TM,TMDOT)

TMODOT(2) = MDOTET = MDOTG - MDOTC
TMDOT(3) = MDOTBP -« MDOTHE ’
TMDOT(4) = =MDOTLT
TMDOT(S) = (QWL + QGL » QBP + QGS + GQLREC
-~ MDOTET#HFG ~ MDOTCeCL%(TSAT = TM(5)))/TM(4)/CL
TMDOT(6) = (1, = X)*x(MDOTS - MDOTSO) « QGS/HFG
TMDOT(10) = MDOTvV
RETURN

STEPS TO ATTEMPT RECOVERY FROUM UNSTABLE INTEGRATION OR ITERATION

IF (PL.,LT.PMIN,OR.P1,GT.PMAX) GO TO 950

IERROR = 2
60 TO 800
IERROR = 3

WRITE(64902) IERRORINOFE»TUPI»TU»VUP»VUIEPSP,PINVePMAX,PMINIUGISV
T™(2)
FORMAT(® IERROR=xI2,% NOFE=*I3,% TUP=%E13,6,* TU=%£13,6,
* VUP=%E13.6¢% VUZ%1E13.6r2 EPSP2%E13.,6¢/% PINVES
E13.61% PMAXS%E13.6¢0% PMIN=SEL13,6¢0% UG=%E13.6,
* SVISEL13,69% TM(2)=xE13,6)
60 TO 800
END
SUBROUTINE CNTRL (TIME,TM,TMUOT,DTIME)
DIMENSION TM(99),TMDOT(99) »AWLL (2)
REAL MDOTL »MDOTBP,MDOTE sMDOTV »MDOTG +MDOTHE MDOTFFsMDOTS ,
MDOTSO,MBTL »MDOTET,MDOTRS!LEFF
REAL MDOTE3
COMMON /CMAIN/

AOTOT ,AOGAS ,AL rAWLL ABTL

Co 'CV »CP »CVHE +CPHE »CL CBTL
CONQLG»CONTV »CONSAT»CONQSP»

DEADWT,DTIME »DTTOL ,UPVARY?»

EPSP  JEPSR +EPSA F 'FQLIQ »FMDOTS,G ’
HFG +HAMS  yHEUSE »HBTL oHW o HL ’

IFLOW »IFLOW1,ISPRAY,I1 v12 v ICPV »ISAVE LEFF ,
MDOTL +MDOTBP.MDOTE sMDOTV +MDOTG +MDOTHEMDOTFF+MDOTS ,
MDOTSO,MBTL +MDOTET,MDOTRSNTDOT
P +PBTL +PCRACK,PRESET+PFFLOW,PR Pl 'PINY
PVARYO,PMAX HPMIN FPCON
Q6S ¢ QBHE ,QBP » QWL »OWG » QGL ’
RHOL yRHOG »RHE ’ .
Sv rSVSAT »SVVNT ,SLL tSIGN »STOP SVLIQ
TU ' TUL 1 TSAT »TUNT  oTIMES »TMES2 »TIMEL »
UG tUGSAT »UGVNT
VTIOT sVL ' VU PVUL 'VBTL
WRATIO,X
COMMON /TABLE/
NPGeNTG»TBPG(9) ,TBTG(9+50),TBSV(9/,50)TBUG(9,50),
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* NSAT o XPSAT(10) #XTSAT£10) »XSVSAT{10) »XUGSAT{10),
* XHFG(10) »XSVLIG(10) »NVOL »TBHVOL(110),TBVOL¥110),
* NVENTyXPVENT(10) »XMVENT(10) NS ,XTIMES(20) +»XMDOTS(20)
. 3 TBTKW(10,3) »TBKW{10,3) »NKW(3)
C
COMMON /SUMAIN/
* XRECIR(50) ¢ XDELH(50) »RETIME(S50) yRECIRC ¢ DELH ’
* NRE ¢+ CONFAC +IRECIR yTBI +MDOTES3 ’
* KRECIR » QLKEC ' MDOTC
C
COMMON/EURP/
x IRURP » NHE eHEFLO (50) yHETMP(S50N) »TBURP (50),
* KRURP ¢y PHE
COMMON /CVENT/ZDL p DO ' AT ' AC ¢FRICTN»GAM 'LINE
% MG o MC ' MT PAl 'PTO 'PTS »POO ' POS ’
* FPO 'FPT 'PCO 'PIO » AE ' KBUG oME y ISP ’
Y PCS ¢DPENT yPTANK »lFIRSTeIPRINTFMIN
COMMON /CPLOT/ IPLOT, NPLOT(H)
COMMON /CTEMP2/ PSAT MDOTE2/)PVLIOG,QVeOVLQVGePVAP
COMMUN /CCIFE/ IERROR»NOFE
REAL MC MO P MT 'LINE ISP ' ME
REAL MDOTEZ
KEAL MDOTC
C
I2 = (I2 + I1/2)/11
I1 = I1/5
WRITE (6010) I2)I1¢NQFE»TIMEIP)»TU,TSAT QWL »QWG,SLL»VU,PBTL»MDOTE,
* PVAP,PHE UGy MDOTCoyMDOTE2 yMDOTE3,QLREC
* (TM(I)eI=1+v10) o (TMDOT(I)»I%21,10)
C
IF (NTDCT.GT,10) WRITE (6¢20) ¢TM(I)»I=11.NTOOT)
C
GO TO (4+2) 0 IPRINT
2z WRITE (6eudU) PCOsPCS,PIOIPOGIPTO DPENT»PTANK»F ISP
C
4 CALL DTABLZ (TU+05¢PINVyUG2/TBPG(1)r1)NPGr191»IB,TBTG(101),
* TRUG(191)9r9,9»NTG)
CALL DTABLZ (TUS0.5ePINVISV2ITBPG(1)r1/NPGr3r1+IB,TBTG(1,1),
% TBSV(1¢1)99,9,NTG)
CP = ((Ub2 = UG) + (PVAPX1U4,/778,)%(SV2 = SV)) / U.5
CV = ( UGe2 = UG ) / 0.5 ‘
C
I1 =0
12 =0
Pl = PINV
TUl = TU
IFLOw1l = IFLOwW
IF (IPLOT,GT,.0) CALL PLTSAVE (TIME.TM)
RETURN
C
10 FORMAT(///71%Xe124siH/01101H/ 011,
* 2X s 4HTIME o 5X» BHPRESSURE » SX ¢ BHTEMP=ULL ¢ 5X» BHSAT=TEMP,
". * 5X¢8HQ=L IQUIC» 7X 9 SHQ=ULL »4X»11HL /L STATION,5X ¢ 7HULL=VOL,
* 5XrBHP=HE BTLy4X9»GHMDOT=-EVAP / 10F13.5/
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18X 9 9HPRESS=VAP» 4X 9 BHPRESS=HE ¢+ 5X ¢ SHU=VAP » BX » SHMDOTC» 8X
6HMDOTE2, 7X 1 6HMDOTE 3, 7X» 9HG=REC=-LIQ /13X»7F13,5//
33X LOHULL=ENERGY » 4X » GHMASS=FUEL ¢ 6X» THMASS~HE »
5X¢ BHMASS=LIQ,5X»8BHTEMP=LIGr» 3X s 1 0HMASS=SPRAY»4X9»9HHE IN BTL
6X¢ THTEMP=HE » 5X» BHTEMP=BTL » 3X+» 1 1HMASS VENTED/{10F13.5))
20 FORMAT(13HOWALL TEMPS =,9F13.6/(10F13,6))
40 FORMAT(/10Xs3HPCO»10Xs»3HPCS)10X¢3HPI0,10Xs3HPO0,10X»3HPTO,

* BX+»SHOPENT 18X+ SHPTANK 12X 1HF » 10X» 3HISP/ (10F13,6))
END
SUBROUTINE TIKWAL (TM»TMDOT,WG,QL,NTDOT1/LEFF,I,PART,TU)
DIMENSION TM(99),TMDOT(99)

%* % % * %

(o
COMMON /HEAT/
* NQS »IQW(30) » ICW(30) »IFLUX%30) ,IAW{30) »EMISS(30),
x STOPS(30) »SBOTS(30) ,aw#30) ,Twi{s0) ,MW{30) »Cw{30) ,
* FAW(30) LATOP(30) +rAW{30) ,NQW{(S) »TBT@(3U,5)»TBQ(30,5),
* NCW(3) ,TBTCW(30,3) »TBCW130,3) ,0TQ(5)
* NAW(2) ,TBSA(90:2) »TBA[(G0,2)
COMMON /TABLE/
x NPGeNTG,TBPG(9) »TBTG(9950)»TBSV(9,50),TBUG(9,50),
* NSAT ¢ XPSAT{10) #XTSAT¢10) »XSVSAT{10) »XUGSATY{10),
* XHFG(10) oXSVLIG(10) »NVOL +TBHVOL(110),TBVOLA110),
x NVENT s XPVENT(10) o XMVENT(10) »NS »XTIMES(20) »XMDOTS{20)
x) TBTKW(10+3) rTBKW{10,3) »NKW(3)
COMMON /SWLHEAT/
* MLTIWL  yMATL(7,12) oNSLICE(12),THICK(T7912),WDY(3)
C
C THICK WALL HEAT FLOW == STARTS WITH EXTERIOR SKIN SECTION
o
K = NTDOT1 + %
QREAD = 041714E~8%AW(I)XEMISS(I)xTM(K) %=l
GIN = Qw(I)*3600, - QRERAD
Jb =1
L =1
CALL TABL (TM(K)yWK1,TBTKWCL1rJ) o TBKW(1rJ)r19sls1)NKW(J),IB)
M = MATL(L+*1,I)
CALL TABL (TM(K#1) ) WK2oTBTKW(L1)M) ¢ TBKWE10J) o1el91l/NKW(M),IB)
R S (THICK(L»I)/WKL + THICK(L+1,I)/WK2)/(2.,% AW(I))
QOUT = (TM(K)=TM(K+1))/R
CALL TABL (TM(K),»CPW » TBTCW(L1,J)»TBCW{1+J)s1s1s1,NCW(J)»1IB)
TMDOT(K) = (QIN « QOUT)/(AW(I)xTHICKC(L »I)=WD(J)*CPW) /3600,
C
C INTERMEDIATE wALL SLICES «=HEAT FLOW
C
N= NSLICE(L) - 1
DO 10 L=2sN
K = K+1
GIN = QOUT

J = MATL(LeI)

CALL TABL (TM(K) WK1)TBTKW(10J) o TBKW(L1rJ)olelr1,NKW(J),IB)

M = MATL(L+1,I)

CALL TABL (TM(K#+1)WK2,TBTKW(1,M),TBKW(1rJ)r1ls1r1lsNKW(M),1IB)

K = (THICK(LsI)/WK1l + THICK(L+1,I)/WK2)/(2.% Aw(I))

QOUT = (TM(K)=TM(K+1))/R ‘

A-26



OO0

CALL TABL (TM(K),CPwWw » TBTCW(1,J)TBCW{L10J)s1s1s1sNCW(J)»IB)
TMDOT(K) = (QIN = QOUT)/(AW(1)»THICK(L»I)=xWD(J)*CPW) /3600,

INTERIOR SECTION

K=Krl

L=t}

GIN = GQOUT

CALL FCONV (TM(K) HW,LEFFs1)

J = MATL(L.I)

CALL TABRL (TM(K) WK1, TB3TKW(1rJ) o TBKW{1,J)r1s101,NKW{J),IB)
R = (THICK(L»I)/WK1)/(2.% AW(I))

RC = R + 1./ (HwxAW(I))
w6 = PART*{(TM(K)=TU)/RC
GL = (1,=PART)»(TM(K)=TM(5))/R

WOUT = QGG + QL

CALL TAEBL (TM(K))CPW » TBTCW(1sJ)»TBCW(1rJ)s1s1e1sNCW(J)0IB)
TMOOT(K) = (QIN = QOUT)/{AW(1)«xTHICK{(L,I)*WD(J)%*CPW)/3600,
NTUOTY = *

RETURN

END

SUBROUTINE FCONV (TSURF ¢ HSURF » XL » IEQNS)

WIMENSION AwbLL(2)

REAL MDOTL +MDOTBP)»MDOTE »MDOTV »MDOTG »MDOTHE,MDOTFFsMDOTS ,

* MDOTSO,MBTL »MDOTETLEFF
COMMON /CMAIN/
* AQTOT ,AOGAS AL tAWLL +ABTL
* Cco 'CV CP 'CVHE +CPHE CL ' CBTL
* CONQLGICONTV »CONSAT,CONQSP
* CEADWT,DTIME ,DTTOL ,UPVARY?»
* EPSP  »EPSR »EPSA oF +FALIQ »FMDOTS»G ’
* HF G yHAMS JHEUSE »HBTL oHW v HL '
* IFLOW ,IFLOW1,ISPRAY,l1 v 12 » ICPV 2 1SAVE JLEFF
* MOCTL »MDOTBP,MDOTE ,MDOTV »MDOTG »MDOTHEMDOTFF,MDOTS ,
* MOOTSO,MBTL +MDOTET)MDOTRS'NTDOT »
x P 'PBTL sPCRACK,PRESETPFFLOWPR P1 oPINY
* PVARYO,PMAX HPMIN PCON
* Q6S 'GBHE 2 Q3P e QWL rQWG ' QGL ’
* RHOL »RHOG »RHE ’
* SV ' SVSAT »SVVNT SLL tSIGN »STOP »SVLIQ
* TU » TUL o TSAT +TUNT »TIMES ,TMES2 »TIME]L
* UG P UGSAT »UGVNT
* VTOT ,vL ' VU VUL 'VBTL o
* WKATION X

TAVG = 0.5%(TU + TSURF)

VISC = (4o + ,22%TAVG) *,2L2E=3

CONU = (.06 + ,0034xTAVG)*57,8E=3

PR = CPxVvISC/COND

GRPR = PR*XL*(XL*RHOG*3600+/VISC)#%2%G%x32,2*xABS(TSURF=TU)/TAVG
60 TO (10030)s IEQGNS

IF (GRPR,GT,1.E+9) GU TO 20

HSURF = 0.,59%(COND/XL)*GRPR*x,250

RETURN
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20 HSURF = Us13%(COND/XL)*GRPR%%,333
RETURN

30 HSURF = 0.27%(COND/XL)*GRPR%*,250
RETURN
END
SUDROUTINE DUMMY (AsB,CsDE)

ENTRY NEROIN
WRITE (6+100)

100 FORMAT (1HU»xNNERO GT ZERUYSHOULD BE ZEROx)
KETURN
ENTRY RETIN
WRITE (64,200)

200 FORMAT (1HO,% NRETRO GT ZERO»SHOULD BE Z2ERO=)
RETURN
ENTRY MIX
wRITE (6+300)

300 FORMAT (1h0,% IMIX GT ZERO,SHOULD BE ZEROx)
RETURN
ENTRY PLOT
WRITE (6,400)

400 FORMAT (1lHU,* IPLOT GT ONE,» SHOULD BE ONEx)
RETURN
ENTRY VENT
WRITE (6+500)

500 FORMAT {(1HO,# IFLOW CAN NOT EQUAL FOUR IN THIS PROGRAM VERSION#)
RETURN
ENTRY RETRO
wRITE (6:600)

600 FORMAT (1HO,x IRETRO GT ZEROsSHOULD BE ZEROx)
RETURN
ENTRY STNERO
wRITE (6,7U0)

700 FORMAT (1HU»x NSETS GT ZERO, SHOULD BE Z2EROx)
RETURN
ENTRY HETEMP
WRITE (6,800)

800 FORMAT (1HO,* SECTION OF PROGRAM ENTEREDe, SUBROUTINE HETEMP RQD*)
RETURN
END
bLOCK DATA

REAL MDOTL ,»MDOTBP,MDOTE ,MDOTV »MDOTG ,MDOTHE,MDOTFF,MDOTS ,
* MDOTSOyMBTL +MOOTET,MDOTRSLEFF

DIMENSION AwLL(2)

COMMON /CMAIN/

* AOTOT »AOGAS AL ' AWLL  +ABTL

x Co ' CV ' CP '»CVHE  »CPHE ,CL ' CBTL

* CONQLG+CONTV »CONSAT,CONQSP

* DEADWT,DTIME ,DTTOL ,UPVARY,

* EPSP  yEPSR EPSA F 'FQLIQ »FMDOTS6G ’

* HFG 'HAMS  JHEUSE »HBTL oHW o HL ’

* IFLOW »IFLOWL,ISPRAY, {1 v I2 e ICPV  +ISAVE JLEFF , .

A-28



L BE N K R K BE BE B B

* % % *

l* * * »

*

*

*

x

*

*

MDOTL ,MDOTBP,MDOTE ,MDOTV »MDOTG »MDOTHE,MDOTFF»MDOTS ,

MDOTSO,MBTL »MOOTET/MDOTRS/NTDOT »
P ¢PBTL PCRACK,,PRESETIPFFLOW,PR 'P1 'PINY
PVARYO,PMAX oPMIN HPCON
G6S ' QBHE ,QBP WL 'QWG » GGL ’
RHOL »RHOG ,RHE ’
Sv +SVSAT H,SVVNT »SLL ¢SIGN »STOP »SVLIG »
TU y TUL ¢t TSAT  »IVNT  »TIMES »TMES? »TIMEL
us P UGSAT HUGVNT
VIGT  svL ' VU VUL 'VBTL
WRATIO»X
COMVNON /HEATY/
NQS ' IQW(30) » ICW(I0) 2 IFLUX(3U) »IAW(30) sEMISS(30),
STOPS(30) ,SBOTS(30) »uw(30) ,TW(S50) ,Mw(3U) »Cw(30) ,
FAwW(30) »ATOP(30) +AW(30) ,NQW(S) ,TBTO{(30,5)/,TBG(30,5),
NCW(3) ,TBTCW(30+s3) »TBCW{30,3) ,DTQ(5)»
NAW(2) »TBSA(90+2) TBALG0,2)

COMMON /TABLE/

NPGeNTG, TBPG(9)
MSAT »XPSAT(1u)

XHF6(10) »XSVLIW(10)
» XMVENT (10) o NS
" NKW(3)

NVENT » XPVENT (10)

TBTKW(10+3) +TBKW(10,3)
COMMON /CPLOT/ IPLOT,

» TBT6(9+,50) » TBSV(9/950) 1 TBUG(I,50)»
' XTSAT(10)

NPLOT (8)

COMMON /CTEMP/ CONBRP,CONQBO/)SBOT

DATA
DATA
CATA
UATA
UATA

DATA
DATA

UATA

DATA

VATA

DATA

DATA

UATA
DATA

UATA

ISAVE+IFLOWy ISPRAY /10102/
FMDOTS»PVARYO»DPVARY /14¢99491,/

STOPes SBOTy VTOT 7/ 0.5 1437,
PMAXy PMIMN, SIGN 7100400191,/
IPLOT» (NPLOT(I)»I=1,8) /001929304

MNSAT /7 e/
(XPSAT(1))yI=1,6)
400“ ’ 50.0
(XTSAT(I)»1=1+6)
“5-529 L4 45.40Y
(XSVSAT(I)»I=16)
4,7201,
(XUGSAT(I),I=1r0)
53.03 » 53.17
(XHFG(I)»I=1rb)
178.58 » 172.61
(XSVLIG(I)»I=1r6)
0.2437 » 0.2498

NS / 13/
(XTIMES(I)»I=1s13)
=160 ’ -1“.0
0.0 ’ 2.0
(XMOOTS(I) 1=1013)
0044 ’ 0.51
Deb1 ’ 0.0

/
/
/
/
/

37977/

NNNNNN

1U.0

34,260 »

16,8879

47,26

193,53

002221 ’

/=100,0
’ -12.0
100,0

0,55

’
/ 0.0
4
’ U.0

A

-29

» XSVSAT(10) +XUGSAT{10),
'tNVOL »TBHVOL{110),TBVOL1110),
e XTIMES(20) »XMDOTS(20)
v10392,.31 /
1Se690708/
15.0 14 20.0 4 30.0 ’
36.603 ’ 38.436 ’ “1.291 ’
11,7299, 99,0293, 6,2031,
49,37 » 50,75 » 82,34
191,55 » 189,23 ,» 184,10
00,2266 » 042305 4 02374 o
) =22.5 ¢ =200 oy =18,0
v =10.0 v =8,0 'y =6.,0
/
’ 0-0 ’ 0018 ’ 0032
’ N.58 0.60 0.61
/



DATA NCW /5.6/

DATA (TBTCW(I ),I=1,5)/ 35, 9150, 0100,+250,¢500./

DATA (TBCW (I ),I=1,5)/ .00U95 , ,0061 » 044 » ,1548 » ,220 /

UATA (TBTCW(I),I=1¢6)/ 25. » 100. » 200, ¢ 300. » 400, » 500,/

OATA (TBCW(I) ,IZ196)/.,156 » 158 ¢ ,166 » ,186 ¢ 218 » ,260/

DATA NKW /6467

DATA (TBTKW(I ),I=1+6)/ 35,050,090,2175.¢300¢500+/

DATA (TBKW (I ) sIZ106)/ OUer130¢0163.912644,115,2115./

DATA (TBTKW(I ),1Z21+6)/ 20,9760,010049140,9200,0280.7

DATA ( TBKW(I ),IS1,6)/ «01+.018%5¢,0275).0369.0415¢,0487/

DATA NOW(1) /24/

DATA (TBTQII)sIZ1+26) / =5262,0 +=5022.,0 +=4782.0 ,=4422,0
* “4062:0 +=3402.,0 ¢=3222,0 +=3162.0 +=1062.0 ,=1002,0
* «822:0 o =462.0 0,0 ¢+ 240.0 » 480s0 o, B840,.0
* 1200.0 o, 1860.0 ¢ 2040,0 ¢ 2100.0 o+ 4200.0 o 4260,0
. 4800.0 , 5262.0 /

DATA (TBG(I),I=1,24) / 12.50 » 14.30 » 14,80 ¢ 164,00 ,
* 11.85 , 5¢60 590 1.00 » 1,00 o 6,65
* 6620 »  Bo75 + 12.50 sy 14,30 ¢ 14,80 » 14,00 o
x 11.85 ’ 5060 [ 5090 ’ 1.00 » 1000 ’ 6.65 ’

x 6020 ’ 8.75 /

DATA NAW /2,27

DATA (TBSA(L),I=1+2) 7 477.0 o 347,0 /

DATA (TBSA(I),1291+92)/ 437,U0 » 0,0 /

DATA (TBA(I)y IZ1+2) / 0.0 y 730,94 /

DATA (TBA(I), I=91+92)/ 0.0 v 2473.88 /

END

BLOCK DATA

COMMON /TABLE/

* NPGINTG,TBPG(9) ,TBTG(9,50) TBSV(9,50)TBUG(S,50)
* NSAT »XPSAT{10) »XTSATE10) »XSVSAT(10) »XUGSAT{10),
* XHF6(10) »XSVLIG(10) +NVOL »TBHVOL(110),TBVOLY110),
% NVENT ) XPVENT(10) »XMVENT(10) /NS »XTIMES(20) +XMDOTS(20)
xp TBTKW(10,3) »TBKW(10,3) »NKW(3)

