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ABSTRACT

The present report describes numerical simulation of three-dimensional
transient distributions of velocity and temperature of Tjquid oxygen

(LOX) in the LOX Dewar tank of Vandenberg Air Force Base (VAFB). LOX
Tevel gradually drops due to "Chilldown", "Drain Back", "Slow Fill", "Fast
Fi11", "Topping" and "Replienish" procedures. The present analyses cover
the replenish time period only.

Four test cases have been considered. For all four cases, the input
boundary conditions comprise of LOX facility heat loads, drain flow rates,
recirculation flow rates and dewar heating. A1l the quantities are
prescribed as functions of time. The first two test cases considered
sensitivity of results to the computational grid. In Case 3, system heat
load was changed, while in Case 4, a lower LOX level was specified.

Cases 1 and 2 showed that the temperatures were not sensitive to the grid
refinement, This provided a basic check on the numerical model. Cases

3 and 4 showed that the thermal boundary layer motion near the tank surface
becomes more significant at the late time, e.g. 5% hours from replenish
start. Comparison between results of Cases 3 and 4 showed, as expected, that
the smaller initial LOX volume given in Case 4, results in higher temperature
level. A11 calculated velocity and temperature distributions were found

to be plausible.

Computations were performed with the aid of CHAM's general-purpose, finite-
difference, flow-analysis computer code - "PHOENICS". This sthdy
demonstrated the feasibility and benefits of three-dimensional analysis of
LOX flow and heat transfer within the Dewar.
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Section 1
INTRODUCTION

BACKGROUND AND OBJECTIVE OF THE STUDY

The Space Shuttle External Tank (ET) L0, storage system at Jandenberg Air
Force Base (VAFB) is smaller than at KSC, and thus it is expected to be more
sensitive to heat Toads. In the present study, attention is confined to

the LO2 Storage Dewar Tank .of VAFB. During an ET loading operation, LO2

(or LOX) level gradually drops due to the "Chilldown", "Drain Back",

"STow Fi11", "Fast Fi11", "Topping" and "Replenish" procedures. Figure 1-1
shows a schematic of the dewar tank and LOX levels at the end of these
operations.

The temperature of LOX leaving the Dewar tank is a strong function of LOX facility
heat loads, drain flow rates, recirculation flow rates and dewar heating. The
present study is concerned with the LOX flow and heat transfer ‘during the

replenish period. The objective is to elucidate the flew and heat transfer

details ‘in the LOX Dewar. This information i$ useful in the analysis of overall
system.

NATURE AND SCOPE OF THE STUDY

CHAM of North America Incorporated has performed computations and analysis of
LOX flows with boundary conditions specified by the NASA Marshall Space Flight
Center (MSFC). The study consisted of a total of four test cases.

Throughout the study, frequent discussions were held between MSFC and CHAM
personnel. The results of each test case were presented in a meeting held at
MSFC. Written discussions of results with graphical representations were also
supplied in these meetings.

PURPOSE AND OUTLINE OF THE REPORT
The purpose of this report is to record the following:

1. Assumptions, mathematical basis and computational details of the
numerical model;

1-1
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Operating Procedure Total LOX Total LOX Remains in Dewar
Procedure Time Consumed after operating {(Gallons)
(callons) A
0 Start
Loading 0 0 279,000 (93 % LOX)
1 Chilldown 17 min 7780 271,220
2 Drain Back 10 min 725 270,495
3 Slow Fill 12 min 3710 266,785
4 Fast Fill 30 min 146,810 119,975
5 Topping 20 min 7000 112,975
6 Replenish 5.5 hrs 44,554 ,5 68,420.5

Figure 1-1.

A Schematic Diagram of the Dewar Tank and
LOX Levels During an ET Loading Operation.
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2, Specifications of the test cases considered;
3. Computed results and observations; and

4, Conclusions and recommendations.

» II The report has been divided into four sections. The next section (Section 2)
§ I describes assumptions and mathematical basis. Specifications of the test cases,

results and discussion are provided in Section 3. More detailed results
viz, graphical display of calculated flow patterns, and temperature distribution,

55 and tabulated data for total and average quantities are provided in Appendices,
i separately for each case. Conclusions of the present study and recommendations
%ﬁ for further analysis are presented in Section 4.
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Section 2
NUMERICAL MODEL

A numerical model has been developed to calculate velocity and temperature
distributions ¢f 1iquid oxygen (Li4%) in a spherical dewar tank. To focus
attention to the "Replenish" period, the initial conditien is assumed to

be quiscent Tliquid of uniform temperature, up to an appropriate level in the
tank. The development of subsequent LOX motion and temperature nonuniformity
are calculated by solving the conservation (transport) equations for mass, !.
momentum, energy and #wo turbulerce parameters (viz: turbulent kinetic energy
k, and its dissipation rate €). These equations are solved by using CHAM's
general-purpose Computational Fluid Dynamics (CFD) code: PHONEICS [Reference 1],
which employs an iterative finite-difference solution procedure.