DATA NVOL /22/

DATA (TBHVOL(I),IZ1,22)/
* S ' 10, ’ 20, ’ 35. ’ 50. ’ 65,
* 80, ' 95, ’ 115, ’ 130, o 200, ’ 2700
*x 347, r 357, v 367, v 377. y 387, v 395,
* 407. ' 417, ’ 427, ’ 437. /

DATA (TBVOL (I).I=1,22)/
*10392.,31 10371.,43 »10308.,44 »10140.53 , 9890,60 , 9577,.u46
* 9210.,61 ¢+ 8808B.15 » 8225.25 o, 7768B.47 , 5654,72 , 3540,98
* 1215.55 ¢ 937,66 o+ 702,69  447.54% , 335,12 ,» 244,61
x 128,63 ’ 61.85 ’ 32,68 ’ 0. /
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VATA
DATA

UATA

UATA

L B K BN K SR BR BE 2

DATA

LR K 2K B BE B B

DATA

[ 2K 3 3R BE B BE Y

DATA

L R IR BE K SR B BN

DATA

LR 2B 2R R BE 3R BN J

UATA

NPG / 8/

NTG /7 47/

(TBPG(I)sI=1+8) /
5000 ’ 60.0 4

(TBTG (L) e I=iet1509)/
50.0 ’ 54.0 ’
T4.0 ’ 73.u ’

102.0 v 108.40 ’

138.0 v 144,40 ’

182.0 v 190.0 ’

300.0 v 320.0 ’

420,0 y 440,10 ’

540.0 /

(TBSVI(I)yI=1+415:9)/
16.9959, 18,4985,
2508675' 2703238'
3509979' 38015“7'
48,9003, S1.0440,
6459759 67.4465)

106.5580, 113.6633

149,1803, 156.2836,

191.7834/

(TRBUG(I)»I=1¢415¢9)/
71038 ’ 77052 [

107.80 , 113,83

150.34 , 159.68

209.24 y 219.98

297005 ’ 315033 ’

610,01 r 674,45 ’

957.7¢ #1011.93

1273.72 /

(TETG L) oI=2+416¢3)/
50.0 v S54.U ’
7440 sy T8.0 ’

102.0 » 108.0 ’

138,0 v 144,90 ¢

182.90 v 190.0 ’

300.,0 » 32040 ’

420.,0 e 44040 ’

540.0 /

(TBSVII) pyI=2¢41609)/
12.5487, 13.6998,
19,2987y 20.4003,»
26,9448, 28,5692,
36,6521y 38.2633,
48,4441, 50.5831,
7909351' 85.2658'

11109098' 117023800

143.,8645/

(TBUG(IL) »I=2¢416¢9)/

15.0
7U.0

36,603
58.0
82.0
114,0
15,0
22U,0
340,0
Lev, 0

11,7299,
19098830
28,7764
QU.SOBuv
53.1865
78,1212
120,7682»
163.3738»

“9037 ’
83.61 ’
119,87
169,16
231008 ’
389082 ’
732,59 ¢

’

1065,37

38,436

58,0

82.0
114,90
150.0
220,0
340,0
4et.0

® W W ® W ® ® w

9002930
14,8366
2104980'
3001904f
39.8733¢
58,5959,
90,5956

122,5563»

5075
A-31

20,0
80,0

N .

38,0
62.0
86.0
120,0
158,0
240,0
360,0
480,0

» W W W W 9 @ e

1203162'
21.“68“'
30.2256'
42,4594
57.0415,
85,2330
127.8721
170.,4516

51.96
89,68
125,92 »
178,81
246,48
443,70
790.14

’

1118,19

40,0
62,0
86,0
120,0
158,0
240,0
360,0
480,0

% ® ® W ® @9 W -

905393'
15.9628
22.592“'
31.8089,
42,0182,
63,9333
95,9249,

1270865“'

53.73 ’

30,0 ’
42,0 ’
66,0 ’
90,0 ’
126,0 ’
166.0 ’
260,0 ’
380,0 ’
500,0 ’
13,9239,
22,9407,
31.6721'
44,6082,
58,8949,
92,3431,
134,9733,
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APPENDIX B

LIQLEV PROGRAM

This program predicts the increase in liquid level in a tank during a
depressurization phase by accounting for bubble growth and transient

in the boundary layer. This analytical model is described in Section 4.3
of the report along with parametric data developed with the program. A
description of the input is given here along with definition of input and
output variables. A program listing in this appendix includes a sample
set of input cards for one of the identifiable parametric cases. The

output from this data is also presented.



INPUT INSTRUCTIONS

TITLE CARD (FORMAT 10A8)

CONSTANTS (FORMAT SE10. 4)

CARD 1
DELTA
DTANK
HT ZER@
V@LT
XMLZR®
PINIT
PFINAL
TINIT
CARD 2
THETIN
GG®

Time step, sec

Tank diameter, ft

Liquid height initial, ft, assume cyl. tank
Tank volume total, cu ft

Liquid mass, 1b

Pressure initial, psia

Pressure final after vent down, psia

Temperature bulk liquid, R

Problem time initial, sec

Gravity level, g's

CONSTANTS (FORMAT 8I10)

MLTP
NVMD
NEPS
NLATTM
NVERTM

i

]

i

Multiple run flag; 0, case; 1, case follows

Number of time-vent rate entries, max. 20
Number of time-area ratio entries, max. 20
Number of time-lateral spacing distances, max. 20

Number of time-vertical spacing distances, .max. 20

VENTING TABLE (FORMAT 8E10. 4)

TVMD@T
XVMDYT

Problem time, sec

Vent rate, lbm/sec

INTERFACIAL AREA RATIO TABLE (FORMAT 8E10.4)

TEPS
XEPS

Problem time, sec

Ratio of bubble area to interfacial area plus bubble area

Program will compute from wall area if NEPS = 0

B-2




LATERAL BUBBLE SPACING TABLE (FORMAT 8E10.4)

TSPAL
XSPACL

]

Problem time, sec

Bubble spacing factor, bubble diameters

VERTICAL BUBBLE SPACING TABLE (FORMAT 8E10.4)

TSPAV
XSPACV

#

Problem time, sec

Bubble spacing factor, bubble diameters

OUTPUT VARIABLES

THETA1
XMVA P1
THETA2
P2

T2

XM L2
XM VA P2
H2
DHDT
DE LH
HRATIQ®
DPDTHA
DE LP
EPS
BETA
VBL2
DE LBLZ
AK3
VMD@T
AK1
AK?2
AK2/AK1

nitial problem time, sec

Initial ullage vapor mass, lb
Problem time at each print out, sec
Tank pressure, psia

Liquid temperature, psia

Liguid mass, 1b

Ullage vapor balance mass, 1b
Liquid height, ft

Rate of change of H2, ft/sec

Change in H2 per time step, ft

Fractional increase in liquid level above initial height, nd

Pressure decay rate, psi/sec
Pressure change per time step, psi

Interfacial area ratio for boiling mass distribution, nd

Fraction of evaporated mass remaining in boundary layer, nd

Boundary layer vapor volume, cu ft

Vapor boundary layer thickness at interface

Free constant characterizing boundary layer thickness,
Vent rate, lbm/sec

Boundary layer constant, £t1/2_gec™1

Thermal property constant, see™1

Initial approximation for AK3, ft“l/ 2

f-1/2



XMVBL2 = Vapor mass in boundary layer, lb

XMDTBL = Mass leaving boundary layer at interface per time step, 1b
XMVAP3 = Ullage mass from volume calculation, 1b

NCONV = Convergence iterations on boundary layer volume, nd
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APPENDIX B
UN(S) PROGRAM LISTING FOR LIQLEV
€O,

PROGRAM LIQLEV(INPUT»OUTPUT)
UIMENSION TVMDOT(ZO)!XVMDOT(ZO)vTEPS(ZD)rXEPS(ZO"TSPAL(ZO)o
1 XSPACL (20) s TSPAV (20) XSPACV{20) ,TITLE(1Q),
2 XFVBL(80) s XSVFVB(8U) » XAK3(80) yXSAVAK(80) ¢ XVRL2(80) ’
3 XAKy{80)
S50 READ 60,TITLE
PRINT o0y TITLE
6u FORMAT (1H1,10A8)
REAGC 1Uu0» VELTA»DTANK s HTZERO»VOL T, XMLZRO»
1 PINIToPFINALyTINITITHETIN,GGO
Ou rOnvAT(8E10.4)
HEAU 200 MLTPy NVMDoNEPS)NLATTM,NVERTM
<00 FORMAT(8I1U)
REAU 100» (TVMDOT(J) 9 XVMDUT(J), J=1,NVMD)
READ 100» (TEPS(J) »XEPS(J)» J= 1)NEPS)
KEAC 100Gy (TSFAL(J) s XSPACL(J)y JZ1eNLATTM)
HEAL 1u0er (TSPAV(J) » XSPACVIJ)y J=1+NVERTM)
PRINT 300s OELTA/DTANK)HTZERO,VOLT»XMLZRO,
1 PINIT)PFINALYTINIT,THETIN,GGO
20U FORVMAT (% DELTA = *F10.2% DTANK = *F10,4% HTZERO = *F1Q.4% VOLT ==
1F10.2% XMLZRO = *Fl0e2/% PINIT = %F10,3%PFIN3L = »F10,.3 x
2TINIT = *F10.2«THETIN = *%F10.2% GGO = *F10.5)
PRINT 400 NVMDyNEPS)NLATTMyNVERTM
400 FORMAT(*UNVMD =xI5% NEPS =#%I5% NLATTM =%I5%x NVERTM = *I5)
PRINT 500, (TVMDOT(J) » XVMDOT(J)» J=1+NVYMD)
500 FORMAT(1HO» 10X % TVYMDOTX6X s % VMDOT*/(8X,F10,2+4X¢F10,.2)7/)
FPRINT 600 (TEPS(J)»XEPS(J) s J=1/NEPS)
tOu FORMAT(1HO,10X * TEPS *6X * XEPS #*/ (8X+F10.2+4X,F10,4)/)
FRINT 7000 (TSPAL(J)» XSPACLI(J),y J= 1/NLATTM)
700 FORMAT(1h0»10X % TSPAL *6X *XSPACL*/ (8X)F10.2/4X,F10,2)/)
FRINT 30uUr (TSPAV(J)» XSPACVI(J)» J= 1/ NVERTM)
80u FORMAT(1H0»10Xsy% TSPAV %*6X *XSPACY%/ (8X)F10e2v4X,F10,2)7)
FERIM = 3.,1416 * DTANK
AC = ,785U%0TANK=DTANK
WPRINT = 0
LHUT = 0,0 .
VBl = 0 .
nCOnY = U
Pl = PINIY
T1 = TINIT
nl = HTZERO
THETAL = THETIN
XMLL1 = XMLZRO
LHT1Z HTLZERO
o0 TO 110G
1600 F1 P2
11 T2
Hl H2
THETAL
XML
XMVAR]

i it

THETA2
xmMpe
XMVAP2

"



vBLl = vBLZ2
ZHT1 = ZHTR2
HLDAK3 = AK3
NCONV = 0
1100 RHOL =1 .709E~0147 H4SUE=D1%T 1= 421E~025T1%T1¢1,208E~03%(T1%%3)
1=10738E~05%(T1m%4 )¢9, 424E-08%(T1245)
RHov=-2.511E-01¢u.2945-02*T1-2.860E-03tT1*T1+9-159E-05*(T1*13)
1=1e422E~06%(T1%%4)+1,001E=08%(T1%25)
CS2(.07885(T1l=34,)+2,12
HFG==2,0%({T1l=34,)+194,5
1200 DPDTS=2,49=.22%T14,00407%T1%T18,0000522%(T1%%3)
VOLLIG@ = XMLi/RHOL e VBL1
VOLGAS = VOLT=vOLLIQ
XMVAP3 = VOLGAS x RHQV
IF (NPRINT)1220,1220,1230
1220 XMVAP1 = XMVAP3
PRINT 1225 » THETAL » XMVAP1
1225% FORMAT(/%2THETAL =xF8,2%xXMVAPl =%Fg8.,2/)
NPRINT = 1
1230 OTOPS = 1.0/ DPDTS
THETA2 = THETA1 + DELTA
THETAV = 0.5%(THETA1 +THETA2)
VMUOT = SLI(THETAVNVMD,»TVMDOT,XVMDOT)
130y OPDTHA = ~VMDOT/(XML1xCS*DTDPS/HFG »XMVAP1%(1,/Pl=DTDPS/T1))
DELP = DPDTHA x DELTA
P2 = P1 » DELP
T2 = T1 ~ DTOPS* DELP
1400 DELME = XML1#CS#{T2=T1)/HFG
XML2 = XML1 # DELME
1500 UELMV = VMDOTx DELTA
IF(NEPS) 1600¢1600+1700
1600 AW = PERIM * Hi
EPS= AW/ {AW+AC)
60 TO 1800
1700 EPS = SLI(THETAVsNEPS»TEPS»XEPS)
1800 UELMEW = EPS = DELME
SPACV = SLI(THETAV,NVERTM»TSPAV,XSPACV)
SPACL = SLI(THETAV.NLATTM,TSPAL ,XSPACL)
AK1 =1,089%(10,80 *(1,+SPACL)%(1,+SPACYV)%*GGOx(RHOL=RHOV)/RHOL )*x
1U.S
AK2 = =EPS*CS*RHOL*DTDPSxLPDTHA/RHOV/HFG
AK3 = AK2/AK1
ESTIMATE NEw ZHT
1890 ZHT2 = ZHTl+ DHDT*DELTA
190y IF (AK3) 1905,1910,1910
190% AK3 = HLUAKS
1910 UELBLZ = (U 375%DTANK*AK3I*ZHT2)** ,66667
NNS=1
198y N = 0O
NNS NN -~ 1
2000 SUM = 0,0
D0 2100 L = 1,10

xL=L
2100 SUM = SUM + 4, x#{L=1)*(DELBLZ*x(XL*,5))/(DTANK*%L)/(2,%8XL+1,) .
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200

I
2eSu

2270

Zalu
23510
a9l

<oty

2() G LU

z&02
Soib

2e0a
Znl9

2610
208y
2oby

2045
28y

FUELT = 8.0 % SUM/AK3 = ZHT2

N =N+ 1

1F (N=20) 2200,2300+,2300

1F (ABSLFDELT) -,00001%xZHT2) 2400,2400,2250

SUMM = 0.0
v0 2270 K =110
XK = K

SUMM = SUFM ¢ 4 oxx (K]l ) (DELHBLZ®% (XK=,5))/ (DTANK®%2K)

FROELT = 4e0% SUMM/ZAK3

velbik: = CeLBLZ -~ FDELT/FPLELT

LG TG 2000

PRIKT 2310 » DELBLZ, FDELT

FORVAT(x ERROR MSG NUN=CONVERGENCE DELBLZ =%F10.,5% FUELT =%F10,5)
JHLT = (WWBLZ2=VBL1) - (XML2=XML1)/RHOL) /AC/DELTA

Tz = ZHTY 4+ DHDT =*=uELTA

IF (inN) 1980,19809e25u0

SUM=0,0

DO 2600 L= 1,10

xbL=t

SUM = SUim + (2.%XL+1.) * DELSLZ =% (XL 1,5)/(XL ~1,5)/ ODTANK*s(L=1}
vHLZ= Sltvi *3,1410/7AK3

AKZHK]l = AK2/AK1

FusL = VbLZ2=-AK2%xXML1*xDELTA/RHOL + 2.,1*AK1xDTANK® DELBLZ%%1,.5)x

1 DELTA - VBL1

IFI(NCONV=1 ) 2605+2609,2640
NCONV = 1

SAVAK3 = AK3J

SVFVBL = FVEL

IF (FvBL) 2620+2690+2610

IF (FvBL) 2040,209002610
AKS = 0,1%AK3

GU TO 1890

AKS = 2,U*xAKJ

NCOUNY = U

v0 10U 18906

IF(NCONV = 1) 2660¢ 266092640
IF (FvBL) 2660920902650
SAVAK3 = AK3

SVFv8L = FVBL

AKYS = AKYG
FvsL = FvELu
uC TU 2670
AKY = AKJ3

FvbBL4t = FVBL

IF (ABS(FVBL)=,001 *vBL2)2690,2690r2672
AKS = AK3-FVBL%(AK3=SAVAK3)/(FVvBL=SVFVBL)
AKS = D,5%(AK3 + SAVAK3)

NCONV = NCONV + 1

Jd = NCONV

xFveL(J)Y = FVBLY

XSVFVB(J) = SVFvVBL

AAKL (J) = AKY4

xSAVAK(J) = SAVAK3

AAKZ(J) = AK3



XvBL2(J) = vBL2

IF (NCONV = 80) 1890,26800,2680
2680 PRINT 26850 (XFVBL(J) ¢ XSVFVB(J) ) XAKY (J) 9 XSAVAK (J) » XAK3(J) » XVBL2 (V)

1 ¢ J=1,480)
2685 FORMAT(SERROR MSG NON=CONV FVBL = %/(6F16.8))

GO TO 3000
2690 DHDT = {jvBlL2=VBL1) +(XML2=XxML1)/RHOL)/AC/DELTA

ZHT2 = 2ZHT1 + UHDT =DELTA

H2 = ZHT2

DELH = H2 =H1

HRATIO ={H2=HTZERO)/HTZERO

BETA = VBL2* RHOV/ XMLZRO/(1+.=EXP(=CSx(TINIT=T2)/HFG))

XMVBL2 = vBL2 = RHOV
XMDTBL = 2.1% AK1* DTANK*(DELBLZ*#%1,5) =DELTA®RHOVY
XMVAP2 = XMVAPl«{1l,=~EPS)2DELME-DELMV&XMDTBL
VOLLIG = XML2/RHOL + vBL2
VOLGAS = VOLT-vOLLIG
XMVAP3 = VOLGAS = RHQV
2700 PRINT 2800¢ THETA2:P2+T2sXML2/XMVAP2)H2 yDHDTDELH,HRATIOYDPDTHA»
1 DELP,EPS)BETA»VBL2/)DELBLZ»AK3»VMDOT ,AK1¢AK29AK2RK1
2 XMVBL2s XMDTBL,» XMVAP3s» NCONV
2800 FORMAT (/% THETA2 = sF8,.,2% P< = »F8,3% T2 T 2F8.3% xXML2

1= $F8.1% XMVAP2 = »F8.,2% H 2 2 sF8,u4/% DHOT e *Fg,us DELH =
2 «F8,4% HRATIO = =F8,4x DPOTHA 3 »F8,.,3s% DELP = »F8,3% EPS Zz %
3FB8.4/» BETA = sFB8.4% VBL2 = *F8,2« DELBLZ *F8,3% AK3 .
4F8e.5% VMDOT = =F8,3% AK1 = *xFB.4/% AK2 xF8.48 AK2/AK1 =»
5 F8.,5% XMVYBL2 = #F8.3*% XMDTBL = *FB8,3% XMVAPJ3 2F8,3% NCONy = =
6 18/)
2900 IF (P2=PFINAL) 3000,3000,1000
3000 IF(MLTP) 4000,4000+50
4900 STOP
END
FUNCTION SLI(ARG,NXeXeY)
DIMENSION X(100),Y(100)
XA=Z ARG
I=I=1
N3=IABS (NX)
5 IF(XA=X£1))170,20+10
10 IF(I=1)20,20940
20 I=2
40 IF(I=-N3)80060,60
60 I=MAXQ0(2:N3/2)
80 N2=Il
IF(X(I))100,100,90
90 IF(X(I)=XA)140,250,100
100 DO 120 I=2/N2
IF(X(I)=XA)120+250/9260
120 CONTINUE
140 DO 160 IsSN2»N3
IF(X{I)=XA)160,250,260
160 CONTINUE
170 IF(NX)180,180,200
180 IF(XA=X(N3))230,2400240
200 PRINT 210¢ Xap(X(J)oJ=1,N3) .




210 FORMAT(15H1THE ARGUMENT (1PE14,7,46H ) WAS NOT IN THE RANGE OF THESLI00250
1 FOLLOWING TABLE//(1P10E12.5))

STOP
230 I=1
GO TO 250
240 I=N3
250 SkI=Yy(I)
RETURN

260 SLISY(I=1)+(XA=X(I=1))2(Y(I)=Y(I=1))/(X(l)=X(I=1))

RETURN
END
ROO

TITLE LIQUID LEVEL RISE EPS FROM EVOLVE MVDOT

1040 21.667 14,416 10392, 16300.
0.0 «00031
1 2 11 2
0.0 3.30 1000, 3,30
0.0 0.0 20, + 0513 4o,
80, 362 100, o422 120.
160, +560 180, 60 1000,
0.0 1.0 1000, 1,0
0.0 100 1000. 1.0

33
19.5

178
470
.60

13,8

60,
140,

38.3

280
0520
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APPENDIX C

EVOLVE PROGRAM

This program predicts the bubble dynamics of a bubble population up to 1000
bubbles in a liquid in a specified gravity-temperature environment. The
analytical model and an application to the S-IVB vehicle were presented in
Section 4.4. In this appendix, the input is described, variables are defined,
and a listing of the program is given. The program listing is followed by a
typical set of data input cards. These cards describe a model experiment in
the earth's gravity field where point heaters generate bubbles at eight locations
on a heater plate using Freon 11 liquid. The first eight pages of output up to
time 3.01 seconds show the type of data generated; these include time histories
of bubble location and velocity in three dimensions and the bubble radius as well

as overall tank conditions.
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The convention of the above Input Description 1s summarized:
List A, B, C, ... ?A, B, C, ...
List (A(J), J=1,N) —=A(1), A(2), A(3), ..., A(N)

vhich may require additional punch cards under a particular card type
to complete N elements.

The bra [ and ket ] is & subtype card, e.g., 5[1), 5[2], 10[1] ...
10[Nr1Z], which follow consecutively:

5{1]
=14 s[2]
5(1]
-2 5(2]
- { i)
orTr
10[1]

I=1; :
10[NT1Z]

10{1]
I=2; :

lOENTIZ]

10{1]

T = NrLg :
10[NT1Z]

Symbolically, this system is represented by nested loops:

— Loop over card type number
(Third Operation)

— Loop over bra-ket number

(Second Operation)

Loop over list index

(First Operation )
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NFR@P

NPTIM
NRZ
NTL
NTIR

NT'1Z

NSITE
NB
IPRINTU

ISLIP
IRESTRT
IWAKE
PPZ(1)
TPZ(I)
SPZ(I)
VPZ(I)

RPLZ(T)

UPIZ(I)

VARIABIE DEFINITION

number of entries in the fluid property table (= 30)

number of entries in the time versus system parameter
table (= 30)

number of entries in the axial height versus containper
radius table (= 2)

number of time entries in the liquld temperature matrix
(= 15)

number of radial entries in the liquid temperature matrix
(= 15)

number of axial height entries in the 1liquid temperature
matrix (s 15)

number of time entries in the time versus bubble site radius
and frequency table (= 10)

number of nucleation sites in the container (= 100)
initial number of bubbles present (= 1000)
number of printout times requested (< 1000)

0 for no-slip condition at container wall
1l for slip condition

0 for no restart caepability
1 for restart capability (generates card types 6 and 16)

0 no wake interactions
1 wake interactions

ith saturation pressure (PSIA) entry in the fluid property
table (must be monotonic)

ith(saturation temperature (°R) entry corresponding to
PPZ(I)

ith l%quid surface tension (LBF/FT) entry corresponding to
TPZ(I

ith(l§quid viscosity (LBM/FT-SEC) entry corresponding to
TPZ( I

1*8 11quid density (LBM/FT3) entry corresponding to TPZ(I)

1*1 314quid specific internal energy (BTU/LBM) corresponding
to TPZ(I)
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RPGZ(I)
UPGZ(TI)

TIMPRYP(I)

PrM(I)
QLTIM(TI)

WMLATTM(T)

SANTIM(T)

GANTTIM( I)

GRATIM(I)
TRFTIM(T)

XSITE(1,I)
XSITE(2,I)

XSITE(3,1)

RBSITX(I,J)

FREQX(I,J)

TSITE(I)

TIPIME(TI)

RZTL(TI)

ith( ggs saturated density (LBM/FTS) corresponding to
TPZ(I

1%0 gag specific internal energy (BTU/1BM) corresponding
to TPZ(I)

1th time in the time (SEC) dependent paremeter table

1th container pressure ( PSTA) corresponding to time
TIMPRPP(I)

1th 1iquid heat rate per unit liquid height (BTU/SEC FT)
corresponding to time TIMPRAP(I)

1th 11quid outflow (+) (inflow (-) ) (IBM/SEC) corresponding
to time TIMPRPP(I)

ith surface angle (radians), clockwise (+) about x-axis
relative to y-axis (plane of surface always parallel to
x-axis), corresponding to time TIMPRPP(I)

1th gravity (or inertial field) angle (radians), clockwise (+)
about x-axis relative to z-axis (gravity vector always contained

in y-z plane), corresponding to time TIMPRPP(I)

1th gravity magnitude (earth's gravity = 1) corresponding
to time TIMPROP(I)

1*h time (SEC) in the time dependent bubble site radius
and frequency table

ith gite x-coordinate (FT)
1th gite y-coordinate (FT)
1th gite z-coordinate (FT)
ith gite bubble radius (FT) corresponding to time TRFTIM(J)

ith gite bubble production frequency (SEC"l) corresponding
to time TRFTIM(J) :

1th site time of last bubble produced (used in restart, for
initial problem set to zero); if restart option 1s chosen,
these values are punched out in the proper format for use.

1t1 £ime (SEC) in the time dependent normalized liquid
temperature matrix

ith radial coordinaste (FT), distance from z-axis, in the
normalized liquid temperature matrix
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2ZT1(1)

TITIMX(K,J,I)

RADTX(I)

ZRADI(T)

TIMPRNT(T)

REYN 12
REYN 23

ACPF(1)
EXPN(1)
ACPF(2)
EXPN (2)
ACgF(3)
EXPN(3)
DML1

TSUPRL

DrMEX
TIME
HG
TIMEND
TBULKL

PARTMP

PIMPS

1P axial z-coordinate (FT) in the normalized 1liquid
temperature matrix

normalized liquid temperature at kth radial coordinate, Jth

axial coordinate, and ith time corresponding to (RZTL(K),
2271{J), TITIME(I)). This input is multiplied by the bulk
liquid temperature calculated from the liquid energy equation
to obtain the local temperature of the liquid.

1th container redius (FT)

1th container axial height (FT') in the height versus
radius table

1th printout time (SEC) desired

Reynolds number transition between regions I and II of bubble
dynamice (normally ~ 80)

Reynolds number transition between regions II and III
(normally ~ 5000)

constant coefficient in region I (nérmally -~ 24)
exponent coefficient in region I (normally --1.0)
constant coefficient in region II (normally ~ 1.975)
exponent coefficient in region II (normelly ~ 0.5)
constant coefficient in region III (normally ~ 2.5)
exponent coefficient in region III (normelly ~ 0.)
initial liquid mass (IBM)

maximm superheat of liquid (°R), difference between
saturation temperature and maximum 1iquid temperature (+)

minimm bubble radius (FT) permitted, below this value the
bubble is assumed to collapse, must be greater than zero

time increment (SEC)

initial time (SEC)

bubble heat convection coefficient (BPU/SEC FIZ)
problem stop time (SEC)

initial 1iquid temperature (°R)

impact parameter (FT), the distence at which two bubbles
coalesce (normelly zero)

surface impact parameter (FT), the distance at which a bubble
coalesces with surface



ZSURF

CWAKX

ARBDEN

DEGFAC

SCRAD

XB(1,I)

XB(2,I)

XB(3,I)

RB(1I)

initial surface height (FT) estimate

wake parameter (normally zero, which stimulates program
to use built in coefficient ~ 0.288)

arbitrary weighting factor, which proportions the partitioning
of vapor produced between the liquid-ullage interface and the
total area of bubbles in the 1liquid medium (normally one)

degeneracy factor, which accommodates consideration of a
representative sector of the container (care must be taken
that the bubble cross sections do not grow larger than the
sector); this parameter reduces the program run time for
problems which have geometric similitude and is equal to

the number of sectors in the total cross section, (normally
one).

pore radius (FT') of the container wall used to calculate
the escape of bubbles from the container (normally zero)

1th pubble x-coordinate (FT') of center of mass for bubbles
initially present or for restart (punched out in proper
format )

1P pubble y-coordinate (FT)

ith pubble z-coordinate (FT)

1t bubble mass radius (FT)



APPENDIX C
PROGRAM LISTING FOR EVOLVE

REQUEST(EVOLVEHI/RyID=10188)

RUN(Sgesrrreel)

REWIND(LGO)

COPYBF (LGOEVOLVE)

SET(0)

EVOLVE(LC»50000)

UNLOAD(EVOLVE)

EXIT,

UNLOAD(EVOLVE)

R
PROGRAM EVOLVE(INPUT»OUTPUT» TAPES=INPUT,TAPE6ZOUTPUT 1 PUNCH)
COMMON/PROPRT/PPZ(30) s TPZ(30)+»SPZ(30)»VPZ2(30)RPLZ{30)yUPLZ(30)

X RPGZ2(30) »UPGZ(30)
COMMON/DYNAM/TIMPROP (30) yPTIM(30)yQLTIM(30),WMLOTIM(30)SANTIM(30)

X » GANTIM(30) »GRATIM(30)
COMMON/TLIGX/TLTIMX(15015,15)»TLTIME{1S)sRZTL(15),22TL(15)
COMMON/SITEX/RBSITX(100,10),FREQX(100+10) o XSITE(3,100),TSITE(100).»

X TRFTIM({10)

COMMON/TANKX/RADTX{10) »ZRADTX(10)
COMMON/BUBBLE/WAKV(3,1000),VB(3,1000)»XB(3,1000)»RB(1000),

X RBA{1000),IB(1000),0OMBGF(1000),DMB{(1000),CORAG(1000)
COMMON/CONVERG/DBUBCO,DLIQCO,DLEVCO,DCONCO,DENRCO,DFORCO
COMMON/SURFAS/2SURF » SURFAN, ISLIP
COMMON/LICUID/WMLO,DML1+,DMLBF »TSUPRL »QL /REYN12,REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HG)RBMIN,NB
COMMON/GNRL/DTIMEDTIMEX, TIMEND TIMPRNT (1000) ¢ IPRINTL, IPRINTU,

X NTAPE» IRESTRT'TIME,PIMPS)PARIMP
COMMON/VOIV/VOFRAC,,DMBTOT
COMMON/INTEGR/NTLINTLReNTLZ/NRFToNSITE,NRZyNPTIM/NPROP, INAKE
COMMON/ADCONST/CWAKE yBWAKE » SCRAD » ARBDEN ,DEGFAC» ICRD(3)

NTAPE=6
CWAKE=0,28&8
CALL MXCP(ICRD(1))
KCPE=ICRD(1)x200B+228
ICRD(2)=MIORF {(KCPE)
N=25%
L=12
ICRD(2)=LEYT(Ny)LoICRU(2)) %8
CALL INITIAL
CALL GOD
IF(IRESTRT)1i,1,2

2 CALL RESTART

1 CONTINUE
END
SUBROUTINE INITIAL
COMMON/PROPRT/PP2(30)»TPZ(30),»SPZ(30),VPZ(30)yRPLZ(30)»UPLZ(30)¢

X RPG2(3G) +UPGZ(30)

COMMON/DYNAM/TIMPROP(30) yPTIM(30),QLTIM(30) ,WMLOTIM(30)»SANTIM(30)

X ¢t GANTIM(30) »GRATIM(30)

COMMON/TLIOX/TLTIMX(15+15015) hTLTIME(15)R2TL(15),22TL(15)
COMMON/SITEX/RBSITX(100¢10)»FREOX(100,10) ¢ XSITEL3,100),TSITE(100)

X TRFTIM(10)

COMMON/TANKX/RADTX(10) » ZRADTX(10)
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COMMON/BUBBLE/WAKYV (3,1000) oV (3,1000) o XB(3,1000)RH{1000),

X RBA(1000)»IB(1000)»DMBGF (1000)»DMB«1000)»CDRAG(1000)
COMMON/CONVERG/DBUBCO,DLIQCO)DLEVCO,DCONCO,,DENRCO,DFORCO
COMMOMN/SURFAS/2SURF » SURFAN, ISLIP
COMMON/LICUID/WMLO,DML1»DMLBF » TSUPRL » QL yREYN12/REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HG ) RBM [Ny NB
COMMON/GNRL/DTIME»DTIMEXy TIMEND »TIMPRNT (1000) o IPRINTL,IPRINTU,

X NTAPE» IRESTRT»TIME,PIMPS)PARIMP
COMMON/VOUIU/VOFRAC,DMBTOT
COMMON/INTEGR/HTL o NTLRINTLZ sNRFTHYNSITE ¢ NRZyNPTIM)NPRUP, IWAKE
COMMON/ADCONST/CWAKE o BWAKE » SCRAD» ARBDEN,DEGFAC» ICRD(3)

I1TAPE=Y
WRITE(NTAPE»100)
1046 FORMAT(1H1o49X,19H INITIAL CONDITIONS///)
READ(ITAPE 2101 )NPROPyNPTIM)NKZ yNTL o NTLRyNTLZ»NRFT tNSITEWNB»
X IPRINTU» ISLIP IRESTRT» IWAKE
101 FORMAT(201I4)
U0 20 IzZ1/NSITE
2u TSITE(I)I=O.

TImg=0,.
REAUCITAPE 0 102) (PPZCL) 2o TPZ(1)2SPZ(I) 9y VPZ(1)RPLZ.I)»UPLZ(I),
X RPGZ (1) UPGZ(1)yI=1+NPROP)
102 FORNAT(BEL10,0)
wRITE(NTAFE»103)
105 FORMAT(117H  PRESSURE TEMPERATURE SURF TENSION VISCOSI
xTY LIG DENSITY LIQ@ ENERGY GAS DENSITY LGAS ENERGY//)
WRITE (NTAPE,)104) (PPZ(T) s TPZ(1),SPZ(I)yVvP2(I)RPLZ(I) ,uPLZ2(]),
X RPGZI{I) yUPGL(I)»I=1+NPROP)

104 FORMAT(8(2X,E13.6))
READ(ITAPE»105) (TIMPROP(I) »PTIM(I)»QLTIM(I) ,wMLOTIM(I),SANTIM(L),
X GANTIM(I) yGRATIM(I)»I=1,NPTIM)

105 FORMAT(7E10,0)
WRITE(NTAPE,106)

1o FORMAT(///+102H TIME PRESSURE LIG HEATING LIG
XFLOW RATE SURF ANGLE GRAV ANGLE GRAVITY//)
WRITE(NTAPE,107)(TIMPROP(I) +PTIMII)»QLTIM(I) yWVNLOTIM(T)SANTIM(I),
X GANTIM(I) yGRATIM(I)»I=1,NPTIM)

107 FORMAT(7(2X1E13.6))
READ(ITAPE»102) (TRFTIM(I)+»I=1,NRFT)
DO 1 N=1sNSITE
READ(ITAPE»102) XSITE(L/N) o XSITE(29/N) 9 XSITE(3,N)
1 REAG(ITAPE»102) (RRSITX(N,I)FREGX(N,I),I=1,NRFT)
READ(ITAPE»120) (TSITE(I) »I=1+NSITE)
DO 2 N=1/NSITE
WRITE(NTAPE» L10)INyXSITECLeN) o XSITE(29N) o XSITE(3)N) s TSITE(N)
108 FORMAT(///042H TIME SITE RADIUS SITE FREQ//)
11G FORMAT(///+13H SITE WUMBER I4,5Xy7H XSITE=E13.,6+5Xr7H YSITE=E13.6,
X SXr7TH 2SITESE13.695X014H INITIAL TIMESE13.6)
WRITE (NTAPE»108)
DO 2 I=1LRFT
¢ WRITE(NTAPE111)TRFTIM(I) »RBSITXINSI) FREQGX (N, T)
111 FORMAT(3(2X+E13.6))
. READVITAPE »1U2) (TLTIME(I) » IZ1oNTL)
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READ(ITAPE»102) (RZTL(I)» IS1oNTLR)
READ{ITAPE»102) (22TL(I) »I=1/)NTL2)
DO 3 I=1NTL
CO 3 J=1eNTLZ

3 READ(ITAPE»102) (TLTIMX(KpJoI)eK31,NTLR)
DO 4 I=1eNTL
WRITE(NTAPE,112)TLTIME(I)

112 FORMAT(///¢11H TIME=E13.6//)
WRITE (NTAPE,113)
113 FORMAT (46H RADIUS AXIAL HEIGHT NORM TEMPERATURE//)

DO 4 JU=1,NTLZ
DO 4 K=1,NTLR
4 WRITE(NTAPE 114)RZTL(K) v 2ZTL(J) s TLTIMXIK»J» 1)
114 FORMAT(4(2X+E13.6))
READ(ITAPE»102) (RADTX (1) ZRAUTX(I)rI=1/yNR2Z)
READC(ITAPE2102) (TIMPRNT(I)»I=1,IPRINTU)
WRITE(NTAPE,115)
115 FORMAT(///929H TANK RADIUS AXIAL HEIGHT//)
00 5 I=1,NRZ
5 WRITE(NTAPE,114)RADTX(I)»ZRADTX(I)
READ(ITAPE»102)REYN12,REYN23+ACOF (1) rEXPN(1)»ACOFL2) vEXPN(2),

X ACOF (3) +EXPN(3)
wRITE(NTAPE,»118)
118 FORMAT(///9¢117H REYNOLDS 1=-2 REYNOLDS 2-3 ACOEF 1 EXPO
XNENT 1 ACOEF 2 EXPONENT 2 ACOEF 3 EXPONENT 3
X/7)

WRITE(NTAPL,104)REYN12)REYN23,)ACOF (1) +EXPN{1) ¢+ACOF12) ,EXPN(2),
X ACOF(3) sEXPN(J)
READ(ITAPE,»102)DML 1) TSUPRL/REBMIN,DTIMEX,TIME,HG, TIMEND, TBULKL

WRITE(NTAPE,116)
116 FORMAT(///+1204 LIQUID MASS LIQ@ SUPRHEAT MIN RADIUS TIM
XE STEP TIME ZERO BUBBLE CONv H TIMEND LIQUID T
XEMP/ /)

WRITE(NTAPE»104)DMLL1,TSUPRLyRBMIN,DTIMEX» TIME »HG» TIMEND» TBULKL
READ(ITAPE»102)PARIMP yPIMPS,ZSURF ,CWAKX yARBDEN)DEGFAC,SCRAD
IF(CwAKX=0.001)500,500,501

501 CWAKE=CWAKX

500 CONTINUE

BWAKE=1,222*CWAKE**(=,267)
CWAKE=0,202*CWAKE®%(=,8)
WRITE(NTAPE,119)

119 FORMAT(///»118H BUB IMP PARAM SURF IMP PARAM ZSURF ZERO C
XWAKE BEWAKE BOILING PARAM SPATIAL DEGEN SCREEN RADIU
XS/7)

WRITE(NTAPE»104)PARIMPPIMPS»ZSURFeCWAKE »BWAKE ¢ ARBDEN,DEGFAC »SCRAD
IF(NB)6e6s 7
7 00 21 I=1.NB
21 READ(ITAPE»120)XB(1le 1) e XB(29y1),XB(341))RB(I)
12y FORMAT(6E13.6)
DO 8 I=1.NB
8 RBA(I)=RB(I)
WRITE (NTAPE,117)

117 FORMAT(///156H Xg(1) XB(2) X8(3) RA

XDIus//)
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[\CRVE

[¢7]
-

X

X

X

X

X

X

DC 9 I=1,.NB

WRITE(NTAPE s 114)XB(1,I) e XB(20I)sXB(3r1),RB(I)

CONTINUE

KETURN

£ND

SUBROUTINE GOD

COMMON/PROPRT/PPZ(30)+TPZ(30) »SPZ(30) s VPZ(30) RPLZ{I3U)yUPLZ(30)

RPGZ(30)UPGZ(30)

COMNMON/DYNAM/TIMPROP (30) yPTIM(30) ,QLTIM(30) ¢ WMLOTIM(30) »SANTIM(30)
¢ GANTIM(30) v GRATIM(30)

COMMON/TLIOX/TLTIMX(15015+15) o TLTIME(1S)»R2ZTL(15),22TL(15)

COMMON/SITEX/RBSITX(100010) oFREQX(100,10) 9 XSITE(3,1N00),TSITE(L100),
TRFTIM(10)

COMMON/TANKX/RADTX(10) ¢+ ZRADTX(10)

COMMON/BUBBLE/WAKV(391000)VB(391000) e XB(3,1000)»RB(1000),

RBA(1000)»IB(1000),DMBGF (1000)»DVB(1000)yCORAG(1000)

COMMON/CONVERG/DBUBCODLIQCQrDLEVCO,DCONCO,)DENRCO,DFORCO

COMMON/SURFAS/ZSURF » SURFAN, ISLIP

COMNMON/LICUID/WMLO)OMLL»DMLBF ¢ TSUPRL »OL +REYN12+REYIN25,ACOF(3),

EXPN(3), TBULKL

COMMON/CASPRO/HG)yRBMIN, NB

COMNMON/GNFL/DTIME »OTIMEX y TIMEND» TIMPRNT(1000) » IPRINTL,IPRINTU,
NTAPE» IRESTRT»TIME,PIMPS»PARIMP

COMNMChN/VOID/VOFRAC,DMBTOT

COMMON/INTEGR/NTL e NTLRyNTLZyNRFT)NSITEINRZyNPTIM,NPROP, IWAKE

COMMON/ADCONST/CWAKE ¢ BWAKE » SCRAD» ARBDEN,DEGFAC ICRD(3)

[PRINTL=1

CALL FANTASY(0)

IF(TIME=TIMEND)1y2¢2

CALL FANTASY(2)

RETURN

SURFANZLEVANG(TIME)

CALL BIRTH

CALL LIQLEV(Q,)

CALL LIQENRG(TIMEDTIME»WMLOrGL)

CALL LIGUIV

IF(NB)5+596

CALL BUBRKIN

CALL LIQLEV(DTIME)

ZSURFT=ZSURF

IF{NE) 7978

CALL LOVE

CALL LIQLEV(DTIME)

IF (ZSURF=ZSURFTHRBMINI3197¢7

LSURFTzZZSURF

60 TO 8

TIMESTIME+DTIME

KCPZICRD(1}*200B+238

ICP=MIORF (KCP)

NZ13

L2y

ICPZLBYT(NsL+ICP)

IF(ICP.,GT.(ICRD(2)=4))G0 TO ¢

IF{IPRINTL=IPRINTU)10/,10,9
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10 IF(TIME-TIMPRNT(IPRINTL))9s11,11
11 IPRINTLZIPRINTL#1
IF (TIME=TIMPRNT (IPRINTL))12,11,11
12 CALL FANTASY(1)
G0 TO 9
END
SUBROUTINE FANTASY (NOUT)
COMMON/PROPRT/PPZ(30) s TPZ(30) +SPZ(30) ¢ VPZ{30) ¢RPLZ{30),UPLZ(30) ¢

X RPGZ(30)»UPGZ(30)
COMMON/DYNAM/TIMPROP (30) ¢+ PTIM(30),QLTIM{(30) o WMLOTIM{30)»SANTIM(30)
X #GANTIM(30) +GRATIME30)

COMMON/TLIQX/TLTIMX(15+15¢15) yTLTIME(15)»RZTL(15),22TL(15)
COMMON/SITEX/RBSITX(100010) FREQX(100+10) o XSITE(39100),TSITE(100)»

X TRFTIM(10)

COMMON/TANKX/RADTX(1Q)»ZRADTX(10)
COMMON/BUBBLE/WAKV(3,1000),vS(3,1000)»XB(3,1000),RB(1000) .,

X RBA(1000),1IB(1000) »CMBGF (1000) »OMB{10G00),CDRAG(1000)
COMMON/CONVERG/DBUBCO,DLIQCODLEVCO,DCONCO,DENRCO,UFORCO
COMMON/SURFAS/2SURF » SURFAMNy ISLIP
COMMON/LICUID/WMLO)DML1»DMLBF ¢ TSUPRL QL )REYN12/REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HGyRBMIN, NB
COMMON/GNRL/DTIME yDTIMEX y TIMENDy TIMPRNT(1000) ¢ IPRINTL,IPRINTU,