Further assumptions and salient features of the model are summarized below.

1. Computations are performed for the Tiquid phase (LOX) only. No heat or

.........

2. The dewar boiloff heat loadings are specified as heat fluxes through
the dewar wall. These hzat fluxes are assumed to be distributed
uniformaly at the lower quarter of the dewar surface,

3. Flow is treated as transient, three-dimensional, turbulent and elliptic.

4, Fluid is assumed to be incompressible. Density and other fluid properties
are calculated as functions of local temeprature. The following fluid
properties, linearly related with temperuture, have been used. These data
are taken from Refsrence 2,

- Fluid Density: _
p = 99.123 - 0.179T Tbm/ft> (2-1)

- Molecular Viscosity:

W= (48.943 - 0.219T) x 107° Tbm/ft-sec (2-2)
- Heat Capacity:
— 0 ra
C, = 0.357 + 0.0003T Btu/1bm'R (2-3)
2-1




BOAER G oade do o0 L ansbiuha it dddabirhiithastihaniatet e

e b

i
Ll PRV, - e -

- Laminar Prandtl Number:
o = 5,998 - 0,0233T ~ (2-4)

With the above equations, at 162.9°R and 9 psig, LOX has the following
values:

= 71.12 Tbm/ft3;

p

p = 1.3268 x 107% 1bm/ft-sec;
C,, = 0.4058 Btu/1bm°R;

o = 2.202.

5. A cylindrical ploar coordinates (x, y, z) system is employed, where X

is the circumferential direction, y is the radial direction and z is the
lopgitudinal direction, The parts of calculation domain lying outside
the spherical tank and apove the Tiquid level are blocked off by
prescribing appropriate "porosity" values. Porosity values are zero for
fully blocked cells, unity for unblocked cells, and between 0 and 1

for partially blocked cells.

Separate vilues are assigned for the volume and cell-face areas of each
control cell. The porosity values determine the proportion of the cell

volume which is available for occupancy by the fluid, and the proportion of
each cell-face area available for flow. This practice is much more rigorsus

and accurate than the practice of using rectangular steps.

The practice of simulating the arbitrary-shaped boundaries by porosities
in an orthogonal coordinate system has been successfully used in many
applications of both internal and external flows, including for space-
shuttle problems [References 3, 4 and 5].

6. To simulate the changes of Tiquid level with time, porosity values of

relevant control cells are updated with time.

blocked control cells, wall shear stress are calculated for the projected
surfaces parallel to velocity components.

2-2

The wall shear stress is calculated by using the conventional wall functions
which are based on the assumption of logarithmic law of wall. For partially
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- Definition
u’ (2-5)

= U
[
:

+

y = (2-6)

E
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- Logarithmic law of wall

%-lnE y+; for y+ >11.5
u* . (2-7)

vy for y" < 1108

4

where Ty represents shear stress, p and p are molecular viscosity and
density oi fluid, u is the velocity component parallel to wall in the
adjacent controi ceii, and § is the distance between the wall and the
center of the control cell. Y™ and u* are the normalized distance and
velocity as used in the Togarithmic law of wall. 1« is Von Karman constant,
taken equal to 0.4, and E is another empirical constant, which for a smooth
surface has the value of 9.0 [Reference 6].

As a consequence, the wall shear stress is simulated by the following:

= Au 0-u
Twall = Twall 3y = Twall 5 (2-8)
+
where rwa]] = EX; is the friction coefficient for momentum transfer to
u

British units are used in the calculations. However calculated global
quantities are printed in both British and S.I. units.

2-3




Section 3
TEST CASES AND RESULTS

This section describes the specifications of Test Cases 1 to 4., The input
boundary conditions comprise of LOX facility heat loads, replenish flow rates,
recirculation flow rates in dewar and dewar bo’loff heating. These quantities
are prescribed as functions of time. For ready reference, relevant supplied
input data are included in Appendix A, .

TEST CASE 1

Figure 3-1 shows the selected grid distribution for Test Case 1., A total of
1620 (NX=10, NY=9 and NZ=18) control cells have been used to cover the region
of interest, i.e. LOX filled region during replenish time period. Six time
steps of 2000 seconds each are used to cover the first 12000 seconds of the
replenish period,

The «id distribution near the LOX free surface is so chosen that one row of

nondead cells is emptied in each time step. The porosities of relevant

calls are prescribed according to the Tevel changes with time. The model has
been checked out for consistency bétween LOX Tevels, volumes and flow rates,

As mentiored earlier, the analysis starts at the beginning of replenish time.
Liquid oxygen is assumed to be quiscent with T, = 162, 9°R; and Py = 9 psig.