X NTAPE ¢ IRESTRT»TIME,PIMPS)PARIMP
COMMON/VOID/VOFRAC,DMBTOT
COMMON/INTEGR/NTL e NTLRyNTLZyNRFTINSITE s NRZyNPTIMyNPROP, IWAKE
COMMON/ADCONST/CWAKE BWAKE s SCRAD » ARBDEN ,DEGFAC, ICRD(3)
IF(NOUT=1)1+2,3 '

1 WRITE(NTAPE.100)
100 FORMAT(1H1e///724Xs 71H PROGRAM EVOLVE*%*» THE TEMPORAL AND SPATIAL

XHISTORY OF A BUBBLE SOCIETY///)

RETURN
2 WRITE(NTAPE(101)
101 FORMAT(///117H TIME PRESSURE LIQUID MASS LEVE

XL ANGLE LEVEL HEIGHT VOIU FRACTION VoID MASS GRAV ANGLE

X /)

P=PZ(TIME)

SURFIN=SURFAN%57,2958

GRA=57,2958*GRANGL (TIME)

WRITE(NTAPE,102)TIME,P,DML1,SURFINsZSURF,)VOFRAC,OMBTOT,GRA
102 FORMAT(B(2X/E13,6))

IF(NB)U4,4»5
5 WRITE(NTAPE,103)
103 FORMAT(///9119H xXB(1) xXB(2) XB13) v
xB(1) VB (2) VB (3) MASS RADIUS ACTUAL RADI
XUSs/)

DO 6 I=1.NB
6 WRITE(NTAPE,102)XB(1,I1)eXB(2r1) o XB(39I)pVB(191)sVBL(2¢1)eVB(3,I)>»
X RBA(I)»RB(I)
4 CONTINUE
WRITE(NTAPE,104)
104 FORMAT( /90110H ka¥akakgkkRpkd kg ke k kg Rk kR kR Rk R Rk Xk %
e LEs s A LT T TS P T S P PSS 2 PR T P SRS R P SR 2L S S gt At Rttt e b L

X*x///)
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RETURN

WRITL(NTAPE,105)

FORMAT(///245%X,y27H THIS IS THE FINAL PRINTOUT//)

60 TU 2

END

SUBRCUTINE BIRTH
COMMON/PROPRT/PPZ2(30)»TPZ(30))SPZ(30)+VPZ(30)sRPLZ{(30)yUPLZ(30)+

X RPGZ(30) »UPLZ(30)
COMMON/DYNAM/TIMPROP(30) ¢ PTIM(30) ,QLTIM(30) yWMLOTIM(30)»SANTIM(30)

X tGANTIMUA0) » GRATIML30)
COMMON/TLIUX/TLTIMX(15¢15¢15)»TLTIME(1S),RZTL(31S),22TL(15)
COMMON/SITEX/RUBSITX(100,10) »FREOX(100,10) o XSITE(3,100),TSITE(190)

X TRFTIM(10)

COMMUN/ZTAHKX/RADTX(L10) » ZRADTX(10)
COMMUN/BUBBLE/WAKV(301000) e VB(3,1000) o XB{301000),RB(1000)»

X RBA(1000),IB(1U00) »OMBGF ¢1000)»DOMB(1000),CORAG(1000)
COMMON/CONVERG/DBUBCO»DLIQCOsDLEVCO,DCONCO»DENRCO,DFORCO
COMMON/SURFAS/ZSURF » SURFAN, ISLIP
COMNON/LICUID/WMLO,DML1,DMLBF yTSUPRLYQL/REYN12/REYN23,ACOF(3),

X EXPN(3)» TUULKL
COMMON/GASPRO/HG,RBMIN,NB
COMMON/GINRL/DTIME yOTIMEX,y TIMEND» TIMPRNT (1000) » IPRINTL , IPRINTU,

X NTAPE» IRESTRTTIME,PINMPS,PARIMP
COMMON/VOID/VOFRACyDMBTOT
COMMON/ZINTEGR/NTLINTLRINTLZ/NRFToNSITEYNRZyNPTIM)NPROP, IWAKE
COMMON/ADCONST/CWAKE yBWAKE » SCRAD » ARBDEN,DEGFAC» ICRD(3)

DMLE“F:‘.U .

NBMAX=1000

NBN=0

UT=LTIMEX

IFIRST=0

U0 1 I=1.0LSITE

TST=TSITE(I)

FREWSFREQZT(IyTSTeTIME)

XSURR=ZXSITE (2, 1) xTAN(SURFAN) rZSURF

IF(XSURR=XSITE(3,1))19,19,18

TSITE(I)=TINVE

60 TO 1

IF(FrREQ) 10102

IF((TIME=TST)*%FREQ=(,999999) 9,44

NBN=iveN-1 3
IF(ivB-NRBN=NMAX)Y14s14+15 |
INBNZNBN=]1

WRLTE (NTAPE,»100) |
FORMAT (55K BUBBLE NUMBER LIMIT EXCEEDED,LAST ONE DROPPED»CONTINUE)

60 TU 1

XB(1loiiB+NFN)SXSITE(L1,1)

XB{2o NB+EN)SXSITE(2, 1)

AB(A3»NB+NENISXSITE(3, 1)

RBA(IN3+NBMN)=RBSITZ (I, TIME)

KBINB+-NEBN)ZRBSITZ(ITIME)

TSITE(IYSTINME

GG TO 1
IF((TIME CT=TST)®FREw=14)1¢55
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~N ow

17

16

12

13
11

X

X

X

X

IF(IFIRST)616,7

DTS1./FREQ®(TST=TIME)

GO TO 1

NBN=NBN+1

IF (NB+NBN=NBMAX) 16716017

NBN=NBN=-1

WRITE (NTAPE,100)

GO TO 1

XB(1+NB&NBN)ZXSITE(1,1)

XB(2¢NB¢NBN) ZXSITE(2,I)

XB(3/NB+NBN)=XSITE(3,1)

TSITE(I)STIMEDT

RBA (NB+NBN)=RBSITZ(I,TIME)

RB (NB+NBN ) =RBA (NB+NBN)

CONTINUE

IF(IFIRST)818/9

IFIRST=1

60 TO 10

NB=NB+NBN

DTIME=DT

IF(NBN)11s11s12

NB1=NB=NBN+1

DO 13 I=NB1,NB

TLSTZ(XB(1oI) o XB(20I) ¢ XB{30I)TIME)

P=PZ(TIME)+#2.,%SIGZ(TL) /(144 ,%RBA(I))

RHOG=RHGZ (P)

DMLBF=DMLBF+3.1416%4 . *RHOGXRBACI ) #%3/3,

RETURN

END

SUBROUTINE LIQENRG(TIM,DT»WMLO,GL)

COMMON/PROPRT/PPZ(30) ¢+ TPZ{30) +SPZ(30) »VPZ{30) +RPLZ130) yUPLZ(30) »

RPGZ(30) »UPGZ(30)

COMMON/DYNAM/TIMPROP (30) yPTIM(30) ,QLTIM(30) , WMLOTIM(30) »SANTIM(30)
»GANTIM(30) +GRATIME30)

COMMON/TLIGX/TLTIMX(15,15¢15) yTLTIMEC(15)»R2TL(15),22TL(15)

COMMON/S1TEX/RBSITX(100+10) yFREGX(100+10) ¢+ XSITE(39100)»TSITE(100)»
TRETIM(10)

COMMON/TANKX/RADTX(10) ¢ ZRADTX(10)

COMMON/BUBBLE /WAKV(3,1000) »VB(3+1000) ¢ XB(391000)»RB(1000),

RBA(1000),1B(1000) +OMBGF{1000) »DMB{1000) »CORAG(1000)

COMMON/CONVERG/DBUBCOQ,DLIQCODLEVCO,DCONCO,DENRCO,DFORCO

COMMON/SURFAS/2SURF » SURFAN, ISLIP

COMMON/LICUID/WMLO,DML1+DMLBF » TSUPRL » GL yREYN12/REYN23,ACOF (3),

X EXPN(3)» TBULKL

X

COMMON/GASPRO/HG,RBMIN,NB

COMMON/GNRL/DTIME »OTIMEX,» TIMEND» TIMPRNT(1000) » IPRINTL, IPRINTU,
NTAPE»IRESTRT+TIME,PIMPSPARIMP

COMMON/VOID/VOFRAC,DMBTOT '

COMMON/INTEGR/NTL /NTLRyNTLZyNRFTINSITEWNRZyNPTIM¢NPROP ) INAKE

COMMON/ADCONST/CWAKE yBWAKE ) SCRADy ARBDEN ,DEGFAC» ICRDI(3)

T1=TIM

T2=TIM+DT

CALL TABL(T1,wM1,TIMPROP(1),WMLOTIM(1),1s1+1/NPTIM,IFB)

CALL TABL(T2,WM2,TIMPROP (1) ,WMLOTIM(1)s101¢1NPTIM/IFRB)
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62
o4

63
65
67
66

CALL TABL(T1,QLL,TIMPROP(1)sGLTIM(1)s1s1¢1oNPTIM,IFB)

CALL TABL(T2,GL2,TIMPROP(1)/sGLTIM(1) 919291+ NPTIM,IFB)

QL= (QL1+QL2)%2SURF/2,

WMLO= (WM1ewWM2) /2,

RETURN

END

SUBROUTINE LIQUID
COMMON/PROPRT/PPZ(30) s TPZ(30)+SPZ(30)»VPZ(30) +RPL2(30)yUPLZ2(30)

X RPGZ(30) »UPGZ(350)
COMMON/DYNAM/TIMPROP (30) »PTIM(30) ,QLTIML30) ,WMLOTIM(30) »SANTIM(30)

X ¢ GANTIM(30) ¢y GRATIM(30)
COMMON/TLIGOX/TLTIMX(15,15¢15) yTLTIMEC15) »R2TL(15),22TL{15)
COMMON/SITEX/RBSITX(100+10) »FREGX(100010) #+XSITE(3,100),TSITE(100),

X TRFTIM(10)

COMMON/TANKX/RADTX (10) » ZRADTX(10)
COMMON/BUBBLE /wAKV (33,1000 +V5(3,1000) +XB(3,1000),RB(1000),

X RBA(10y0),IB(1000) yDMBGF¢1000) »DMB{1000),CDRAG(1000)
COMMON/CONVERG/DBUBCO,DLIACO»DLEVCO,DCONCO»DENRCO,DFORCO
COMMON/SURFAS/2SURF » SURFANs ISLIP
COMMON/LICUID/WMLO,DML1+,DMLBF »TSUPRL s QL REYN12,REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HG,REBMIN,)NB
COMMON/GNRL/DTIME»OTIMEX, TIMEND» TIMPRNT (1000) » IPRINTL, IPRINTU,

X NTAPE s IRESTRT/TIME,PIMPS,PARIMP
COMMON/VOID/VOFRAC »DMBTOT
COMMON/INTEGR/NTL ¢ NTLRsNTLZyNRFT ¢yNSITEWNRZ)NPTIM¢NPROP) IWAKE
COMMON/ADCONST/CWAKE y BWAKE ¢y SCRAD » ARBDEN ,DEGFAC» ICRD(3)

DCON=1,

P1=PZ(TIME)

P2=PZ (TIME+DTIME)
TSATL1=TSZT(P1)+TSUPRL
TSATL2=TS2T(P2) #TSUPRL
TB2=TBULKL

UL1=ULSZ (TBULKL)
ULS1=ULSZ(TSATLL)
ULS2=ULSZ (TSATL2)
PV1=P1/RHZL (TBULK)*%0.1851
HGST1=UGSZ(P1)+P1/RHGZ(P1)%0,.,1851
DML 1=DML 1-DMLBF *DEGFAC
IF(DML1)61¢62+62
IF(TBULK=TSATL1)63+64+64
ISAT=1

TBULK=TSATL1

GO TO 65

ISAT=0

IF(P2=P1)66166/+67

ISAT=0

1T=0

ITMAX=50

ASSIGN 7 TO Isi

ASSIGN 8 TO IS2

T™MLO=0,

P11=P1

DTLO=DTIME
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DTLIT=0,
TFRAC=1,
PIT=P2
OMLIT=DML1
DYGIT=DTIME
DMFG=0,
TLIT=TSATL2
IF(ISAT)2¢2,1

2 DTLIT=DTIME
DTLIT=DTLO
PIT=P14{{P2=P1)/DTIME) «DTLIT
TLIT=TSZ2T(PIT)
RHOLIT=RHZL(TLIT) v
ULITSULSZ(TLIT)

11 OMLIT=DML1=-WMLO&DTLIT
DQL=GL#DTLIT
QTEST=(DMLIT®ULIT=DML13UL1¢ ((UL1SULIT0,1851%(PV1+PIT/RHOLIT))

X /2.)%(DML1=DMLIT) ) =DGL
TMLO=DML 1=-DMLIT
IF(ABS(QTEST)=0,001%DCON®DML1)5,5,6

6 IF(QTEST)20005/,201
200 GO TO IS1+(7+9,19,21)
201 GO TO 152+(809,10021+22)
7 ISAT=1
ASSIGN 9 TO Isi
ASSIGN 10 TO IS2
QTFIX=DML1*(ULIT=UL1)
DTFIX=0,
QTSAVESQTEST
DTSAVE=DTLIT
9 IT=ITyl
DTLIT=(QTEST#DTFIX=QTFIX*DTLIT)/(QTEST=QTFIX)
PIT=P1+({P2-P1)/DTIME) *DTLIT
TLITSTS2T(PIT)
RHOLITSRHZL(TLIT)
ULITSULSZ(TLIT)
IF(IT=-ITMAX)11,11,12

10 GTFIX=QTSAVE
DTFIX=DTSAVE
ASSIGN 7 TO Isi
ASSIGN 9 TU Is2
GO0 T0 9

12 CONTINUE

5 IF(DTLO=DTLIT)13,13014

13 IF(DTLO-DTIME)61,15+15

15 DML1=DMLIT
TBULKL=TLIT
GO TO 17

8 QTFIX=QTEST
TLFIX=TLIT
ASSIGN 19 TO ISi
ASSIGN 8 TO IS2
TLIT=TLIT=(TSATL2=-TBULKL)=0,5

18 IT=IT+1
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ULITSULSZITLIT)
RHOLIT=RHZL(TLIT)
IF(IT=ITMAX)11,11r12

19 QTSAVESQTEST
TLSAVE=TLIT
ASSIGN 21 TO 1S1
ASSIGN 22 TO 1ISs2

21 TLITS(QTESTTLFIX=QTFIX*TLIT)/TQTEST=QTFIX)
G0 TO 18

22 QTFIX=QTSAVE
TLFIX=TLSAVE
ASSIGN 21 TO IS2
GO0 70 21

14 ULlI=ULlIT
PV1=PIT/RHOLIT*0,1851
OTGIT=DTGIT=DTLIT
TLIT=TSATL2
P11=PIT
PIT=P2
17T=0

1 HGIT=UGSZ(PIT)*PIT/RHGZ(PIT)*(0,1851

ULITSULSZ(TSATL2)
RHOLIT=RHZL(TSATL2)
HLAS(ULL1»ULIT40.1851%(PV1+PIT/RHOLIT)) /2.
HFGAS (HGST14+HGIT)/2.-HL.A
OMLG=WMLOXDTGIT
DOL=QL#DTGIT
OML2=(DOL+DOMLITx#(UL1=HFGA)=DMLG* {HLA=HFGA) ) /{ULIT=HFGA)
IF(OMLL2)Y61061+23

61 WRITE(NTAPE,100)

100 FORMAT(1H1e///+51H PROBLEM IS5 TERMINATED,ALL LIQUID HAS BEEN CONSU
XMED)
CALL EXIT

23 DMFG=DMLIT=DML2=TMLO-DMLG
TBULKL=TSATL2
DML1I=DOML2

17 CONTINUE
IF(NB)2u4s24+25

2% TOTSURB=0.
DXB=XRADT (ZSURF )=XRADT(0.)
DYB=ZSURF
SURFAZABS (SURFAN)
THETB=ATAN{(DXB/DY8)
ACOSSIN(1.,5707963-THETB) /SIN(1,57079634THETB=SURFA)
BCO=SIN(1.5707963+THETB) /SIN{1,5707963=THETB=SURFA)
RMAJUR=XRADCT (2SURF ) % (ACO+BCO) /2,
DR=RMAJR=ACO%XRADT (ZSURF)
ZUPR=ZSURF+DR*SIN(SURFA)
RUPRZXRADT(ZUPR)
OXB=DR&COS (SURFA)
ANGLE=ACOS (DXB/RUPR)
RMINR=RUPR*SIN(ANGLE)
ARLUZ3,1416*RMINRRXRMAUR
DO 26 Iz=1+NB

C-17



27

28

26

29

24

25

IF(IB(1))27+27,28

DMB(I)=8,#3,14168RB(1)es2

TOTSURB=TOTSURBSOMB (1)

G0 TO 26

DXBZXRADT (XB(2,1)#RB(I))=XRADTIXB(2,1))

OYB=RB(1)

THETB=ATAN(DXB/DYB)

DXB=XRADT (XB(2,1))

ALPHA=AS IN(DXB/RB(I))

THET1=ALPHA+THETB

THET2=ALPHA=THETB

OMB(I)26.2832#RB(1)##2%(2,=COSTTHET1)=COS{THET2))

TOTSURB=TOTSURB#OMB (1)

CONTINUE

DMBDA=DMF G/ ( ARBDEN#DEGFAC*TOTSURB4ARLU )

DO 29 I=1.N8

DMBGF (1130,

OMB (I)=DMB (1) sDMBDA%ARBDEN

RETURN

END

SUBROUTINE LOVE

COMMON/PROPRT/PPZ(SO)vTPZ(30)'SPZ(30) VPZ{30) +RPLZL30) yUPLZ(30) »
RPGZ(30) »UPGZ(30)

conuoN/DYNAM/Txnpaopcso).Prxntso).Oerniso).uuLoTxntso).SAnrxn(so)

X »GANTIM(30) »GRATIMY30)

COMMON/TLIGX/TLTIMX{15,15+,15)»TLTIMESC1S)»RZTL(15),22TL{15)
COMMON/SITEX/RBSITX(100,10) +FREGX(100,10) »XSITE(3,100),TSITE(100),
TRFTIM(10)

X
COMMON/TANKX/RADTX{10) » ZRADTX(10)

COMMON/BUBBLE /WAKV{3/,1000) »vB{3,1000)»XB¢(3,1000)+RB£1000),

X RBA(1000)»1B(1000) »DMBOF€1000) »DMBL1000),CDRAG(1000)

COMMON/CONVERG/DBUBCO,OLIQCO,DLEVCO,DCONCO,DENRCO,DFORCO
COMMON/SURFAS/ZSURF » SURFAN, ISLIP
COMMON/LICUID/WMLO,DML1+»DMLBF » TSUPRL»QL,REYN12/REYN23,ACOF(3),

X EXPN(3), TBULKL

X

COMMON/GASPRO/HG,RBMIN,)NB

COMMON/GNRL /DT IME)DTIMEX ) TIMEND » TIMPRNT{1000) » IPRINTL , IPRINTU,
NTAPE» IRESTRT»TIME,PIMPS)PARIMP

COMMON/VOID/VOFRAC,DMBTOT

COMMON/INTEGR/NTL¢NTLRyNTLZyNRFTINSITE)NRZyNPTIMyNPROP, INAKE

COMMON/ADCONST/CWAKE yBWAKE ¢y SCRAD ¢ ARBDEN,DEGFAC ICRD(3)

DIMENSION INEW(1000),IGL(1000),JGL(1000)

IFIRST==-1

IFIRSTZIFIRST#1

ICOoLSP=0

DO 5 I=1.NB

INEW(1)=0

I1GLOM=0

00 1 I=1.,NB

IF(RB(I)=RBMIN)&¢6»7

RB(I)=0,

RBA(I)=0.