{ Based on the VAFB LO, consumption data (Table A 2), LOX occupies 112975 gallons
(15102.56 ££3) of the dewar with the Tevel of 17.71 ft. measured from the bottom
of dewar, at the beginning of replenish.

§ A el L i 2 2t tet b bah o fa s b FEOR F RS VeI Y
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The following conditions are used as boundary conditions:

- Volumetric inflow from 8"4 return pipe is fixed, and is equal to
390 gpm.

- Heat flux (gain) through tank wall is deduced from the LOX dewar
heat load boiloff; i.e.
Qgqyy = 80 Tbm/hr x 89.45 Btu/1bm = 7156 Btu/hr

3-1
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This heat flux 1s uniformly distributed at the Jower quarter of the
dewar surface (i.e. for IZ > 12, in Figure 3-1),

The outlet pressure of the liquid oxygen is fixed to a reference value

(9 psig). Since the flow is incompressible, this does not influence
density or the flow distribution. The liquid Tevel time variations are
deduced from the balance of replenish outflow (525 gpm) and recirculation
inflow (390 gpm). Specifications of LOX level time variations for this
case are given in Table 3-1.

Tabhle 3-1
Specifications of LOX Levels (Case 1)
Time T LOX Liquid Liquid Level
Tire from the Votume (measUred from
start of the bottom)
Instant renlenish 3
{sec) (ft°) (ft)
TO 0 15102.56 17.71
Ty 2000 14500.96 17.27
T2 4000 13899.36 16.83
Ty 6000 | 13297.76 16.38
T4 2000 12696.16 15.93
Tg 10000 12094 .56 15.48
T6 12000 11492.96 15.01
NOTE: Total LOX Volume Reduction (for whole dewar) in 3.3 hrs = 3609.6 ft3

hyp =C. T

Facility heat load, i.e. heat gained by LOX from dewar outlet to 8"¢
return inlet, is estimated from the drain line temperature measurement
(Figure A-2). The correspondivig heat flow through 8%¢ pipe is:

minhin = Pin Vin Cp Tin , (3-1)

Based on the overall energy balance and the dewar outiet temperature,
the above heat flow is equavalent to a facility heat load, Q, having
the following relationship:

+
in = "p Tout ", Rtu/Tbm : (3-2)

3-3
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where Tout is the dewar outlet temperature.

Figure 3-4 illustrates the resultant 6 v time variations for this case.

- T w

TEST CASE 2

For Case 2, the geometry and flow conditions are the same as for Case 1.
However there are the following differences in numerical parameters,

1. Only half of the dewar is simulated due to the symmetry of both
geometry and boundary conditions imposed.

2. Finer grid distribution is used in the circumferential direction,

3. Calculation duration is extended up to %% hours, instead of 3% hours.
Hence the calculations cover the whole replenish and also the additional
hold periods. Nine time steps are used; with AT = 2000S for the first
seven time intervals and AT = 2800S and 3000S for eighth and ninth
time steps, respectively.

>

Figure 3-2 shows the grid distributions. A total of 1944 (NX=12, NY=9 and NY=18)
control cells have been used. Specifications of LOX level ~ time variations for

Case 2 are given in Table 3-2.

Table 3-2
Specifications of LOX Levels (Case 2)
; Time Time From the L.OX Liquid Level
- start of Liquid (measured from
I Repienish Volume the bottom)
| Instant (sec) (Ft7) (Ft)
! T0 0 15102,56 17.71
; T1 2000 14500.96 17.27
: i T2 4000 13899.36 16.83
T3 . 6000 13297.76 16,38
l T4 8000 12696.16 15.93
| T5 10000 12094.56 15.48
g T6 12000 11492.96 15.01
7 14000 10890.. ' 14,55
- T8 16800 10050.00 ' 13.88
| g 79 18800 9146.50 13.14
E LOX Volume Reduction for Whole Dewa?x: iﬁn 5.5 hrs = 5956.06 ft3

.
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TEST CASE 3

Specifications of Cases 3 and 4 were determined after the study of results for
Cases 1 and 2, Case 3 is identical to Case 2, except for the prescription of

a constant heat load (Q = 231,226 Btu/hr) throughout the replenish period

(Figure 3-4). Grid distribution and specification of LOX level ~ time variations
for Case 3 are given in Figure 3-2 and Table 3-3, respectively.

Table 3-3
Specifications of LOX Levels (Case 3)
Time From the LOX Liquid Level
Time Start of Liquid (Measured
Replenish Volume From The
Instant (sec) (Ft3) Bottom)
(ft)
TO : 0 15102.56 17.71
T1 2000 14500.96 17.27
TZ 4000 13899.36 16.83
T3 6000 13297.76 16.38
T 8000 12696,16 15,93
T5 10000 12094 .56 15.48
T6 12000 11492,96 15.01
T7 14000 10890.00 14,55
T8 16000 10290.00 14.07
Tg 18000 9688.00 13.59
T10 19800 9146.50 13.14
LOX Volume Reduction in Whole Dewar in 5.5 hrs = 5956.06 ft’

TEST CASE 4
For Case 4, all but one condition are specified to be identical to those of
Case 3. The changed condition is the Tower LOX level at the start of replenish

period such that at the end of 54 hours replenish period, LOX Tevel is close
to the top of 8"¢ return pipe. Grid distribution and specification of LOX

level ~ time variations for Case 4 are given in Figure 3-3 and Table 3-4,
respectively.

3-6
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Table 3-4
Specifications of LOX Levels (Case 4)

Time From the LOX Liquid Level
Time Start of Liquid (Measured
Replenish VoTume From The
Instant (sec) (ft3) Bottom)
' (ft)
Ty 0 10272 14.06
T 2000 9670.4 13.57
Ty 4000 9068.8 13.08
T4 6000 8467.2 12.58
T 8000 7865.6 12,06
Tg 10000 7264 11.53
Te 12000 6662.4 10.99
T, 14000 6060.8 10.42
Tg 16000 5459, 2 9.839
Tg 18000 4857.6 9.229
Tio 19800 4315.94 8.655
NOTE: Total Volume in Whole Dewar in 5.5 hrs = 5956.06 ft

3-8
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PRESENTATION OF RESULTS
For each case, results are presented in the foliowing forms.

1. Velocity vectors and 1iquid temperature contours at selected
horizontal and vertical planes (Appendices B, C, D and E).

2, Global parameters printout (Appendicies F to H) for the time variations
of the following quantities:
- average temperature and density;
- resident mass of liquid bxygen in the tank;
- resident tnermal energy in dewar,

3, Liquid temperature ~ time variation diagrams, (Figures 3-5 - 3-8);
these include temperatures near the entry (8"¢ inlet), exit (16"¢
outlet), and the LOX average temperature.

DISCUSSION OF RESULTS
Velocity Distribution (Case 1)

The flow development within the LOX storage dewar is shown by velocity vector
diagrams in Appendix B. Figure B-1 presents vector diagrams for the horizontal
plane passing through the injection point of the 8"¢ return pipe, and for the
vertical plane containing both inlet and outlet pipes. Figure B-1 is for t =
4000 seconds., Similar diagrams for t = 12000 s are presented in Figure B-2,
The last set of diagrams are for a normal vertical plane marked as section

F-F in Figures B-5 and B-7.

The main observations fnom the velocity vector diagrams (Figures B-1 and 2-2)
are:

1. The jet spreading and turning for the 8"¢ return pipe show
plausible trends. Three recirculation zones are created, one
above the 8"¢ return pipe, and the other two along the tank wall
(due to the buoyancy effect).

2. Strong flow motion is observed:
a) near the jet spreading region;
) at the sui.ace of LOX;
) near the dewar tank surface; and
) at the outlet,

3-10




:1] As a consequence of the nonuniform velocities, nonuniform heat
i transfer coefficients are expected near the wall,

3. Recirculating eddies have been well developed at the late replenish
i time (at 12000 secs),

Temperature Contours (Case 1)

Isothermal contours at early and late times are also presented in Figures B-3,
B-4, B-6 and B-8. As can be seen in these djagrams, the hot zone is concentrated
in the jet region and the cold fluid is located at the bottom of dewar.

- e

Velocity Distribution and Température Contours (Cases 2-4)

"’r "“‘r I“Ii -

HINENA,

\‘\‘V}\
oy

Figures C~1 to C-12 through E-1 to E~12 present results of Cases 2, 3 and 4
in the same form as used for Case 1.

e
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Effect of Grid Refinement

The comparison between Cases 1 and 2 presentid in Figure 3-5 shows that
| except for the Tiquid temperature near the 8"¢ return pipe , the
‘j temperatures. are not sensitive to grid refinements.

G 'A 5 o

Effect of Rep1enish Time Duration

v

f ‘ Velocity vector diagrams for Case 2 are similar to those of Case 1.

However, the thermal boundary layer effect near the tank surface becomes Lo
more profound at the late time, i.e. 5% hours from replenish start. -
Figures C-3 and C-11 show that all near-wall fluid moves towards the

wall and has an upward motion. This indicates that at Tate replenish

times, thermal boundary Tayer type motion becomes more important than

that of inlet jet entrainment.

p—
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e e ey

s aies,

Effect of Facility Heat Loading

Figures 3-6 and 3-7 show Tiquid temperature variations with time for Cases 2
and 3, respectively. Decrease in temperature rises in Case 2 (Figure 3-6)
is due to the reduced facility heat load used (see Figure 3-4).

R S S T S L T i e R

Effect of Initial LOX Level

The comparison between Cases 3 and 4 presented in Figures 3-7 and 3-8 show
that:




1. An increase in temperature rise in Case 4 (as compared to Case 3,
Figures 3-7 and 3-8) 1is due to the smaller LOX volume in dewar.