ICOLSP=ICOLSP+1

60 TO 1
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11
12

13

I1=1 1

IF(I1=NB)4r4,y1

VO 41 JU=IleNB
XIJSXB(1eI)=XB(1,J)
YIJSXB(2eI)=XB(2,d)
ZIJSXB(3¢I)=XB(3,J)
RIJSSQRTIXIURXIJ+YIJRYIU4ZIURZT)
DRSRIJ=(RB(I)+RB(J)+PARIMP)
IF(DR)2s2041

IGLOM=IGLOM+]

IGL(IGLOM)=TI

JOL(IGLOM) =Y

CONTINUE

CONTINUE

IF(IGLOM)24,24,26

P2PZ(TIME)

DO 3 16=1/,1IGLOM

II=IGL(IG)

JJUSJGL(IG)

IF(INEW(1I))8,8,9

IJ=11

60 TO 10

IJ=INEW(II)

XBIl1=xB(1.1IJ)

xBIza=xB(2,1J)

XBI3=xB(3,1J)

XBJ1l=XB(1rJu)

XBu2=XB(2rJJ)

XBJ3=XB(3rJJ)
TLISTZ(XBI1yXBI2)XBI3eTIME)
TLUSTZ(XBJLy XBJU2, XBJ3» TIME)
IFIRB(IJ))I3N3r11
IF(RB(JJ) ) I 3012

PISP 2.%SIGZ(TLI)/ (144 ,xRBA(1J))
PUSP 2,#SIG2(TLJ) /(144 ,%RBA(JJ))
INEW(JJISTIV

OMISH ,#3,1416%RHGZ(PI)*RBA(IJ)*%3/3,
DMUZH %3, 1416%RHGZ(PJU)*RBA(JJ) %xx3/3,
RB(JJ)=0,

RBA(JU) =0,

TMIU=DMI LMy

XBAVISXBRI1+DOMU% (XBJ1=X311)/TMIJ
XBAVR=XBI2+DMJx* (XBJ2=XBI2)/TMIJ
XBAV3I=XBI3+DMJU* (XBJ3=XBI3) /TMIJ
TLAV=TZ(XBAV1,XBAV2» TIME)
XB(1rIJd)=XBAyL

XB(2yIJ)=XBAV2

XB(3rIJ)=XBAV3

1T=0

RHGAVZAMINI (RHG2(PI) »RHGZ(PJ))
RBAVS(3,%TMIJ/(4,%3,1416%RHGAV))*»0,3333
IT=IT+1
PBAVZP+2.%xSIGZ(TLAV) /(144 .%RBAV)
RHGAV=RHGZ (PBAVY)
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IF(IT=3)13018,14
14 RBA(IJ)ZRBAV
IFUIB(IIRIBIUJ) )3 3010l
181 CALL CONFIOR(XB(1+IJ) o XBU2,IJ) o XB(3)1J),XBX101IJ) 1 XB€2,1J) ¢ XB(3,1J)
X oRB(IJ),1B(1J)»0sRBA(IJ))
3 CONTINUE
60 T0 27
24 IF(IFIRST)23,28,23
28 IFIRSTz-1
27 DO 15 I=1.NB
XSURRSXB{20+1) ¢ TAN(SURFAN) «ZSURF
st:txsuhn-xsta.x))ccoStsunrAN)
IF(DXS=RB(I1)=PIMPS)16+16+15
16 IGLOM=IGLOM+}
RB(I)=0,
15 CONTINUE
ICHANG=IGLOM¢ICOLSP
NB1=NB=-}
ICHA=Q
_ DO 17 I=1.NB
20 IF(RB(I))18,18,17
18 00 19 J=I,NBL
XB(1yJ)SXB(1y)Jel)
XBl2oJ)2XB(2)Usl)
XB(3,yJ)=XB(3,Uel)
RB{J)3RBEJ*1)
RBA(J)=RBA(U+1)
19 IB(J)=IBLJ*1)
ICHASICHA¢1
IF (ICHA=ICHANG)20,21,21
17 CONTINUE
21 NB=NB=ICHANG
IF(NB)23+23,221
221 DO 22 I=1,N8B
22 CALL CONFIGR(XB(1+1)+XB(2+1)¢XB(3,1)y)XBL1,1)sXBE2,1)sXB(3,1),
X RB(I)oIB(I),0)RBA(I))
IF(IFIRST)23,25,25
23 RETURN
END
SUBROUTINE BUBKIN
COMMON/PROPRT/PPZ(30) » TPZ(30) »SPZ(30) »VP2130) +RPLZL30) yUPLZ(30)

X RPGZ(30)»UPGZ(30)

COMMON/DYNAM/TIMPROP(SO)vPTIM(BO)oGLTIMMSO).NMLOTIM(SO)oSANTIM(SO)
»GANTIM(30) »GRATIMES0)

conMON/TLxex/TLTIMx(xs.15.15).TLT:ME(15).RZTL(15).zzTLtis)

COMMON/SITEX/RBSITX(100,10) FRE@X(100,10) ¢ XSITE(3,100),TSITE(100),

X TRFTIM(10)

COMMON/TANKX/RADTX(10) » ZRADTX(10)

COMMON/BUBBLE /WAKV (3,1000) +VB(3,1000) »XB(3,1000) RB(1000),

X RBA(1000)»IBt1000) yDMBGF€1000) yDOMB{1000)yCORAG(1000)
COMMON/CONVERG/DBUBCO,0OLIQCO+DLEVCO,DCDONCO,DENRCO,DFORCO
COMMON/SURFAS/2SURF » SURFAN, ISLIP
COMMON/LICUID/WMLO DML 1+DMLBF y TSUPRL » QL yREYN12»REYN23,ACOF(3),

X EXPN(3), TBULKL o
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COMMON/GASPRO/HGyRBMIN:NB
COMMON/GNRL/DTIME »DTIMEX, TIMEND) TIMPRNT(1000) » IPRINTL o IPRINTU,
X NTAPE» IRESTRTyTIME,PIMPS)PARIMP
COMMON/VOID/VOFRAC)DMBTOT
COMMON/INTEGR/NTL ¢ NTLRyNTLZyNRFTyNSITEINRZyNPTIMyNPROP, INAKE
COMMON/ADCONST/CWAKE »BWAKE » SCRAD» ARBDEN, DEGFAC;ICRD(3)
DIMENSION REGCO(1000)
DCON=1,0
00 82 I=1/,NB
SUM=0,
REGCO(IV=1.0
TANKR=XRACT(XB(3,1))
TANKA=3,1416xTANKR*TANKR
2UPR=XB(3:1)+RB(1)
ZLWR=XB(3,1)=RB(1)
DO 83 J=1,NB
ZJSXB(3, )
2JU=JZ+RB(J)
ZJL=2J=RB(J)
IF(ZLWR=2J)84,85,86
85 SUMZ=SUM+3,1416%RB(J)*RB(J)
GO TO 83
84 IF(ZUPR=2J)87,85,85
87 IF{Z2UPR=4JL)83,83,88
88 RINT=SQRT(RB(J)*RB(J)=(2J=2UPR)%(2J=ZUPR))
SUMZSUMe3.1416%RINTARINT
60 TO 83
86 IF(ZLWR-2JU)8G,83,83
89 KINT=SGRT(RB(J)*RB(J)=(ZLWR=LJ)%(ZLWR=2))
SUMSSUM+3.1416%RINT#RINT
83 CONTINUE
REGCT=1,=-SUMXDEGFAC/TANKA
82 REGCO(I)=AMAX1(0,REGCT)
30 00 1 I=1.NB
CALL FORCES(XB(1,I)exB(29I)oXB{3oI)oRB(I))RBA(I)2IBLI))FMAG,THETA,
X PHI» TINE)
CALL SPEED(XB(1/)I)oXB8(2eI)eXB(3»I)eRB{I)IRBALI)FMAG)VMAG,IB(I)>»
X TIME.CDRAG(I))
VMAG=VMAGXREGCO(I)
VB(1,I)=VMAGXSIN(THETA)*COS(PHI)
VB(3»I)=VMAGXCOS(THETA)
1 VB(291)=VMAGRSIN(THETA) xSIN(PHI)
DO 32 I=1/,Ng
wAKV(1,I)=0,
WAKV{3,I)=0,
32 WAKv(2,1)=0,
CALL WAKES
RHOL=RHZL (TBULKL)
DO 31 Iz=1,NB
RT=XRADT(XB(3,1))
31 WAKV(3,I)==wMLO/(RHOL%3,1416*RT*RT)+WAKV{(3,1)
ITMAXZ50

DO 2 I=1,NB
. P2zPZ (TIME+CTIME)

c-21



P1SPZ(TIME)
10BS=IB(1)

DO 3 J=i1.,3

1T=0

ASSIGN 17 T0 IS2
ASSIGN 18 T0 IS3
GO TO (4e5951) 4

& VBAVi=VB(1rI)
VBAV2=0,
vBAV3=0,

60 10 ¢

5 VBAvV2z=vVB{2+1)
G0 10 6

51 VBAV3=VB(3¢1)

6 XB1T=(WAKV(1,I)#VBAV1)#DTIME+XB(1,1)
XB2T=(WAKV (2, 1)oVBAV2)aDTIME+XB(2,1)
XB3T=(WAKV(3,I)+VBAV3)2DTIME+*XB(3,1I)

19 CALL ENERGY(XB(19I)»XB(2,1)sXBtSeI)eXB1TIXB2TXB3T/RBALI))OMB(]I)»
X OTIME,RBA2,Pi, P2/TIME,DMBGF(I))
IF(10BS=1)191,192,192
192 CALL CONFIGR(XB1T XB2TyXB3TyXB1T»XB2T,XB3T,RB2,10BS+0,RBA2)
GO TO 193
191 RB2=RBA2
193 CALL FORCES(XBiT,XB2T+XB3IT/RB2,RBA2, I0OBS)FMAG) THETAPHI» TIMEQ
X DTIME)
CALL SPEED(XB1T,XB2T¢XB3T+RB2/RBA2+/FMAG,VMAG)TIME4DTIME DUM)
VMAG=VMAG*REGCO(I)
60 TO (708081)¢Jd

7 VBAVI=(VMAG*SIN(THETA)=COS(PHI)wVB(1,1))/2,
GO 70 9

8 VBAV2=(VMAGxSIN(THETA)*SIN{PHI)aVEBL2/1))/2.
60 70 9

81 VBAV3=(VMAGxCOS(THETA)+VBL(3,1))/2,
9 X812‘(UAKV(10I)QVBAVl)#DTIME*XB(l 1)
XB22= (WAKV (2, 1)#VBAV2) *DTIMESXB(2,1)
XB32=(WAKV(3,1)4VYBAV3)2DTIME#XB(3,1)
DxBil=xB1T=-XB12
DXB823XB2T~-XB22
DxB3=XB3T7~-XB32
60 TO (10e115111)¢J
10 DXB=0XxB1
XBT=XB1T
60 70 12
11 DxB=DxB2
XBT=XB2T
60 TO 12
111 DXB=DXB3
XBT=XB37T
12 IF(ABS(DXB)=0,001%«0CON%(VMAG+0, 001)#DTIME)39301“
14 IF(DXB)15+3/16
15 GO TO IS2¢(17+23927,28)
16 60 TO IS3,(18+23+126029)
17 ASSIGN 23 T0 IS2
ASSIGN 26 TO IS3
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DFIXx=DxB
XFIX=xBT
xBlT=xB12
XB2T=xB22
XB3T=XB32
60 10 19
18 ASSIGN 27 TO 1Is2
ASSIGN 23 TO 1S53
DFIX=DXAR
XFIXx=XeT
XB1T=xB12
XB2T=XB2e
XB3T=xB32
GO TO 19
23 IT=IT+1
XBT=(DXBxXF IX=DFIX*XBT)/(DXB=DFIX)
GO YO (200219211) ¢
20 XB1T=xBT
GO TO 22
21 XB2T=xBT
60 TO 22
211 XB3T=X8BT
22 IF(IT=ITMAX)19,19:3
26 DSAVE=DXB
XSAVE=XBT
ASSIGN 23 TO IS3
ASSIGN 28 TC Is2
GO 710 23
27 DSAVE=DXB
XSAVE=XBT
ASSIGN 23 TO 12
ASSIGN 29 TO 1S3
GO 10 23
28 UF1X=DSAVE
XFIXZXSAVE
ASSIGN 23 TO IS2
ASSIGN 26 TO Is3
G0 70 23
23 DFIX=CSAVE
XFIX=XSAVE
ASSIGN 27 TO Is2
ASSIGN 23 TO 1S3
GO TO 23
3 CONTINUE
CALL CONFIGR(XB(1sI)»XB(2¢1)92XB(391)rXB1TeXB2TXB3T/RB2,I0BS,1,
X RBA2)
IB{I)=108S
RB(I)=RB2
RBA(I)=RbBA2
XB(1l,I)=XBLlY
XB(2,I)=XxB2T
XB{3»1)=XB3T
VB(1lyI)=VBAVI+WAKV(1,1)
VB(2,I)=VBAV24WAKV(2,1)
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VB(3e1)=VBAVIAWAKV(3,1)
CALL WALL(XB1T,XB2T»XB3T,RB2/VB(1,1),VB£2+,1I)»VB(3)1)sVC1oVC2,VC3,

X ISLIP)
vB(1rl)=VB(1,]I)evC1
vB(2,1)=VvB(2,])eVC2
vB(3,I)=VB(3,I)evC3
CONTINUE
RETURN
END
SUBROUTINE WAKES
COMMON/PROPRT/PPZ(30)»TPZ(30)»SPZ(30)+VPZ{(30) rRPLZA30) yUPLZ2(30)

X RPGZ(30)UPGZ(30)
COMMON/DYNAM/TIMPROP(30) s PTIM(30) yQLTIM(30) yWMLOTIML30) »SANTIM(30)

X s GANTIM(30) »GRATIM(30)
COMMON/TLIGOX/TLTIMX(15915+15)yTLTIME(15) »R2ZTL(15),22TLLLS)
COMMON/SITEX/RBSITX(100+10) yFREQX(100,10) s XSITE(3,100),TSITE(100),

X TRFTIM(10)

COMMON/TANKX/RADTX(10) » ZRADTX(10)
COMMON/BUBBLE /WAKV(3,1000)vB(3,1000),XB(3,1000),RBT1000),

X RBA(1000).1IB8(1000),DMBGF(1000) yDMB£1000)CORAG(1000)
COMMON/CONVERG/DBUBCO,DLIQCODLEVCO,DCONCO,DENRCO,DFORCO
COMMON/SURFAS/ZSURF s SURFAN, ISLIP
COMMON/LICUID/WMLOyDML1+DMLBF » TSUPRL QL )REYN12/REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HGyRBMIN,NB
COMMON/GNRL/DTIME sDTIMEX, TIMEND» TIMPRNT$1000) » IPRINTL , IPRINTU,

X NTAPE» IRESTRT»TIME,PIMPS»PARIMP
COMMON/VOID/VOFRAC,DMBTOT
COMMON/ INTEGR/NTL ¢ NTLRoNTLZ/NRFT/NSITEINRZyNPTIM¢NPROP, IWAKE
COMMON/ADCONST/CWAKE ¢yBWAKE s SCRAD ) ARBDEN yDEGFAC» ICRDLJ)
YWAKE=CWAKE*BWAKE/3.

IF(IWAKE)S8+8,9
DO 6 I=1,NB

DO 7 JsieND
CALL WALL(XB(1+I)eXB(2:1)2XBEC39I)oRBII)oVBLLrI)oVBL2+1I)eVB(3,1)

X VCOR1yVCOR2,)VCOR3,ISLIP)

Alu=0,

vyi=g,

vY2=0,

vY3=0,

RI=RB(I)

RJ=RB (J)
XIi=XB(1.,1I)
X12=X8(2¢1)
XI3=XB{(3.1)
XJ1=XB(1sJ)
XJ2=XB(2¢J)
XJ3I=XB(30J)
RJILI=XI1=XJ1
RJI2=XI2=XJ2
RJII=XIIZ=XJI
RMAG=SGRT(RJI1*RJUIL1+RJUI2*RJIIZH+RJIII*RJIII)
VISVB(1I)+VCORY
V2=VB (2, 1)+VCOR2
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v3=vB(3»I)*VCOR3
VMAGZSGRT(V1aVieVv2#V2+4V3xV3)
RVERMAGsVMAG

IF(RV)1,1+3
WAKV(1pJ)SWAKYV(1,J)+ATURVIHVYL
wAKV(Z,J):wAKV(20J)+AIJ*V2{VYZ
WAKV(3pJ)SWAKV(3)J) ATURVIHVYS

GO T0 2
COSAZ(RUI1*V14RJI2*V2+4RJIIRVI) /Z(RY)
IF(COSAY1,104

XRSRMAG®COSA

COSA=AMIN1{(COSA,1,.)

IF(XR=RI)1¢5¢5

ALPHAZACOS(COSA)

YRSRMAGxSIN(ALPHA)

YR=ZABS(YR)

B=BWAKE* {CDRAG(I)*3.1416*RI*RIxXR)*%0,333333
ATJ=CWAKE*(CODRAG(1)*3,1416*%RI*RI/ (XRXXR))*%0,333333
AIJ=AMINLI(ALlJs1,.0)
YIJSYWAKE* (AT J/CWAKE ) %%2,
ATJ=ATJUXAVWAK (RJ)YR»Br 1)
YIUSYIJ#AVWAK(RJ,YR9B»2)
VY1ZYIJ*VMAGR(RJI1=V1xXR/VMAG) /RMAG
VYSRYIJ*VMAGE (RJUI2=V2%XR/VMAG) /RMAG
VY3ISYIJxVMAGR (RJI3=V3I*XR/VMAG) /RMAG
GO TO 1

CONT INUE

CONTINUE

CONTINUE

RETURN

END

FUNCTION AVWAK(R,YsBy»IC)
ACX1eX2)=X1-0,8%X1%X2%%]1,540+25%X1%X2%%3
DIXIrXU)Z0eSRXIkXU=0STL1EXIAXY%%2 ,5b0 ¢ 2 XIuXYREY,
IF(B=(Y+R))1v1,2

YU=B

GO T0 3

Yuzy R

YL=Y~R

IF(B=(Y=R))4s4,5

AVWAK=0,

60 T0 o

IF(E (Y=R))7+7,8

YL==B

GO0 10 9

YLIY=R

RATU=ABS(YU/B)

RATL=ABS(YL/B)

IF(IC=1)12r12/,11
AVWAKZD(YUrRATU)=D(YLRATL)

GO0 70 13
AVWAKZA(YUrRATU)=A(YL,RATL)
IF(R)G4o4»10

AVWAKSAVWAK/ (2,%R)
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6 RETURN
END
SUBROUTINE WALL(X1,X2¢X3,RpV1yV2+,V39VC1,VC2,VC3,IS)
vCi=0,
vCe=0,
vCi=o,
D=1.00001%R
IF(R)12102
2 DXBSXRxDT(X}#R)-XRADT(XB)
THETB=ATAN(DXB/R)
PHI=ATIN({X2,X1)
XR=SQRT(X18X14X24X24X3%X3)
THETA=ACOS{X3/XR)
IF(X3=R)3, 304
3 IF(V3)31elrl
31 vCi=o0,
VC2=O *
VC3==v3
G0 TO S
1 vCi=0,
vCa=o0,
vC3=0,
G0 TO 5
IF(XRADT(X3)=D/COS(THETB))10¢6,6
DXB=(XRADT(X3)=XR*SIN{THETA) )%COS(THETB)
IF(DXB=D)7¢701
IF(1S)8e8,9
vCiz==Vv1
vCa==Vv2
vC3==Vv3
60 710 5
9 DN1=COS(PHI)*COS(THETB)
DN2=SIN(PHI)*COS(THETB)
DN3==SIN{THETB)
VOOTN==(V13DN1+V2*DN2+V3%DN3)
VC1=VDOTN*DN1
vC2=VDOTN*DN2
VC3=VDOTN%DN3
GO0 TO 5
10 vCiz=~vi
vC2==y2
vC3=0,
§ CONTINUE
RETURN
END
SUBROUTINE FORCES(X1:X2¢X3+ReRA»IOBS)FMAG)THETA)PHI TIM)
COMMON/PROPRT/PPZ(30)rTPZ(30)oSPZ(30) VPZ(30)vRPLZ‘SO)vUPLZ(BO)'
RPGZ(30)UPGZ(30)
COMMON/DYN‘M/TIMPROP(SO) PTIM{30) pQLTIML30) yWMLOTIM(30)»SANTIM(30)
X »GANTIM(30) r GRATIM(30)
COMMON/TLIGOX/TLTIMX(15+s15015) o TLTIME(15))RZTL(15),22T1L(15)
COMMON/SITEX/RBSITX(100+10)yFREGX(100,10) »XSITE(3,100),TSITE(100),
X TRFTIM(10)
COMMON/TANKX/RADTX(10) ¢ ZRADTX(10)

o F

o~
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COMMON/BUBBLE /wAKV(3,1000) »v8(391000)¢XB(3,1000),RB{1000),
X RBA(lOOO)vIB(lUOO)oDMBGF!lﬂﬂo)oDMBCIOOO)oCDRAG(luOO)
COMMON/CONVERG/DBUBCO;DLIQCOoDLEVCO'DCONCO'DENRCOoDFORCO
COMMON/SURFAS/ZSURF » SURFAN, ISLIP
COMMON/LICUIO/WMLO,DML1+DMLBF o TSUPRL ¢ QL /REYN12/REYN23,ACOF(3)
X EXPN(3), TBULKL

COMMON/GASPRO/HGykKBMIN,NB
COMMON/GNRL/DTIMEcDTINEX.TIMtND.TIMPRNT(IOOO)oIPRINTL'IPRINTUr
X NTAPE » IRESTRT» TIME,PIMPS,PARIMP
COMMON/VOID/VOFRAC,DMBTOT
COMMON/INTEGR/NTLvNTLRvNTLZoNRFToNSITEoNRZpNPTIM'NPROPoIWAKE
COMMON/ADCONST/CWAKE'BWAKEoSCRADvARBDEN.DEGFAC:ICRD!3)
IFI{RA)3 v 3r k4

FMAG=0,

TH"-TA:O .

PHI=U,

RETURN

IF(IOBS)Y1rl1,2

G=GRAVITY(TIM)

XUsxi~RA

XL=X1=RA

YU=X2+«RA

YL=X2=RA

ZU=SX3¢RA

IL=X3=RA
GRADTX:(TZ(XUoXZ'XSoTIM)-TZ(XL'XZpXJoTIM))/(XU-XL)
GRADTY=(TZ(X1)YUr X3¢ TIM)=TZ(X1yYLyX3»TIM))/(YU=YL)
GRADTZ:(TZ(x1;x2.ZUrTIM)-TZCX1.x2.ZLoTIM))/(ZU-ZL)
ANGLE=GRANGL (TIM)

P=PZ(TIM)

TLSTZ (X1 e X2 X3y TIM)

PTOT=P+2,*SIGZ(TL)/ (144 .%RA)

UELRO=RHZL (TL)=RHGZ(PTOT)

SIGPRMS (SIGZ(TL#14)=SI1GZ2(TL=1,))/2.