2. Velocity vector diagrams (Figures E-1 to E-12) are similar as in Cases
1, 2 and 3. However, the fluid motion in Case 4 is stronger that in
Case 3.

Temperature contours show similar patterns in all cases. However,
comparison between results of Cases 2 and 4 shows, as expected, that
the smaller LOX volume gives higher temperature level.

In all cases, exit temperature of LOX tends to approach the average temperature
towards the end of replenish period.
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Section 4
CONCLUSIONS AND RECOMMENDATIONS

The main findings of the calculations presented in Section 3, are summarized
below.

1. Results of Cases 1 and 2 show that temperatures are not sensitive to
grid refinements, except for the 1iquid temperature near the 8"¢ return
pipe. This provided a basic check on the numerical model.

Calculated velocity and temperature distributions for all cases show
plausible flow patterns which develop due to: (a) the falling Tiquid
Tevel; (b) the LOX flow through 8"¢ and 16"¢ pipes; and (c) the gains
of heat through dewar wall, and 8"¢ return pipe,

nN

S mwsseme

Computer time requirements were modest. For example, 300 seconds of CPU
time on Perkin-Elmer computer were used for each time step with 1944
control cells.

I
(0]

The results and analysis presented in this report have demonstrated the
feasibility of sinulating LOX flow and heat transfer details in the dewar tank
considered. Such simulations can assist in the reduction of temperature
axceedances during ET system heat Toadings.

Further analyses with different heat flux distributions through wall and
different system heat loads are recommended.
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APPENDIX A

SUppl.ied Input’Data for the Flow and Heat Transfer Analysis
of the VAFB LOX Storage Dewar Tank

N



VAFB 02 Loading

02 Dewar Heat Load Boiloff 801b/HR.

Start Toading with 93% 0, in dewar.

Assume Replenish flowrate from dewar - 525 gpmi.
Recirculation flow in dewar (during replenish only).390, gpm.
Initial 0, Condition - Saturated at 1 Atmosphere,

0, Dewar presurized to 9 psig at initiation of chill and remains
there'.throughout replenish.

Facility Heat Toad from Dewar outlet to return inlet - 310,000 Btu/Hr

A-1
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23rp _PS1G AGENDA ITEM VI E,

VAFB LO2 CONSUMPTION

PROCEDURE ENGINE BLEEDS ET VENT FACILITY COOLDOWN 1IN ORBITER TOTAL LO2

TIME GALLONS/GPM GALLONS/GPM GALLONS GALLONS GALLONS
Chilldown 425725 510/30 2,585" 4,260 7,780
(17 min) '
Drain Back 250/25 300/30 175 725
(10 min) : .

Slow Fill 600/50 360/30 420 2,330 3,710

(12 win) ,

Fast Fill 3,600/120 900/30 142,310 146,810

(30 min)

Topping 7,%007120 500730 700 3,300 7,000

(20 min) : .
_ Replenish  24,600/120 6,150/30 77175 37,925

(3 hr.-25 min) ' .

102 Storage 1,833 1,833

Tank Bolloff

4 hr-54 min

Total L02 31,750 8,820 12,888 152,220 205,783

2 HOUR ADDITIONAL REPLENISH -, 22,200

Total LO2 227,983

RESIDUAL IN TANK 51,017

A-2
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22ND PS16

AGENDA ITEM VIII,B
TINELINE

TIM MEEHAN 14

VAFB Lil, AD LOp LOADING

LUy TIMELINE

CHILLDOWN (9 MIN)
SLOWFILL (24 MIN)
FASTFILL (37 MIN)
TOPPING (8 MIN)
REPLENISI (3 HR 25> MIN)
ADDITIONAL 1IOLD
CAPABILITY (2 HR)

10, TIMELINE .

‘tHILLDOWN (17 MIN)
DRAINBACK (5 MIN)
SLOWFILL (12 MIN)
FASTFILL (30 MIN)
TOPPING {20 MIN)
REPLENISH (3 HR 25 MIN)
ADDITIONAL llOLD
CAPABILITY (2HR})

START OF LOp LOADING

'// START OF REPLENISH

START OF THg LOADING

Figure A-1

!

NORMAL LAUNCH TIME
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I APPENDIX B
l ’ Graphical Results (Velocity Vector Diagrams
‘ and Temperature Contouns) of Test Case 1
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Temperature °R Case 1 -t = 4000s
Contours (1,11 hrs)
1 163.50

2 163,60

3 163,70

4 163.80

5 163,90 1Z = 13

x-n—/

16,83 ft

Elevation (Section E~E) z

. Figure B-3 Temperature Contours at t = 4000s



Temperature °R Case 1 : t = 12000s
Contours (3.33 hrs)

6 164,90
7 165.00
8 165.05
9 165.10
10 165.15
11 165,20

IZ = 13

! T
\8\
\\\\\fl\\\\\ L 1£.01 ft

Elevation (Section E-E) ; -

< T

Figure B-4 Temperature Contours at t = 12000s
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VMAX = 0,38 ft/sec

Temperature %R

Casel t = 4000s

Contours

1 163.50
2 163.60
3 162.70
4 162.80

OutTet Velocity = 0.82 ft/sec

Figure B~5 Velocity Vectors at t = 4000s

Elevation (Section F - F) (1.11 hrs)
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Figure B-6 Temperature Contorus at t = 4000s
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VMAX = 0.4 ft/sec Elevation (Section F ~ F) Case 1 t = 12000s
(3.33 hrs)
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Figure B-7 Velocity Vectors at t = 12000s

Temperature R Case 1] t = 12000s
Contours Elevation (Section F - F) (3.33 hrs)
6 164.90
7 165.00
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9 1G5.10
: Y
. T
\g\g 10,01 Tt
7
6 6
— —
: L
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Figure B-8 Temperature Contours at t = 12000s
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- APPENDIX C

Graphical Results (Velocity Vector Diagrams
and Temperature Contours) of Test Case 2.
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Velocity Vector CASE 2 t = 12000s
YMAX = 0.45 ft/sec . (3.33 hrs.)

IZ = 13

——— Y EEamas
- 1. . .

i
L 4 . . - N A v oW\ .r.
i \/ R \\ / 9«
. A » . . b - - ~
‘ T/ NNy o . - 7 /‘/ 15.01 ft
I N AN N . Y SR . ~ — /
A'f \ N \ - ~ Al* . - - ———
" N ---/
i \ “ S NN S -~ — tpin
™ o NS NV Yy s /"/
~ 2~ Wy - = —
- Elevation (Section E-E) Outlet Velocity = 0.81 ft/sec

_ , Figure“C-.Z . Velocity Vector Diagrams at t = 12000s
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Velocity Vector CASE 2 t = 19800s
VMAX = 0.5 fi/sec (6.5 hrs.)

) A . —
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: Figure C-3 Velocity Vector Diagrams at t = 198(C0s
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Temperature °R CASE 2
Contours

163.50
163.60
163,70
163.80
163.90
164,00

t
(

oI wWwNE
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" Elevation (Section E-E)
Figure C-4 Temperature Contours at t = 4000s

= 4000s
1.11 hrs)
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;% Temperature °R
§ Contours
| 7 164.90
8 164.95
9 165.00
10 165,05
11  165.10
12 165.15
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16 165.30

CASE 2
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Figure C~5 Temperature Contours at t = 12000s
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Temperautre "R CASE 2 t = 19800s
Contours (8.5 hrs.)
16 165.80
17 165,85
18 165.90
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20 166.00
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VMAX = 0.39 ft/sec

Temperature %R
Contours

163.50
163.60
163.70
163.80
163.90

[ WV

CASE 2
t = 4000s
(1.11 hrs)
Elevation (Section F~F)
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Figure C-7 Velocity Vectors at t = 4000s
Elevation (Section F-F) CASE 2
t = 40005
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Figure C-8 Temperature Contours at t = 4000s



Outlet Velocity = 0.81 ft/sec

I CASE 2
I VMAX = 0.45 ft/sec Elevation (Section F-F) %3=3:1%2g00§
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"Figure C-9 Velocity Vectors at t = 12000s

Temperature °R ' CASE 2
Elevation (Section F-F) t = 12000s
Contours y (3.33 hrs)
7 164.90
8 164.95
9 165.00 - "
10 165.05 _— 1 )
11 165.10 1
9 15.01 ft
8
N—Z——
I

Figure C~10 Temperature Contours at t = 12000s
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VMAX = 0,5 ft/sec

Temperature °R

Contours

16 165.80
17 165.85
18 165.90
19 165.95

Elevation (Section F-F) CASE 2
t = 19800s
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I
N ¢ 4 ’ ? . — - "
[ 4 [} f] . o - \ \/ F
’ ‘ ' ¢ I'd / / \/
. , o -
il : / / / }w
/ / /
) / { >/
BN |
l \"  Outlet Velocity = 0.807 ft/sec
Figure C-11 Velocity Vectors at t = 19800s
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Figure C-12 Temperature Contours at t = 19800s
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APPENDIX D

Graphical Results (Velocity Vector Diagrams
and Temperature Contours) of Test Case 3

e




—~
U3 W
=D
O
<
=i
r—i
1 4 -
L2 ]
33—
L3P
[41]
(7]
<<
<3
O
Q
177
[
Q 42
o
Q.
Q) CO
v
-
i
t .
= 5
(3
G >
—
o=
e

'———'—bY

t%e o oo

S S
.f{iuu///
I SaA\\N

wrrre—=t]