FBOYSW ,*%3.1416%32.17%G#DELRO*RA%#3/3,
FST==8.%3,1416%SIGPRM*RARXRAX32,17

FX1=FST*GRADTX

FX2=FST*GRADTY=FBOY*SIN(ANGLE)
FX3=FST*GRALTZ+FBOY*COS(ANGLE)

60 10 §

6O TO 3

FMAGEZSQRT(FX1F X1 +F X2kFX2+FX3%FX3)

THETAZ=ACIS(FX3,FMAG)

PHI=ATIN(FX2eFX1)

RETURN

ENU

FUNCTION ACIS(XsR)

IF(R)12293

ACIS=0,

RETURN

X1==X

R1==R

G0 TO 4

X1=X
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Ri=R
4 IF(X1)5¢6¢6
5 THETA=ACOS(X1/R1)
ACIS=3,1415927=-THETA
RETURN
6 ACIS=ACOS(X1/R}1)
RETURN
END
FUNCTION ATIN(Y,X)
IF(X)142¢3
IF(Y)&495¢6
ATIN=4,712389
RETURN
ATIN=O,
RETURN
ATIN=1,5707963
RETURN
IF(Y)7:8+8
THETAZATAN(Y/X)
ATIN=6,2831853+THETA
RETURN
8 ATINSATAN(Y/X)
RETURN
1 ATIN=3,1415927+ATAN(Y/X)
RETURN
END
SUBROUTINE SPEED(XeY»Z»RBUB)RBUBA,FMAG,YMAG, IOBS,TIM,CDR)
COMMON/PROPRT/PPZ(30) o TPZ(30) ¢SPZ(30),VPZ(30)RPLZ(30),UPL2(30)

X RPGZ(30) UPGZ(30)
COMMON/DYNAM/TIMPROP (30) +PTIM(30) GLTIM(30) yWMLOTIM(30)»SANTIM(30)

X ¢+ GANTIM(30) rGRATIM(30)
COMMON/TLIAX/TLTIMX(15015¢15) »TLTIME(15))R2TL(15),22TL¢15)
COMMON/SITEX/REBSITX(100,10) yFREGX(100,10) ¢ XSITE(3,100)TSITE(100),

X TRFTIM(10)

COMMON/TANKX/RADTX(10) »ZRADTX(10)
COMMON/BUBBLE/WAKV{3,1000) V5 {3,1000) ¢ XB(3,1000),RB{1000),

X RBA(1000),IB€1000)DMBGF(1000) DMB(1000) »CDRAG(1000)
COMMON/CONVERG/DBUBCO,DLIGCOsDLEVCOyDCONCO)DENRCO,DFORCO
COMMON/SURFAS/2SURF + SURFAN, ISLIP
COMMON/L ICUID/WMLO,OML 1+DMLBF » TSUPRL » QL yREYN12,REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HG,RBMIN,NB
COMMON/GNRL/DTIME DTIMEX, TIMEND TIMPRNTH(1000) ¢ IPRINTL, IPRINTU,

X NTAPE» IRESTRT»TIME,PIMPS,PARIMP
COMMON/VOID/VOFRAC,DMBTOT
COMMON/INTEGR/NTL o NTLRyNTLZ/NRFTe¢NSITEyNRZyNPTIM)NPROP, IWAKE
COMMON/ADCONST/CWAKE yBWAKE » SCRAD » ARBDEN,DEGFAC) ICRD(3)

CDR=1,0 \
IF(FMAG)1s1s2
1 VMAG=(0
RETURN
2 TLSTZ(Xe Y029 TIM)
RHL=RHZL(TL)
SIGL=SIGZ(TL)%*32,17

~ O o o F£N
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UMUL=VISCZ(TL)

PI=3,1415927

RE1=2  #RBUBAXRHL % ( (DMUL/ (2 *RBUBASRHL ) ) »*EXPN (1) % (2 + #FMAG/

X (ACOF (1) *PI*RHL®RBUBA®RBUBA) ) ) x* {1,/ (2, %EXPN(1)))
b ¢ /0MyL
RE222 . *RBUBARRHL # ( (DMUL/ (2 . *RBUBA®RHL ) ) #%EXPN(2) % (2 . *FMAG/
(ACOF (2) *PI*RHL*RBUBASRBUBA) ) ) %% (1,/ (2, %EXPN(2)))
/OMUL
IF(RE1=REYN12)3,304
3 VMAG=RE1*CMUL/ (2, *RBUBAXRHL)
GO 10 7
4 DNETVOS=3.*FMAG/ (PI*RBUBA*SIUL)
DCDR=ACOF (3) % (1 4=EXP(=EXPN(3)*DNETVOS) )=ACOF (2) *RE2*%EXPN(2)
IF(DCDR)5¢ 546
5 VMAG=RE2#*DMUL/(2,*RBUBA*RHL)
00 TO 7
6 CORSACOF(3)%(1,~EXP(=EXPN(3)%DNETVOS))
VMAG=(8,*FMAGXRHL/ (PI*CDR) ) *%xy,5/(2,*RBUBA*RHL)
RETURN
7 CDR=2,.%FMAG/ (P1*RHL*RBUBA*RBUBA*VMAGXYMAG)
RETURN
END
SUBROUTINE ENERGY(X11sX12¢/X13+X21+sX22¢X23+R191DMGrDTeR2,)P1sP2,TIME,

X DMGAP)
COMMON/PROPRT/PPZ(30) » TPZ(30)»SPZ(30) s VPZ(30) +RPLZ(30)yUPLZ(30)»

X RPGZ(30) »UPGZ(30)
COMMON/DYNAM/TIMPROP (30) pPTIM(30) ,QLTIM(30) ,WMLOTIM(30) »SANTIM(30)

X »GANTIM(30) 1 GRATIM(30)
COMMON/TLIOX/TLTIMX(15¢15015) o TLTIME(15)»RZTL(15),2ZTL(15)
COMMON/SITEX/RBSITX(100,10) yFREQX(100+10) #XSITE(3,100),TSITE(100),

X TRFTIM(10)

COMMON/TANKX/RADTX(10) » ZRADTX(10)
COMMON/BUBBLE/WAKV (3,1000) »VB(3,1000)»XB(3,1000)RB(1000),

X RBA(1000)IB(1U00) »DMBGF(1000)DMB(1000) CDRAG(1000)
COMMON/CONVERG/DBUBCOyDLIWCO»DLEVCO,DCONCO,»DENRCO,DFORCO
COMMON/SURFAS/ZSURF » SURFAN, ISLIP
COMMON/LICUID/WMLO,DML 1 »DMLBF o TSUPRL » QL yREYN12+REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HGyREMIN, NB
COMMON/GINRL/CTIME »OTIMEXy TIMEND, TIMPRNT (1000) » IPRINTL, IPRINTU,

X NTAPE» IRESTRT»TIME,PIMPS,PARIMP
COMMON/VOID/VOFRAC»DMBTOT
COMMON/INTEGR/NTL /NTLRyNTLZ»NRFTyNSITE »NRZyNPTIMyNPROP, IWAKE
COMMON/ADCONST/CwAKE » BWAKE » SCRAD ¢ ARBDEN ,DEGFAC» ICRD(3)

ECON=1,
iT=0
DMuAP=D,
TLISTZ(X11eX129X13»TIME)
I1TMAX=50
TL2=T2(X219X229X23» TIME+DT)
PGL1=P1+2.*SIG2(TL1)/ (144 ,%R1)
RHGL=RHGZ (PG1)
UGL1=UGSZ (PG1)

‘ TS1=TSZT(P1)

> X
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34

TG1=TS2T(PG1)

TS2=TS2T(P2)

UL1SULSZ{TL1)

UL2=ULSZ(TL2)

HG1=UG1#PGl/RHG1%0,1851

HL1=SUL1+P1/RH2L (TL1)%0,1851

HL2SUL2%P2/RHZL (TLL2)%0,1851

HGFAS (HL1+HL2) /2,

R2=R}1

IF(DMG)5+616

cDMG=1,

60 70 7

CDMG:O.

DMI=4 , %3, 14162RHG1%xR1**3/3,

ASSIGN 15 TO ISs2

ASSIGN 16 TO IS3

IF(R2)32¢32:33

RIzs=R2

SIGN=‘10

PG2=P2+2,%SIG2(TL2) /(144 ,*RBMIN)

60 TO 34

RI=R2

SIGN=]1,

PG2=P2+2.*SIGZ2(TL2)/ {144 ,%R2)

TG2=TSZT(PG2)

DE=6,2832*%HG* (R1#R1*(TS1=TL1)#R2%R2%(TS2=TL2)*SIGN)=DT

RHG2=RHGZ (PG2) '

UGR=UGSZ (PG2) :

HG2=UG2+PG2/RHG2%0,1851

RHGI=SIGBN*RHG2

HFGA= (HG1+HG2) /2,

HGF XSHFGA=HGF A

DMQGF=DQ/HGFX

DM2=4 s #3.1416%RHGI*RI*%3/3,

PVW=DM1%PG1%0,1851/RHG1=-DM2xPG2%0,1851 /RHG2

IF(DMQGF) 213+ 3

Ca=0.

GO TC 4

Cca=1.

OMGAP=4 ,*3,1416%(RHG1*R1**x3=RHGI*RI%%3) /3, +DMG=DMQGF

IF(DMGAP)B819,9

cP=0,

60 10 10

CcPz=1,

DENERG:#.*3.lulet(RHGItUGZtRlttS-RHGltUG11R1tt3)/3.@0MGAP*((1.-CP)
$HFGA+CP&HGF X ) $DMQGF % { €1 o =CQ) *HFGARCQ®HGFX ) =DMGo ( (1 « =CDMG) %
HF GA+CDMGxHGF X) =PVW

IF(ABS(DENERG)~ECON®*0,001%DM1%xyG1)12,12,11

IF(DENERG)13,12,14

GO TO 1S2,(15,23,27+28)

GO TO 1S3+(16+23926¢29)

R2=(3,%(DM14DMG) /(L ¢ %3,1416%RHG1) )*%x0,3333

ASSIGN 23 TO IS2

ASSIGN 26 T0O IS3
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DF IX=DENERG
RFIX=R1
G0 TO 17
16 R2S(3,#(DM1+DMG) /(44 *3,1416%KHGL1) 1 *%(0,3333
ASSIGN 27 TO 1Ss2
ASSIGN 23 TQ 1S3
DFIX=DENERG
RFIX=R1
17 IF(ABS((R1=R2)/R1)=0,0001118+1,1
18 R2=R1%1,05
60 TO 1
23 IT=1T«1
R2Z (DENERG*RFIX=DFIX%R2) / (DENERG~CFIX)
IF(IT=1TMAX) 191,12
26 USAVE=DENERG
RSAVE=R2
ASSIGN 23 TO 153
ASSIGN 28 TQ 1s2
GC TO 23
27 USAVEz=DENERG
KSAVE=R2
ASSIGN 23 TQ IS2
ASSIGN 29 TO IS3
GO TO 23
28 DFIX=DSAVE
RFIX=RSAVE
ASSIGN 23 TO IS2
ASSIGN 26 TO 1S3
GO TO 23
29 DFIX=DSAVE
RFIXSRSAVE
ASSIGN 27 T0 1S2
ASSIGN 23 TO IS3
G0 TO 23
12 IF(R2~RBMIN)30,31,31
30 R2=RBMIN
31 RETURN
END
SUBROUTINE CONFIGR(X11eX12¢X139X219¢X22)%X23,R291I0BS»IREDCIRY)
COMMON/PROPRT/PPZ(30)2»TPZ2(30)ySPZ(30) s VPZ(30) yRPLZ(30) UPLZ(30)

X RPGZ(30)»UPGZ(30)
COMMON/DYNAM/TIMPROP (30} o PTIM(30) ,QLTIM(30) ,WMLOTIM(30) »SANTIM(30)
X »GANTIM(30) »GRATIM(30)

COMMOM/TLIAOX/TLTIMX(15s15915)TLTIME(15)yRZTL(15),22TL(15)
COMMON/SITEX/RBSITX(100+,10)FREGX(100+10) s XSITE(3,100),TSITE(100)

X TRFTIM(10)

COMMON/TANKX/RADTX (10) »ZRADTX(10)
COMMON/BUBBLE/WAKV (33,1000 VB (3+1000)sxB(3,1000)RB{(1000),

X RBA(1000),1IB(1U00) DMBGF (1000)OMB(1000) »CDRAG(1000)
COMMON/CONVERG/DBUBCO»DLIQCO»DLEVCO,DCONCO,DENRCO,DFORCO
COMMON/SURFAS/2SURF » SURFAN ISLIP
COMMON/LICUID/wWMLOyDML1+OMLBF »TSUPRL QL »REYN12/REYN23,ACOF(3),

X EXPN(3)» TBULKL

. COMMON/GASPRO/HGyRBMIN,NB
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COMMON/GNRL/DTIME +DTIMEX, TIMEND» TIMPRNT€1000) » IPRINTL,IPRINTU,
X NTAPE » IRESTRTTIME,PIMPS)PARIMP
COMMON/VOID/VOFRAC,OMBTOT
COMMON/INTEGR/NTL »NTLRyNTLZyNRFTyNSITE ) NRZyNPTIMy)NPROP, INAKE
COMMON/ADCONST/CWAKE » BWAKE » SCRAD y ARBDEN,DEGFAC/, ICRD( 3)
DCON=},
IF(XRADT({X13)=R1)501»501,502
501 IF(ISLIP)S503,503,502
503 XZ2=X13
60 TO 50
502 X22=X23
S0 IF(XZ2=R1)1,2,2
1 X2Z2=R}
IBOT=1
GO TO0 3
2 1BOT=0
3 X21=AMAX1(X13,R1)
XR1I=SGRT(X11eX11+X12xX124X21%X21)
XR2ZSQRTI{X21#X21+X22%X22¢+X22%X22)
108s=0,
TH1=SACOS(XZ1/XR1)
TH2=ACO0S({XZ22/XR2)
DXB=XRADT (XZ24R1)=XRADT(XZ2)
THETB=ATAN(DXB/R1)
IREDC1=IREDC
PHIL=ATIN(X12,X11)
PHI2=ATIN(X22,X21)
RTSR1/COS{(THETB)
19 DXB=(XRADT(X22)=XR2*SIN(TH2) )%COS({THETSB)
IF(DXB=R1)5,5,4
4 X23=X22
R2=R1
RETURN
5 IF(XRADT(XZ2)=RT)9:51+51
9 X21=0,
x22=0,
1ops=}
RI=R1
ITMAX=25
VOLB=4,%3,1416%RI%%x3/3,
IT=0
ASSIGN 37 T0 Is2
ASSIGN 38 T0 Is3
X23=XZ22
36 XZ2=AMAX1(X23,R1I)
DXB=XRADT (X22)%xCOS{THETB)
ALPHA=ASIN(DXB/RI)
THET1=ALPHA+ABS(THETB)
THET2=ALPHA=ABS(THETB) _
VOLCL1=3,1416%RI#x3%(2,%COS(THET1))*(1,=COS(THET1))*%»2/3,
VOLC2=3,1416%RI*%3%(2,»COS(THET2))%(1,.,~COS{THET2) )*%x2/3,
VOCON=3,1416*RI*x3% (COS(THET1)4COS(THET2) ) # (SIN(THET1) =2+
X SINC(THET1)#*SIN(THET2)#+SIN(THET2)*%2)/3,
VTOT=VOCON+VOLCl+VOLC2
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40
Lkl
42
37

38

4y

b3

46

47

L8

43

33

451
45

DV=VOLB=VTOT
IF(ABS(DV)I=0,001xDCON%VOLB)39,39,40
IF(DV)I41,39,42

GO TO IS2:(37su43)47048)
GO TO IS3+,(38)43s46149)
ASSIGN 43 TO ISs2

ASSIGN 46 TO ISl
DVFIX=DV

RFIX=R1

GO T0 4y

ASSIGN 47 TGO 1s2

ASSIUN 43 TO IS3
DVFIX=DV

RFIX=R1

RI=R1=+1,1

60 10 36

ITZIT~1

RIS (OV#RFIX=DVFIX*RI)/(DV=DVFIX)
IF(IT=ITMAX)36,36¢39
ASSIGN 43 TO 1S3

ASSIGN 48 TO IS2
DVSAVE=DvV

HRSAVE=RI

GO0 YO 43

ASSIGN 43 TO ISs2

ASSIGN 49 TO 1S3
DVSAVE=DV

RSAVE=RI

60 TO 43

RFIXZRSAVE

DVFIX=DVSAVE

ASSIGN 43 TO Is2

ASSIGN 46 TO 1S3

GO TO 43

RFIX=RSAVE

DVF IX=DVSAVE

ASSIGN 47 TC 1S2

ASSIGN 43 TO IS3

60 TO 43

k2=RI

X23=xz2

CALL SCREEN(X21,Xx22¢R1¢+RN»3,1REDC1)
IF(R1=-RM)45)451,45
RETURN

IRELC1=0

R1=RN

c0 TO 50

IF(ISLIP)Gr6:47

DX=R1-DXB
XZ22=XZ2+DX*SIN(THETB)
X21=X21=DX*COS(THETB)*COS(PHI2)
X22=X22=UX*¥COS(THETB)*SIN(PHIL2)
IF(XRADT(XZ2)=RT)Y»10,10

CALL SCREEN(X219X22¢%X23+/R1+RNy1iyIREDCY)
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12
11

13

52
54

55

56
57

58

53

IF{R1=RN)11,12,11

R23R1

RETURN

DR=R1=RN

R1=RN

RT=R1/COS(THETSB)

IREDC1=0

IF(XRADT(X22)=RT)9r13,13
X21=2X214(DR)=COS(THETB) *COS(PHI2)
X22=X22+{DR)#COS{THETB)*SIN(PHI2)
X23=X23=-{DR)&SIN(THETB)

R23R1

RETURN
OX1=(XRADT(XZ1)=XR1*SIN(TH1))*COS(THETB)
IF(DX1=R1)52+52,53
IF(XRADT(XZ21)=RT)54+55+55

X22=X21

60 TO 9

X23=XZ1+(R1=-DX1)*SIN(THETB)
X21=X11=(R1=Dx1)*COS(THETHB)%COS(PHI1)
X22=X12={R1=-DX1)*COS(THETB)«SINIPHI1)
IF(XRADT(X23)«RT)56¢57+57

XZ22=X23

60 T0 9

CALL SCREEN({X21,Xx22¢X23¢R1¢RN¢1,IREDCY)
IREDC1=0

DR=R1=RNM

R1SRN

RTSR1/COS(THETB)

IF (XRADT(X23)=RT)56¢58/,58
X21=X21+#0R*COS(THETB)*COS(PHI1)
X22=X22+DR*COS(THETB)*SIN(PHI1)
X23=X23=DR*SIN(THETB)

R2=R}1

RETURN

DTHETA=ABS (TH1=TH2)

OR=SERT(XR1*#XR14SIN(DTHETA) %24 (XR2=XR1%COS (DTHETA) ) %%2)
DX1=(XRADT(XZ21)=XR1*xSIN(TH1) )*COS(THETB)
DX2=(XRADT(XZ22)=XR2%SIN(TH2) ) *COS(THETB)

53

60
6l

DDR=DR#*(R1-DX2)/(DX1=Dx2)
ANGLE=ACOS((DX1=DX2)/DR)
IF(TH1=TH2)59+60,60

ANG=1 ,5707963=-ANGLE~-THETB
SIG=1,

60 TO 61
ANG=1,5707963~THETB+ANGLE
S1G==-1,
DRHO=SIG*DR*COS (ANG)
DZ=DR#SIG%SIN(ANG)
X23=X21+D2z
RPRO=XR2%COS(PHI2=~PHI1)
DR=RPRO=XR1
XSIDE=XR2*SIN(PHI2=-PHI1)*DRHU/DR
RHB=XRADT (X23)=R1

. C-34



UPHISASIN(XSIDE/RHB)

PHI=ZPHI1+DPH]

K21=RHB&COS(PHI)

X22=RHB#SIN(PHI)

CALL SCREEN(X21/9X22+X23/R11RNy1yIREDCY)
IREDC1=0

URSR1=RN

R1=RN

RT2SR1/CCOS(THETRB)

IF(XRADT(X23)=RT) 56102962
X21=X21~UP*COS(THETB) *COS(PHI)
X22=X22+UK*COS(THETE ) *SIN(PHI)
R2I=X23=DP*¥SIN(THETE)

K2=R1

RETURN

eNU

SUBROUTINE LIGLEV(OT)
COMNON/pKQPHT/PPZ(QO)vTPZ(30’OSPZ(30)'VPZ(30)'RPLZ‘BO)!UPLZ(BO)v

X RPGZ(3U) yUPGZ(50)
COMMON/DYHAM/TIMPROP(SO)'PTIM(SO)oQLTIM(BO)-UMLOTIMKSO)oSANTIM(SO)

X e GANTIM(30) +GRATIM(30)
COMMON/TLIGX/TLTIMX(15p15915)oTLTIME(15)vRZTL(lS)oZZTL[lS)
COMMON/SITEX/RBSITX(100'10>oFREQX(lOOplO)oXSITE(3o100)oTSITE(100)o

X TRFTIM(10)

COMMON/TANKX/RADTX(10) ¢ ZRADTX(10)
COMMON/BUBBLE/WAKV(3+1000)»vB(3,1000),XB(3,1000)+RB(1000),

X RBA(1000),1IB(1000),DMBGF(1000),DMB(1000),CDRAG(1000)
COMMON/CONVERG/DBUBCO,DLIQCO»DLEVCO,DCONCO, DENRCO,DFORCO
COMMON/SURFAS/ZSURF » SURFAN, ISLIP
COMMON/LICUID/WMLO;DMLl'DMLBFvTSUPRL'QLoREYNlZ'REYNZBoACOF(S)'

X EXPN(3), TBULKL
COMMON/GASPRO/HGyRBMIN)NB
COMMON/GNRL/DTIME.DTIMEX.TIMEND.TIMPRNTKIOOO)'IPRINTL.IPRINTU.

X NTAPE ¢ IRESTRT ¢ TIME ,PIMPS,)PARIMP
COMMON/VOID/VOFRAC,DMBTOT
COMMON/INTEGR/NTL;NTLR.NTLZ;NRFT»NSITErNRZoNPTIMoNPROPoIWAKE
COMMON/AUCONST/CwAKE'BwAKEpSCRADoARBOEN.OEGFAC;ICRD(S)

OCON=1,
P=PZ(TINZ+DT)
TMLSbB=ZO,
DMBTCT=0.
IFI(NB)B839»E3r 8y

84
8u
83

82
81

vO 80 I=1,Ng
TMLOB=TMLOB+OMBGF (1) *DEGF AC
TOTML=DML 1+TMLUR
IF(TMLDB)&1+¢81,82
TBULKL=(UML1I*TBULKL+TSZT(P)xTMLDB)/TOTML
UML1=TOTML
KRHOL=RHZL ( TBULKL)
TOTVOLL=0OML1/RHOL
TSAT=TSZT(P)
TOTVOLB=0,
KHOLS=RHZL (TSAT)
IF(NB)B85+85186
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86

[

85

n

3
4
5
23
27
28

23

21

DO 1 I=1.NB
TLSTZ(XB(1rvI) o XBt2+1) e XB(3¢1) TIME®DT)
PTSP«2.#SIG2(TL) /(144 .%RBA(]I))
RHOG=RHGZ(PT)
DMBTOT=DMBTOT #4 ,#3.1416%RHOG*RBA(I)*s3/3,
TOTVOLB=TOTVOLB#4 . *3,1416*RBA(I)*»=3/3,
TOTVOLB=TOTVOLB*DEGFAC
DMBTOT=DMBTOT#DEGFAC

ASSIGN 27 T0 1ISs2

ASSIGN 23 TO 1S3
TOTVOL=TOTVOLL+TOTVOLB
VOFRAC=TOTVOLB/TOTVOL

IT=0 !

ZFIX=0,

ITMAX=50

VFIX=TOTVOL

SURF IN=SURFAN
VIEST=TOTVOL=VOLFZT (ZSURF » SURFIN)
IF(ABS(VTEST)=0,001=0UCONXTOTVOL)21+21,3
IF(VTESTIU 22145

60 1O IS2e(23+27926)

> 60 TO IS30(23926929)

IT=ITe1

ZSURF=(VTEST#ZF IX=VF IX®ZSURF )/ (VTEST=VEIX)

IF(IT=-ITMAX)2,2,6

G0 TO 21

VSAVE=VTEST

ZSAVE=2SURF

ASSIGN 23 TO IS3

ASSIGN 28 TO IS2

GO TO 23

VSAVE=VTEST

ZSAVE=ZZSURF

ASSIGN 23 TO IS2

ASSIGN 29 TO 1S3

GO TO 23

VFIX=VSAVE

ZFIX=2SAVE

ASSIGN 23 TO IS2

ASSIGN 26 TO IS3

GO TO 23

VF IX=VSAVE

ZFIX=ZSAVE

ASSIGN 27 TO IS2

ASSIGN 23 TO 1S3

60 TO 23

SURFANSSURF IN

DO 7 I=1sNB

DMBGF (1120

RETURN

END

FUNCTION VOLFZT(ZSURF »SURFIN)

COMN.ON/PROPRT/PPZ(30) ¢ TPZ(30) 1SPZ(30) ,VPZ(30) +»RPLZ(30) »UPLZ(30) s
RPGZ(30) »UPGZ(30) .
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X

X

X

X

X

X

X

COMMON/DYNAM/TIMPROP (30) ¢ PTIM(30) yQLTIMC30) pWMLOTIMI30) »SANTIM(30)
s GANTIM(30) »GRATIM(30)
COMMON/TLIGX/TLTIMX(159)15¢15)»TLTIMEC15)R2TL(15),22TL{15)
COMMON/SITEX/RBSITX(100+10) »FREQX(100,10) ¢+ XSITE(3,100)yTSITE(100),
TRFTIM(10)
COMMON/TANKX/RADTX(10) » ZRADTX(10)
COMMON/BUBBLE /WAKV(3,1000)oVB(3,1000)XB(3,1000)sRB(1000),
RBA(1000),IB(1000),DMBGF (1000)DMB11000),CDRAG(1000)

COMMON/CONVERG/DBUBCUDLIQCODLEVCO,DCONCO,DENRCO,DFORCO

COMMON/SURFAS/ZSURF » SURFAN, ISLIP

COMMON/LICUID/WMLO,DML1/»DMLBFTSUPRL QL yREYN12+REYN23,ACOF(3),
EXPN(3), TBULKL

COMMON/GASPRO/HG¢RBMIN)NB

COMMON/GNRL/DTIME )DTIMEX TIMEND » TIMPRNT(1000) » IPRINTL » IPRINTU,

NTAPE» IRESTRT'TIME,PIMPS yPARIMP

COMMON/VOID/VOFRAC,DMBTOT

COMMON/INTEGR/NTL ¢« NTLRyNTLZsNRFTyNSITE)NRZyNPTIMyNPROP ) IWAKE

COMMON/ADCONST/CWAKE »BWAKE » SCRAD » ARBDEN,DEGFAC, ICRD(3)

DXB=XRADT (ZSURF )=XRADT(0,)

THETB=ATAN(DXB/ZSURF)

THETAB=ABS(THETRB)

SURFA=ABS (SURFIN)

DSID=XRADT(ZSURF ) *SIN(SURFA)*COS{THETB) /SIN(1,5707693=-SURFA=THETB)

IF(DSID=2SURF)7¢71¢6

SURFINSATAN(ZSURF/XRADT(0.) )*SIGN(1,+»SURFIN)

SURFA=ABS (SURFIN)

IF(THETAB=0,001)4,4,71

IF(THETB) 3045

VOLFZT=3,1416%XRADT(ZSURF ) *%2%2SURF

RETURN

ACO=SIN(1.5707963=THETB) /SIN{(1,5707963»THETB=SURFA)

bCO=SIN(1.5707963+THETB) /SIN(1,5707963=THETB=SURFA)

RMAJR=XRADT (2SURF) % (ACO+BCO) /2,

UR=RMAJR=ACO%XRADT (ZSURF)

ZUPRZZSURF+DRxSIN(SURFA)

RUPRSXRADT(ZUPR)

DXBz=DR#COS{SURFA)

ANGLE=ACOS(UXB/RUPR)

RMINR=ZRUPRXSIN(ANGLE)

ARLU=3,1416xRMINR*RMAUR

ZLWR=2ZSURF=(RMAJR=ABS (DR) ) *SIN(SURFA)

VOLFZT=3.1416%ZLwRx(XRADT(0,)*%x24XRADT (0. ) xXRADT{ZLWR)wXRADT (ZLWR)

*%2)/3,
RLWR=XRADT(ZLWR)
VOLFZT=VOLFZT4RLWR*(3,1416*%RLWR*#2%SIN(1,5707963~THETAB)=ARLUx
SIN(1.5707963=THETAB=SURFA))/SIN{THETAB)

RETURN i

ACO=SIN(1.5707963=THETR) /SIN(1.5707963+THETB=SURFA)

BCO=SSIN(1.5707963+THETB) /SIN(1,5707963=THETB=SURFA)

RMAUR=XRADT (ZSURF) = (ACO+BCO) /2,

ZUPR=2ZSURF+ (RMAUR=ACO%XRADT (ZSURF ) )*SIN(SURFA)

RUPR=XRADT(Z2UPR)

DXB= (RMAUR=ACOXXRADT { ZSURF ) ) *COS (SURFA)

ANGLE=ACCS(DXB/RUPR)
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KMINR=RUPR®SIN{ANGLE)

ARLUZ3,1416xRMINR®RMAJR
ZLWR:ZSURF-(RMAJR-ABS(RMAJR-ACO:XRADT&ZSURF)))#SIN(SURFA)
RLWR=XRADT(ZLWR)

RZERO=XRADT(0,)

VOLFXT=3.1416%ZLWR* (RZERO*#2+RZERO*RLWR+RLWR*%2}/3,
VOLFZT=VOLFXT#RLWR* (ARLUXSIN(1,6707963=THETAB=SURFA) #(1,%2,»TAN(
X THETAB)#TAN(SURFA))—3.1“16*RLWR*#2&SIN(1.5707963-THETAB))/
X SIN(THETAB)

RETURN

END

FUNCTION UGSZIP)
COMMON/PHOPRT/PPZ(SO)oTPZ(30)vSPZ(BO)oVPZ(30)vRPLZ(SU)oUPLZ(30)v

X RPGZ(30)»UPGZ(30)
COMMON/DYNAN/TIMPROP(BO)'PTIM(BO)rQLTIM(SO)pNMLOTIM(30)'5ANTIM(30’

X s GANTIM(30) yGRATIM(30)
COMMON/TLIGX/TLTIMX(ISo15'15)oTLTIMEQIS)oRZTLtls)'ZZTLKIS)
COMMON/SITEX/RBSITX(lOOo10)'FREGX(IOOrIO)oXSITECS'IDO)'TSITE(IOO)o

X TRFTIM(10)

COMMON/TANKX/RADTX (1U) » ZRADTX(10)
COMMON/BUBBLEIWAKV(3'1000)oVB(BolOUO)'XE(3'1000)9RB(1000)p

X RBA(1000)»IB(1000) yOMBGF (1000)+OMB(1000)yCORAG(1000)
COMMON/CONVERG/DBUBCOoDLIOCOoDLEVCO'DCONCOvDENRCO'DFORCO
COMMON/SURFAS/2SURF » SURFAN, ISLIP
COMMON/LICUIDINMLOpDMLlvDMLBF'TSUPRLvQL.REYN120REYN23'AC0F(3)o

X EXPN(3)» TBULKL
COMMON/GASPRO/HG)RBMIN,)NB
COMMON/GNRL/DTIME'DTIMEX,TIMEND:TIMPRNT(1000)oIPRINTL.IPRINTUv

X NTAPE» IRESTRT»TIME,PIMPS,)PARIMP
COMMON/VOID/VOFRAC,DMBTOT
COMMON/INTEGR/NTL-NTLRpNTLZoNRFToNSITEoNRZvNPTIMoNPROP.IHAKE
COMMON/ADCONST/CWAKE.BWAKE:SCRAD'ARBDEN,DEGFAC;ICRDCB)

CALL TABL(P,UGSZ,PPZ(1)rUPGZ(1)s1,1s1)NPROP,IFB)

RETURN

END

FUNCTION ULSZ(T)
COMMON/PROPRT/PPZ(&O)oTPZ(30)rSPZ(30)oVPZ(30)pRPLZ(30)oUPLZ(30)'

X RPGZ(30) UPGZ(30)
COMMON/DYNAM/TIMPROP(SO)oPTIM(SO)oQLTIMISO)pNMLOTIM(30)oSANTIM(30)

X s GANTIM(30) r GRATIM(30)
COMMON/TLIGX/TLTIMX(ISp15:15)oTLTIME(ls)oRZTL(IS)oZZTL(lS)
COMMON/SITEX/RBSITX(lOOo10)oFREGX(lOOolO)vXSITE(3o100)oTSITE(lOO)o

X TRFTIM(10)

COMMON/TANKX/RADTX(10) »ZRADTX(10)
COMMON/BUBBLE/WAKV(Bu1000)oVU(SleOO)oXB(SleOO)rRB‘lOOO)-

X RBA(lDuO)olb(luou)cDMBGF(IOOO)vDMB(1000)oCDRAG{1000)
COMMON/CONVERG/DBUBCOoDLIQCOrDLEVCOoDCONCO'DENRCO'DFORCO
COMMON/SURFAS/ZSURF » SURFAN» ISLIP )
COMMON/LICUID/NMLO,DMleDMLBFrTSUPRLvQL.REYNIZoREYNZS.ACOF(3)'

X EXPN(3), TBULKL
COMMON/GASPRO/HG ¢ RBMIN NB
COMMON/GNRL/DTIME'DTIMEXoTIMENOvTIMPRNT(1000)oIPRINTLvIPRINTUo

X NTAPE s IRESTRT»TIME ,PIMPS, PARIMP
COMMON/VOID/VOFRAC,DMBTOT .
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COMMON/INTEGR/NTL ¢ NTLR/NTLZ ¢NRFTyNSITE »NRZ, NPT IMyNPROP ) INAKE
COMMON/ADCONST/CWAKE » BWAKE » SCRAD » ARBDEN , DEGFAC » ICRD(3)

CALL TABL(T)ULSZ,TPZ(1)+UPL2(1)s1,1,1,NPROP,IFB)

RETURN

END

FUNCTION SIGZ(T) '

. COMMON/PROPRT/PPZ(30) ¢ TPZ(30)/SPZ(30)»VPZ(30) »RPLZ430),UPLZ{30)

X RPGZ(30) UPG2(30)
COMMON/DYNAM/TIMPROP (30) yPTIM(30) QLTIM(30) , WMLOTIMT30) , SANTIM(30)

X +GANTIM(30) +GRATIM(30)
COMMON/TLIGX/TLTIMX(15+15¢15) yTLTIME(15) )RZTL (15),22TL(15)
COMMON/SITEX/RBSITX(100¢10) »FREQX(100¢10) s XSITE(3,100),TSITE(100)»

X TRFTIM(10)

COMMON/TANKX/RADTX(10) y ZRADTX(10)
COMMON/BUBBLE/WAKV(3+1000)»VB{3,1000),XB(3,1000) REB(1000),

X RBA(1000)»IB(1U00) »OMBGF (1000) ¢DMB(1000),CDRAG(1000)
COMMON,/CONVERG/DBUBCOOLIGCO+DLEVCO,DCONCO,DENRCO , OFORCO
COMMON/SURFAS/ZSURF » SURFAN) ISLIP
COMMON/LICUID/WMLOsDML1+DMLBF ) TSUPRL » QL yREYN12+REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HG, RBMIN,NB
COMMON/GNRL/DTIME +DTIMEX ) TIMEND s TIMPRNT (1000) » IPRINTL , IPRINTU,

X NTAPE, IRESTRTTIME,PIMPS, PARIMP ,
COMMON/VOID/VOFRAC ,DMBTOT
COMMON/ INTEGR/NTL ¢NTLRNTLZ ¢NRFT yNSTITE +NRZ yNPTIM»NPROP, IWAKE
COMMON/ADCONST/CWAKE » BWAKE » SCRAD » ARBDEN , DEGFAC» ICRD(3)

CALL TABL(T/SIG2,TPZ(1)rSPZ(1)s1+1+¢1+NPROP,IFB)

RETURN

END

FUNCTION RHZL (T)
COMMON/PROPRT/PPZ(30) s TPZ(30) 1SPZ(30) yVPZ(30) »RPLZ{30) ,UPLZ(30) »

X RPGZ(30) yUPGZ(30)
COMMON/DYNAM/TIMPROP (30) PTIM(30) yQLTIM(30) ,WMLOTIM(30) »SANTIM(30)

X »GANTIM(30) + GRATIM(30)

COMMON/TLIGX/TLTIMX(15+15¢15) sTLTIME(15),RZTL(15),22TL(15)
COMMON/SITEX/RBSITX(100+10) +FREQX(100410) 4 XSITE(3,100),TSITE(160),

X TRFTIM(10)

COMMON/TANKX/RADTX(10) » ZRADTX(10)
COMMON/BUBBLE/WAKV (3,1000) »VB(3+1000) ,XB(3,1000) +RE(1000),

X RBA(1000)+1B(1000) »DMBGF (1000),0MB(1000),CDRAG(1000)
COMMON/CONVERG/DBUBCO,OLIGCO+DLEVCO,DCONCO, DENRCO , DFORGO
COMMON/SURFAS/ZSURF » SURFAN) ISLIP
COMMON/LICUID/WMLO,DML1+DMLBF s TSUPRL QL ,REYN12,REYN23,ACOF (3),

X EXPN(3), TBULKL
COMMON/GASPRO/HG » RBMIN » NB
COMMON/GNRL /DT IME s DTIMEX ) TIMEND» TIMPRNT (1000) » IPRINTL , IPRINTU,

X NTAPE,» IRESTRT » TIME,PIMPS, PARIMP
COMMON/VCIL/VOFRAC,DMBTOT ‘

COMMON/ INTEGR/NTL s NTLR»NTLZ#NRFT yNSITE yNRZ s NPT IM) NPROP , IWAKE
COMMON/ADCONST/CWAKE » BWAKE » SCRAD » ARBDEN ,DEGFAC, ICRD(3)

CALL TABL(T/RHZL,TPZ(1)sRPLZ(1)+1,1+1,NPROP,IFB)

RETURN
END
FUNCTION RHGZ(P)
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COMMON/PROPRT/PPZ(30) ¢ TPZ(30) +SPZ2(30)»VPZ(30)RPLZ(30))UPLZ(30)¢

X RPGZ(30)»UPGZ(30)
COMMON/DYNAN/TIMPROP (30) yPTIM(30) yQLTIM(30) yWMLOTIM{30) ySANTIM(30)

X e GANTIM(30) »GRATIM(30)
COMMON/TLIGX/TLTIMX(15915¢15) o TLTIME(15)RZTL(15),22TL(15)
COMMON/SITEX/RBSITX(100+10) »FREQX(100,10) ¢ XSITE(3,100),TSITE(1u0),

X TRFTIM(10)

COMMON/TANKX/RADTX(10) ¢ ZRAUTX(10)
COMMON/BUBBLE /wAKV (3,1000) oV (3,1000)»XR(3,1000)RB(1000),

X RBA(1000)I8(1000),CMBGF (1000),DMB(100U)»CORAG(1000)
COMMON/CONVERG/DBUBCODLIGCO»DLEVCO,DCONCO,DENRCO,DFORCO
COMMON/SURFAS/2SURF » SURFAN ISLIP
COMMON/LICUID/WMLO,DML1»DMLBF » TSUPRL» QL )REYN12/REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HGyRBMIN, NB
COMMON/GNRL/DTIME »DTIMEX) TIMENDy TIMPRNT(1000) » IPRINTL, IPRINTU,

X NTAPE» IRESTRTTIME)PIMPS)PARIMP
COMMON/VOID/VOFRAC,DMBTOT
COMMON/ INTEGR/NTL ¢ NTLReNTLZyNRFTyNSITE/NRZyNPTIM)NPROP, IWAKE
COMMON/ADCONST/CWAKE +BWAKE » SCRAD » ARBDEN ,DEGFAC» ICRD(3)

CALL TABL(P/RHG2yPPZ(1))RPGZ{1)s1,1+1yNPROP,IFB)

RETURN

END

FUNCTION P2(TIM)
COMMON/PROPRT/PPZ(30)TPZ(30)9sSP2(30)+vPZ(30)»RPLZ(30))UPLZ(30)

X RPGZ(30)UPGZ(30)
COMMON/DYNAM/TIMPROP(30) +PTIM(30) yQLTIM(30) o WMLOTIM(30)+»SANTIM(30)

X » GANTIM(30) »GRATIM(30)
COMMON/TLIGOX/TLTIMX(15+,15+15)»TLTIME(15)RZTL(15),22TL(15)
COMMON/SITEX/RBSITX(100+10) +FREQX(100,10) ¢ XSITE(3,100),TSITE(100),

X TRFTIM(10)

COMNMON/TANKX/RADTX(10) »ZRADTX(10)
COMMON/BUBBLE /wAKV(3,1000),vB(3,1000),XB(3,1000)»RB{1000),

X RBA(1000),IB(1000),DMBGF(1000) DMB(1000),CDRAG(1000)
COMMON/CONVERG/DBUBCO»DLIGCODLEVCO»DCONCODENRCO,DFORCO
COMMON/SURFAS/ZSURF » SURFAN ISLIP
COMMON/LICUID/WMLO,DML1»DMLBF » TSUPRL » QL yREYN12,REYN23,ACOF(3),

X £XPN(3), TBULKL
COMMON/GASPRO/HGyRBM Ny NB
COMNON/GNRL/DTIME»DTIMEX,» TIMEND TIMPRNT(1000) » IPRINTL, IPRINTU,

X NTAPE» IRESTRT»TIMEyPINMPS)PARIMP
COMMON/VOID/VOFRAC,DMBTOT
COMMON/INTEGR/NTL o NTLRyNTLZ»NRFTyNSITE»NRZyNPTIMINPROP, IWAKE
COMMON/ADCONST/CWAKE yRAAKE » SCRAD» ARBDEN,DEGFAC,» ICRD(3)

CALL TABL(TIMyPZ,TIMPROP(1) ,)PTIM(1)»1+s1+1/NPTIM,IFB)
RETURN

END
FUNCTION TSZT(P) .
COMMON/PROPRT/PPZ(30) + TPZ(30)9ySPZ(30),VvPZ130) RPLZ(30),UPLZ(30)

X RPGZ(30)»UPGZ(30)

COMMON/DYNAM/TIMPROP (30) »PTIM(30) yQLTIM(30) y WMLOTIM(30) s SANTIM(30)

X ¢t GANTIM(30) ¢+ GRATIM(30)
COMMON/TLIGX/TLTIMX(15¢15+15),TLTIME(15)yRZTL(15),22TL(15)
COMMON/SITEX/RBSITX(100¢10),FREQX(100,10) ¢ XSITE(3,100),TSITE(100), .
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X TRFTIM(10)

COMMON/TANKX/RADTX(10Q) »ZRADTX(10)
COMMON/BUBBLE/WAKV(3,1000),VvB(301000),XB(3,1000),RB{(1000),

X RBA(1000),18(1000) »OMBGF (1000) ,OMB(1000) CORAG(1000)
COMMON/CONVERG/DBUBCO,OLIGCO»DLEVCO,DCONCO»DENRCO,0FORCO
COMMON/SURFAS/2SURF » SURFAN, ISLIP
COMMON/LICUID/WMLOyDML 1+DMLBF ¢ TSUPRL QL ¢REYN12/REYN23,ACOF(3),

X EXPN(3),TBULKL
COMMON/GASPRO/HG,RBMIN)NB
COMMON/GNRL/DTIME »DTIMEX TIMEND TIMPRNT (1000) ¢ IPRINTL,, IPRINTU,

X NTAPE» IRESTRT»TIME,PIMPS,PARIMP
COMMON/VOID/VOFRAC,)DMBTOT
COMMON/INTEGR/NTLNTLRoNTLZ o NRFTeNSITE+NR2ZyNPTIMsNPROPy IWAKE
COMMON/ADCONST/CWAKE y BWAKE » SCRAD » ARBDEN,DEGFAC, ICRD(3)

| CALL TABL(P»TSZT/PPZ(1)sTPZ(1)y1+1v1¢NPROP,IFB)

RETURN

END

FUNCTION XRADT(2)

COMMON/PROPRT/PPZ(30) ¢ TPZ(30) 1SPZ(30)+VPZ(30) +RPLZ(30))UPLZ(30)»

X ' RPGZ(30)»UPGZ(30)
COMMON/DYNAM/TIMPROP(30) yPTIM(30) »QLTIM(30) ,WMLOTIM(30) s SANTIM(30)
X ¢ GANTIM(30) e GRATIM(30)

COMMON/TLIGX/TLTIMX(15915015)TLTIME(15),RZTL(15),22TL(15)
COMMON/SITEX/RBSITX(100+10) »FREQX(100,10) o XSITE(3,100),TSITE(100)
X TRFTIM(10)

COMMON/TANKX/RADTX(10) »ZRADTX(10)

COMMON/BUBBLE /WAKV (3,1000),vB(3,1000),XB(3,1000) +RB(1000),

X RBA(1000),1I8B(1000) »OMBGF (1000) +OMB(1000),CDRAG(1000)
COMMON/CONVERG/DBUBCO,DLIQCO»DLEVCO,DCONCO,DENRCO,DFORCO
COMMON/SURFAS/ZSURF » SURFAN, ISLIP

‘ COMMON/LICUID/WMLO DML 1+DMLBF yTSUPRL » QL 4REYN12/REYN23,ACOF(3),

\ X EXPN(3), TBULKL

\ COMMON/GASPRO/HG, RBMIN,NB

|

COMMON/GNRL/DTIME yDTIMEX ) TIMEND» TIMPRNT(1000) ¢ IPRINTL , IPRINTY,

X NTAPE, IRESTRT» TIME,PIMPS,PARIMP
COMMON/VOID/VOFRAC,DMBTOT
COMMON/INTEGR/NTLeNTLR/NTLZ/NRFT)NSITE/NRZyNPTIMyNPROP, IWAKE
COMMON/ADCONST/CWAKE y BWAKE » SCRAD » ARBDEN,DEGFAC» ICRD{ 3)

CALL TABL(ZyXRADT»ZRADTX(1)RADTX(1)0s10301yNRZsIFB)
RETURN
END

FUNCTION VISCZ(T)