AR

w40 0" T O B O
Wi o0t vt 11 13
T - P R Y
[ES Y S S 2 r o0 s 2 -
tase o o~ - s s 77
T - R A S 4
T . s 2 2 1 1 I
s 2

T A AR A
L .- o s & 2 P 7 .
188 ¢ - o - 2 £ P 4 .
Ltee - 3 - 4 » - S \
joss o £ o ¢ N P

guse = ' o

Qutlet Velocity = 0.829 ft/sec

R \g
~ v

Velocity Vector Diagrams at t

Elevation (Sectijon E-E)

4Q00s

Figure D-1



N B N D G N NIE IR R N EE N EE O N

Velocity Vector CASE 3 t = 12000s
VMAX = 0,43 ft/sec (3.33 hrs.)
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Figure D-2, - Velocity Vector Diagrams at t = 12000s
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Temperautre R t = 4000s
CASE 3 (1,11 hrs)
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3 163.5

4 163.6
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Figure D-4 Temperature Contours at t = 4000s
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Figure D-5 Temperature Contours at t = 12000s
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Figure D-6 Temperature Contours at t = 19800 S

Temperature °R Case 3 t = 19800 S
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FigHre D~7 Velocity Vectors at t = 40003.
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Figure D-8 Temperature Contours at t = 4000s.
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Figure: D10 Temperature Contours at t = 12000s
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t = 19800 S
Y (5.5 hrs)

13.14 ft

15
N 1

Figure D~12 Temperature Contours at t = 19800s
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APPENDIX E

Graphical Results (Velocity Vector Diagrams
and Temperature Coniours) of Test Case 4
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Case 4 t = 19800 S
(5.5 hrs)

Velocity Vector
VMAX = 0,56 ft/sec
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Figure E-3 Velocity Vector Diagrams at t = 19800s
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Temperature °R t = 4000 S
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Figure E~-4 Temperature Contours at 4000s
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Figure E~6 Temperature Contours at t = 19800s
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APPENDIX F

Globa’l Parameters Printouts of Test Case 1



MASS  INFLUDW RATE (LBM/S8)
CALCULATED QUTFLOW (LBM/S)
TUTAL MASS UF LOX  (LBM )
fUTAL LUX VOLUME  (FTx%3)
jUjAL MASSKENTH CAL
AVERAGE DENSITY (LHM/F[xn3)
AVERAGE TEMPERATURE ( "K')

MASS INFLUW RATE (LBM/S)
CALCULATED UUTFLUKW (LBM/8)
TUTAL MASS UF LOX  (l.BM )
fotal, LOX VOLUME (FTx%3)
TOTAL MASSXENTH (Bru )
AVERAGE VERSITY (LBM/FTxx3)
AVERAGE TEMPERATURE ¢ 'R7)

MASS INFLUW RATE (LBM/S)
CALCULATED UUTFLUW (l.tM/8)
TOTAL MABY UF LUX (LB )
TOTAL LOX VULUME  (F1%%x3)
JOTAL MAHSXEMTH (B10 )

AVERAGE DERSITY (LHM/F14x3)

AVERAGE TEMPERATURE ( K')

MASS INFLUW RATE (LHM/B)
CALCULATED OQUTFLUW (L.BM/S)
TOTAL MABS QF LOX (LBM )
fofAL LOX VULUME (FT1x%3)
futal HASS*ENTH (610 )

AVERAGE DENSITY (LBM/FT1#x%3)

AVERAGE TEMPERATURE ¢ R )

MASS  INFLUW RATE  (LBM/H)
CALCULATED UUTFLUN (LBM/S)
TOTAL MABS OF LOX  (LuM )
fOTAL LOX vULUME  (FT##*3)
TOTAL MABSXENTH (CRIVEN

AVERAGE UENSITY (LBM/FTax3)

AVERAGE TEMPERATURE ( 'R’)

MASS INFLUW RATE  (LHM/S)
CALCULATED DUTFLOW (LBM/B)
TOTAL MABS OF LUX -(LBM . )
FTOTAL LOX VOLUME  (FT1#%%3)
TUTAL MASS*ENTH (BTY )

AVERAGE DENSITY (LEBM/F fand)

AVERAGE TEMPERATURE ¢ R7)
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Table F-1

Global Quantities printout, for whole LOX Tank - Case 1

(British Units)

byl27ttul

wth,392E401

LyU30E$00
Lo450E+04
b 830ELUY
To104k+01
1,638E404

b,122E4+01

m8,105E401

B,o997E+05
{e270E+04
6, 009EFG7
74086E+01
Lo6dhE+02

b6,120E401
8,564E405
1.209E+04
S.732E407
7.081E+01
Lyod7e402

bol18E+0]
“8,097E+0]