1 COMMON/PROPRT/PPZ(30) +TPZ(30)»SPZ2(30)sVPZ(30) »RPLZ(30))UPLZ2(30)¢

a X RPGZ(30) »UPGZ(30)
| COMMON/DYNAM/TIMPROP (30) yPTIM(30) »QLTIM(30),WMLOTIM(30) »SANTIM(30)
X ¢+GANTIM(30) +GRATIM(30)

COMMON/TLIAGX/TLTIMX(15915¢15)yTLTIME(15))RZTL(15),22TL(15)
COMMON/SITEX/RBSITX{100,10) »FREQX(100,10) 9 XSITE(3,100),TSITE(100),
X TRFTIM(10)
COMMON/TANKX/RADTX (10) »ZRADTX(10)
COMMON/BUBBLE/WAKV(3,1000)»VvB(3,1000)XR(3,1000)RB(1000)
X RBA(1000),IB(1000) »DMBGF(1000),DMB(1000),CORAG(1000)
| COMMON/CONVERG/DBUBCO,,DLIQCO»DLEVCO»DCONCO»DENRCO,0FORCO
‘ . COMMON/SURFAS/ZSURF » SURFAN) ISLIP
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COMMON/LICUID/WMLOy DML 1»DMLBF » TSUPRL » QL yREYN12+/REYN23,ACOF(3),

X EXPN(3), TOULKL
COMMON/GASPRO/HGyRBMIN,NB
COMMON/GNRL/DTIME»DTIMEX,y TIMEND » TIMPRNT (1000) » IPRINTL, IPRINTU,

X NTAPE» IRESTRT»TIME,PIMPS,PARIMP
COMMON/VOID/VOFRAC,DmBTOT
COMMON/INTEGR/NTLNTLR s NTLZyNRFToNSITE»NRZyNPTIM)NPROP, IWAKE
COMMON/ADCONST/CwAKE yBwAKE » SCRADy ARBDEN,DEGFAC» ICRD(3)

CALL TABLI(T,VISCZyTPZ(1)sVPZ(1)s1,1+1,NPROP,IFR)

RETURN

END

FUNCTION LEVANG(TIM)
COMMON/PHROPRT/PPZ(30) s TPZ(30) 1SFZ(30)»VPZ(30) +RPLZE30))UPLZ(30)

X RPGZ(30)»UPGZ(30)
COMMON/DYNAM/TIMPROP (30) ¢ PTIM(30)»QLTIM(30) yWMLOTIM(30)ySANTIM(30)

X ¢ GANTIM(30) »GRATIM(30)

COMMON/TLIGX/TLTIMX(15+15¢18) ,TLTIME(15)/R2ZTL(15),22TL(15)
COMMON/SITEX/RBSITX(100,10)FREQX(100,10) ¢ XSITE(3,100),TSITE(100),

X TRFTIM(10)

COMMON/TANKX/RADTX(10)+»ZRADTX(10)
COMMON/BUBBLE/WAKV(391000)»VvB(3+,1000)XR(3,1000)»RB(1000),

X RBA(1000)»1I8(1000),DMBGF(1000) DMB(1000),,CDRAG(1000)
COMMON/CONVERG/DBUSCU»DLIQCO,DLEVCODCONCO,DENRCO,DFORCO
COMMON/SURFAS/2ZSURF » SURFAN, ISLIP
COMMON/LICUID/WMLO,DML1,DMLBF » TSUPRL» QL yREYN12/»REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HG,»RBMIN,NB
COMMON/GNRL/DTIME »DTIMEX, TIMEND » TIMPRNT(IOOO)oIPRINTL IPRINTU,

X NTAPE» IRESTRT»TIME,PIMPS,PARIMP
COMMON/VOID/VOFRAC,DMBTOT
COMMON/INTEGR/NTL ¢ NTLRyNTLZyNRFTINSITE/NRZyNPTIMyNPROP) IWAKE
COMMON/ADCONST/CwAKE yBWAKE » SCRAD » ARBDENyDEGFAC» ICRD(3)

CALL TABLA(TIM)LEVANG,TIMPROP(1),SANTIM(1)+s1,1»1/NPTIM,IFB)
RETURN

ENU

FUNCTION GRAVITY(TIM)
COMMON/PROPRT/PPZ(30)»TPZ(30)91SPZ(30)»VPZ(30) RPLZ(30),UPLZ(30)

X RPGZ(30) »UPGZ(30)
COMMON/DYNAM/TIMPROP (30) yPTIM(30),QLTIM(30) ,WMLOTIM(30) »SANTIM(30)

X ¢ GANTIM(50) yGRATLIM(30)

COMMON/TLIOX/TLTIMX(15,15¢15)» TLTIME(1%)yRZTL(15),2ZTL(15)
COMMON/SITEX/RUSITX(100010) yFREGX(100,10) ¢ XSITE(3,100),TSITE(100),
X TRFTIM(10)

COMMON/TANKX/RADTX(10) » ZRADTX(10)

COMMON/BUEBLE /wAKV(3,1000) 2VB{(3+1000)»XP(3,1000)»RB(1000)»

X RBA(10u0)»IB(10U00) »CMBGF(1000)+DMB(1000)»CDRAG(1000)
COMMON/CONVERG/DBUBCO»DLIQCOYDLEVCO,DCONCO, DENRCO DFORCO
COMMON/SURFAS/2SURF » SURFAN, ISLIP
COMMON/LICUID/wMLOyOML1,DMLBF » TSUPRL »OL yREYN12/REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HGyRBMIN, NE
COMMON/GNRL/DTIME DTIMEX, TIMEND, TIMPRNT(1000) » IPRINTL, IPRINTU,

X NTAPE» IRESTRT»TIME,PIMPS,PARIMP
COMMON/VOID/VOFRAC, DMBRTOT



COMMON/INTEGR/NTLoNTLRoNTLZrNRFT'NSITE;NRZ.NPTIM!NPROP'IVAKE
COMMON/ADCONST/CwAKE » BWAKE » SCRAD y ARBDEN DEGFAC ) ICRD( 3)

CALL TABL(TIM)GRAVITY,TIMPROP(1)/)GRATIM(1),1,1+1+NPTIM,IFB)
RETURN

END

FUNCTION GRANGL(TIM)

v COHMON/PROPRT/PPZ(SO)oTPZ(SO)vSPZ(SO)rVPZ(SO)oRPLZ‘BO)oUPLZ(30)!

X RPGZ(30)»UPGZ{30)

COMMON/DYNAM/T IMPROP (30) ¢PTIM(30) yQLTIM(30), WMLOTIM(30) ,SANTIM(30)

X 'GANTIM(30) 1GRATIM(30)

COMMON/TLIAX/TLTIMX(15,15+15)» TLTIME(15)sR2TL(15),22ZTLL15)
COMMON/SITEX/RBSITX(100+10)FREQX(100,10) ¢ XSITE(3,100),TSITE(100),

X TRFTIM(10)

COMMON/TANKX/RADTX(10) ¢ ZRADTX(10)
COMMON/BUBBLE/WAKV(391000) »VE5(391000) s XR(3,1000) RB(1000) s

X RBA(1000)»IB(1U0G) »DMBGF (1000) yDMB(1000),CDORAG(1000)
COMMON/CONVERG/0BUBCO,OLIQCO»DLEVCODCONCO ) DENRCO,DFORCO
COMMON/SURFAS/ZSURF » SURFAN ISLIP
COMMON/LICUID/wWMLO»DML 1+ DMLBF » TSUPRL » QL yREYN12/REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HG,RBMIN, NB
COMMON/GNRL/DTIMEoDTIMEXoTIMENDvTIMPRNT(1000)oIPRINTL.IPRINTUp

X NTAPE» IRESTRT»TIME)PIMPS,PARIMP
COMMON/VOID/VOFRAC,)DMBTOT
COMMON/INTEGR/NTLONTLR'NTLZONRFTDNSITEONRZONPTIMONPROP'IWAKE
COMMON/ADCONST/CWAKE » BWAKE » SCRAD » ARBDEN DEGFAC» ICRD(3)

CALL TABL(TIM,GRANGL,TIMPROP(1),GANTIM(1)s1,1+1,NPTIM,IFB)
RETURN :

END

FUNCTION RBSITZ(N,TIM)
COMMON/PROPRT/PPZ(SO)'TPZ(30)vSPZ(30)vVPZ(30)oRPLZ(BO)oUPLZ(30)O

X RPGZ(34)»UPGZ{30)
COMMON/DYNAM/TIMPROP(SO)oPTIM(30)vQLTIMISO)vNMLOTIM(SO)'SANTIM(30)

X 1 GANTIM(30) +GRATIM(30)
COMMON/TLIGX/TLTIMX(15+15+15) s TLTIME(15)/R2ZTL(15),22ZTL{15)
COMMON/SITEX/RBSITX(IOO-10)vFREQX(lOOle)oXSITE(3.100)cTSITE(100)v

X TRFTIM(10)

COMMON/TANKX/RADTX(10)»ZRADTX(10)
COMMON/BUBBLE /wAKV (3,1000) »VB(3,1000) yXB(3,1000)+RB(1000),

X RBA(1000),1IB(1U00),DMBGF(1000),DMB(1000),CORAG(1000)
COMMON/COMNVERG/DBUBCO»DLYGCO/DLEVCO,DCONCO,DENRCO,DFORCO
COMMON/SURFAS/ZSURF ¢ SURFAN, ISLIP
COMMON/LICUID/wMLOoDMLlrDMLBFrTSUPRLvQLoREYN12'REYN23'ACOF(3)r

X EXPN(3), TBULKL
COMMON/GASPRO/HG,RBMIN,NB
COMMON/GNRL/DTIME'DTIMEXpTIMEND'TIMPRNT(1000)!IPRINTL'IPRINTU'

X NTAPE » IRESTRT»TIME ) PIMPS)PARIMP
COMMON/VOIU/VOFRAC)DMBTOY ‘
COMNON/INTEGR/NTLvNTLP:NTLZ»NRFTpNSITE0NRZrNPTIMoNPR0PpIHAKE
COMMON/ADCONST/CWAKE  BWAKE » SCRAD y ARBDEN ,DEGFACs ICRD(3)

DIMENSION DUMMY(10)

DO 2 I=Z1/NRFT

DUMMY (1) =RBSITX (N ID)

CALL TABL(TIM,RBSITZ»TRFTIM(1),DUMMY(1),1,1,1,NRFT,»IFB)
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RETURN

END

FUNCTION FREQZT(N,TIM1,TIM2)
COMMON/PROPRT/PPZ(30) o TPZ(30) »SPZ(30)»VPZ(30) ¢RPLZ(30)»UPLZ(30)

X RPGZ(30),UPGZ(30)
COMMON/DYNAM/TIMPROP (30) yPTIM(30) ,QLTIM(30) ,WMLOTIM(30) o SANTIM(30)

X ¢ GANTIM(30) »GRATIM(30)

COMMON/TLIGX/TLTIMX(15,15+15)  TLTIME(15)9R2TL(15),22TL(15)
COMMON/SITEX/RBSITX(100,10) »FREGX(100,10) #XSITE(3,100),TSITE(100)»
X TRFTIM(10)

COMMON/TANKX/RADTX(10) »ZRADTX(10)

COMMON/BURBLE /WAKV (3,1000)»V3(3,1000),XB{(3,1000),RB(1000),

X KBA(1000),1B(1000) »DMBGF (1000) »DMB(1000),CDRAG(1000)
COMMON/CONVERG/DBUBCO,DLIGCO»DLEVCO,DCONCO,DENRCO,DFORCO
COMMON/SURFAS/ZSURF + SURFAN, ISLIP
COMMON/L ICUID/WMLO,DML1+DMLBF » TSUPRL » QL /REYN12/REYN23,ACOF(3),

X EXPN(3),TBULKL
COMMON/GASPRO/HGyRBMIN,NB
COMMON/GNRL/DTIME yDTIMEX, TIMEND,» TIMPRNT (1000) o IPRINTL» IPRINTU,

X NTAPE ¢ IRESTRT» TIME,PIMPS,PARIMP
COMMON/VOID/VOFRAC,OMBTOT
COMMON/ INTEGR/NTLNTLRyNTLZsNRFToNSITE)NRZyNPTIM)NPROP, IWNAKE
COMMON/ADCONST/CWAKE ¢y BWAKE » SCRAD » ARBDEN ,DEGFAC» ICRD(3)

VIMENSION DUMMY(10)

00 2 I=1eNRFT

OUMMY (1) SFREQX (N, I)

CALL TABL(TIM1,FR1»TRFTIM(1)sDUMMY(1)/,1,1+1,NRFT»IFB)

CALL TABL(TIM2,FR2,TKFTIM(1)/DUMMY(1),1+1+1,NRFT,IFB)
FREQWZT=(FR1+FR2) /2,

RETURN

END

FUNCTION TZ(XsYs2ryTIM)

COMMON/PROPRT/PPZ(30) »TPZ(30)»SPZ(30),VPZ(30) /RPLZ{30)yUPLZ(30)»

X RPGZ(30)yUPGZ(30)
COMMON/DYNAM/TIMPROP (30) 9 PTIM(30) ¢QLTIM(30) WMLOTIMI30) »SANTIM(30)

X ¢ GANTIM(30) »GRATIM(30)

COMMON/TLIGX/TLTIMX(15915+15)» TLTIME(15)»RZTL(15),22TL(15)
COMMON/SITEX/RESITX(100s10) yFREQX(100,10) +XSITE(3,100),TSITE(100),
X TRFTIM(10)

COMMON/TANKX/RADTX(10)»ZRADTX(10)

COMMON/BUBBLE /WAKV(3»1000)»vB8(3,1000) »XB(3,1000),RB(1000)»

X RBA(1000).IB(1U0CO) »DMBGF(1000),DMB(1000),CORAG(1000)
COMMON/CONVERG/DBUBCO,DLIGCO»DLEVCO,DCONCO,DENRCO,DFORCO
COMMON/SURFAS/ZSURF » SURFAN, ISLIP
COMMON/LICUID/WMLO,DML1+DMLBF » TSUPRL»QL REYN12/REYN23,ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HGyRBMIN,NB
COMMON/GNRL/DTIME OTIMEX, TIMEND, TIMPRNT (1000) » IPRINTL, IPRINTU,

X NTAPE » IRESTRT»TIME,PIMPS,PARIMP
COMMON/VQIO/VOFRAC,OMBTOT
COMMON/ INTEGR/NTL s NTLRyNTLZ/NRFToNSITE)NR2yNPTIM)NPROP ) IWAKE
COMMON/ADCUNST/CWAKE »BwAKE »SCRAD » ARBDEN,,DEGFAC» ICRD(3)

DIMENSION DUM1(15/,15),DUM2(15,15)
KSSQRT(X*X+Y*Y)
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=1
4 IF(TIM=TLTIME(I))1+2+3
3 I=I+1
IF(I=NTL)4r4,5
5 IUSNTL
IL=NTL=-1
GO TO 6
1 Iusl
ILsI=1
IF(I=1)T7+7¢6
7 1u=2
IL=1
6 VO 8 I=1/NTLR
DO 8 J=1NTLZ
8 DUMLI(JpI)=TLTIMX(IoJeIL)
DO 9 I=1,NTLR
DO 9 J=1,NTLZ
9 DUM2(Je1)=TLTIMX(I»dJdr IU)
CALL DTABLZ2(RyZyTN1eZ2ZTLC1)s1oNTLZr1+1/»IFB)RZTL(1)DUML[1,1),1,

X 15sNTLR)
CALL DTABL2(R»ZsTN2+Z2TL(1)»1/NTLZ2s1+1,1IFB,RZTL{1),ODUM2(2,1),1,
X 15/NTLR)

TN-TN1+(TN2°TN1)*(TIM-TLTIME(IL))/(TLTIME(IU)'TLTIME(IL))
G0 70 10
2 IL=]
DO 11 I=1¢NTLR
DO 11 J=1.NTLZ
11 DUML(JeI)=TLTIMX(I»JrIL)
CALL DTABL2(RyZy»TNy22TL(1) »1/NTLZy101/,)IFB/R2ZTL(1))DUMLI(1r1),1,
X 15/yNTLR)
10 TZ=TN=TBULKL
RETURN
END
SUBROUTINE SCREEN(XeYeZeRI»RO,ISOBSsIREDUC)
COMMON/PROPRT/PPZ(30) »TPZ(30)9SPZ(30) s VPZ(30) +RPLZ(3I0))UPLZ(30)

X RPGZ(30)»UPGZ(30)
COMMON/NYNAM/TIMPROP (30) ¢PTIM(30) »QLTIM(30),WMLOTIM(30) »SANTIM(30)

X » GANTIM(30) +GRATIM(30)
COMMON/TLIGX/TLTIMX(15+159215)» TLTIME(1S)Y)R2ZTL(15),22TL ({15)
COMMON/SITEX/RBSITX(100010) ,FREQX(100/,10) 9 XSITE(3,100),TSITE(100),

X TRFTIM(10)

COMMON/TANKX/RADTX(1U) » ZRADTX(10)
COMMON/BUBBLE /wAKV{3»1000)eVB({391000)yXP(3,1000)RB(1000),

X RBA(1000)»IB(1U00) DMBGF(1000)DMB(1000),CDRAG(1000)
COMMON/CONVERG/DBUBCO,DLIQCODLEVCO, DCONCO'DENRCO DFORCO
COMMON/SURFAS/ZSURF ¢ SURFAN, ISLIP
COMMON/LICUID/WMLO,DML1»DMLBF»TSUPRL QL , REYNlZvREYNZJ ACOF(3),

X EXPN(3), TBULKL
COMMON/GASPRO/HG,RBMIN)NB _
COMMON/GNRL/DTIME »OTIMEX ) TIMEND » TIMPRNT (1000) » IPRINTL, IPRINTU,

X NTAPE» IRESTRTTIMEyPIMPS)PARIMP
COMMON/VOID/VOFRAC,OMBTOT
COMMON/INTEGR/NTL e NTLRyNTLZ/NRFTINSITE»NRZyNPTIM,NPROP, IWNAKE
COMMON/ADCONST/CWAKE ¢y BWAKE » SCRAD » ARBDEN,DEGFAC, ICRD(3)
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IF(RIxSCRAD)1,1,3
3 IF(IREDUC) L8y 2
2 CALL FORCES(XyYsZ+RIJRI»ISOBSyFMAGrTHETAPHI»TIME)
TLUSTZ(Xs Y ZrTIME)
FSCRAD=2,%3,1416%SCRAD*SIGZ(TL)
DR=XRADT(Z+RI)~XRADT(2)
OM=SQRT (DR*DR+RI%RI)
THETN=ACIS(DR,DM)
PHN=ATIM(Y e X)
FNO=FMAG* (SIN(THETA) %COS(PHI ) *COS(THETN)*COS{PHN) +SIN(THETA) »

X SIN(PHI)#COS(THETN)®*SIN(PHN)«COS{THETA)*SIN(THETN))
FNO=FNO/32.17
IF(FNO)1r1r4

4 P=PZ(TIME)+2,»S51G2(TL) /(144 ,%*R])
ANO=FNO/ (144, %P)
ONO=ANO/(3+1416*«SCRAD*SCRAD)
FSCRAD=FSCRAD*DNO
IF(FSCRAD=FNO)5,5,1

1 RO=RI
GO TO 6

5 RO=0.

6 RETURN
END
SUBROUTINE RESTART
COMMON/PROPRT/PPZ(30) ¢ TPZ(30)»SPZ(30)yVPZ{30) RPLZ(30),UPLZ(30)

X RPGZ2(30)UPGZ(30)
COMMON/DYNAN/TIMPROP (30) yPTIM(30),OLTIM(30) yWMLOTIM(30) »SANTIM(30)

X ¢ GANTIM(30) ¢ GRATIM(30)

COMMON/TLIQX/TLTIMX(15,15915) 2 TLTIME(15)»R2TL(158),22TL(15)
COMMON/SITEX/RBSITX(100,10) »FREQX (100, 10)'XSITE(SOIUU)oTSITE(IUO)'
X TRFTIM(10)

COMMON/TANKX/RADTX(IU)oZRAUTX(IO)

COMMON/BUBBLE /WAKV(3,1000),VB(3+1000),xB(3,1000),RB(1000},

X RBA(1000),1IB(1000),DMBGF(1000),DMB(1000),CDRAG(1000)
COMMON/CONVERG/DBUBCO DL IQCO»DLEVCO»DCONCO»DENRCO,DFORCO
COMMON/SURFAS/ZSURF » SURFANy ISLIP ]
COMMON/LICUID/WMLO,DML L +DMLBF » TSUPRL» QL yREYN12/REYN23,ACOF(3),

X EXPN(3)},» TBULKL
COMMON/GASPRO/HG)RBMIN,NB
COMMON/GNRL/DTIME»DTIMEX ) TIMEND » TIMPRNT (1000) o IPRINTL, IPRINTU,

X NTAPE» IRESTRT»TIME ,PIMPSyPARIMP
COMMON/VOID/VOFRAC DMBTOT
COMMON/ZINTEGR/NTL ¢ NTLRINTLZyNRFTINSITE»NRZ)NPTIMyNPROP, IWAKE
COMMON/ADCONST/CWAKE »BWAKE » SCRAD» ARBDEN,DEGFAC, ICRD (3)
IF(NB)1,1r2

2 PUNCH 100 (TSITE(I)»I=1,/NSITE)

DO 21 I=1,NB
21 PUNCH 100sXB{1sI)eXB(2,1)eXB(3,1),RBACI)
100 FORMAT(6E13.6)
1 RETURN
END
R .
11 2 2 2 2 3 y 8 0 149 1 1 1 :
12.061 524,69 1.3176=3 3,087~y 93,132 21.296 0.30456 60,195
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526,69

12.562
13,080 528,69
13.614 530,69
14,165 532,69
14,733 534,69
15,319 536,69
15.924 538,69
16,546 540,69
17.188 542,69
17.848 544,69
Q. 14,7
100, 14,7
0.0 0.125
0O, O,
0.008 1.35
0, 003100
0.008 1.31
0.229 0.
0.0 0.0
0.1145 01985
0.0 0.0
=0,1145 0.1985
0.0 0.0
‘0.229 0.
0.0 0.0
=0,1145 =0,1985
0.0 0.0
0.,1145 =0.1985
0.0 0.0
0,350
0.0
0.0 100,0
0.0 0.349
0.0 U.25
1.0 1.0
1.0 1.0
1.0 1,0
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