8,132E4¢95

Lol49E+04
SouBdE+(T
Ty076E401
1,650E+02

n

2000s

4000s

6000s

8000s

10000s

12000s




- MASS

INFLUW RATE  (RKG/S)
CALCULATED QUIFLOW  (KG/S)
FUTAL MASS OF L% (kG )
fofal LUX vULUME (MA%3)
fofAL MASSAENTH (JUULES)
AVERAGE DENSITY (KG/Mxx3 )

)

AVERAGE [EMPERATURE (K
MASS INFLUW RATE (KG/S)
CALCULATED OUTFLOW (KG/8)

TOTrAL MASS OF LOX (K )
o1 AL LOX VULUME (MAx3)
TOTAL MANS*ENTH (JOULES)
AVERAGE DENSITY (KG/Mx%3 )
AVERAGE TEMPERATURE ( K )

" MASS T INFLUM RATE  (KG/S)
CALCULATED UUTFLUW  (KG/S)
[UTAL MABS OF LUX (KG )
fOTAL Lux voLUME (Mkk3)
JUTAL HASSAENTH (JUULES)

AVERAGE UERMSITY (KG/MA®3 )

AVERAGE TEMPERATURE ( K )
" MASS INFLUW RATE (KG/S)
CALCULATED DUTELDW . (KG/S)
TOTAL MASS OF LUX (K6 3
rOTAL LOX VOLUME (Nak3)
TOTAL MAYSXENTH (JUULES)

AVERAGE DENSITY (KG/M#x3
AVERAGE TEMPERATURE (K )

" MASS INFLUW RATE (KG/S
" CALCULATED OQUTFLOW  (KG/8
FOTAL MASS UF LUX (KG
TOTAL LUXx VOLUME (Ma%3
fOTAL MASSAENTH (JUULES
AVERAGE UENSLITY (KG/Mak3
AVERAGF TEMPERATURE (K

MASS INFLUW RATE (KG/S)
EALCULATED QUIFLOW (KG/8)
joral MA3S QF LOX (K6 )
TOTAL LUX VULUME (Mx*3)
FOTAL MASSAENTH (JUULES)
AVERAGE DENSIIY (KG/MKAY ]
AVERAGE |EMPERATURE ( K )

Table F-2
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W fd-H- 0 $4-01- 1
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)

)
)
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TR T IT G T TR AT
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B

2.7778408

“3, 683E+01

#$-uU-3 w1 11

4e27 k405
5,766E402
bab29ktiv
{.156E403
9aLiZE40I

75&+01

2olTUEFOS

“3,672E+01

3,688EL405
3. 255E+0¢2
5 T49k+ 10
1o138E+03
9,165E+401

t = 2000s |
%

t = 4000s

t = 6000s |

t = 8000s

t = 10000s

t = 12000s

Global Quantities Printout, for whole LOX Tank - Case 1

(S.I. Units)
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MASS INELUW RATE (LBM/8)
CALCULATED DUTFLOW (LBM/8)
torAL MASS 0fF Lox (LBM )
fotAl LUX YOULUME (Ftak3)
fofAL MASS*ENTH (B70 )
AVERAGE DERSITY (LBM/FYT
AVERAGE TEMPERATURE ¢

k3
R )

MASS INFLUW RATE BM
GALCULATED OUTFLOW (LBM
TOTAL MASS OF LOX L$M
8.1

fu

Fi

(LBM/8B
EL
107AL LOox VOLUME EE
M/
(

)
/8)
)

FOTAL MABSAENTH
AVERAGE DENSITY (LB
RE

J
L.
AVERAGE TEMPERATU R )

 MASS  INFLUW RATE (LBM/S)

CALCULATEO QUTFLOW (LBM/8)
TOTAL MASS UF Lox (LBM
TOTAL LOX vOLUME (Ftwand)
TOTAL MASSWENTH (BfO ™)

AVERAGE DERSITY (LBM/Fi*xw3)

AVERACE YEMPERATURE ( R

AS8 INFLUW RATE (LBM/S)
ALCULATED QUTFLOUW (LBM/8)
OTAL MABS OF LOX (LBM )
OTAL LOX VOLUME T

fOTAL, MASS#ENTH (610 )

M
t
1
(FTA%3)

AVERAGE DERSITY (LBM/FT#n3)

AVERAGE TEMPERATURE ( R7)

8 INFLUW RATE (LBM/S)

LCULATED QUTFLDOW (LBM/S)

TAL MABS 0F Lox (LM )
AL LUX VOLUME (FTan3)
AL- MAYS*ENTH (610 ™)

AVERA

AVERAGE tEMPERATUR ( R

Tab1e G-1

(British Units)
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MASS

CALCULATED QUTFLOUW

O T X i

NFLUW RATE

(LBM/S)

ATED QUTFLOW (LBM/S8)

AB8 OF LOX
OX VOLUME
ASSHENTH
DERSITY

(
TEMPERATURE

LB
R

INFLUW RATE

TOTAL MASS QF LOX
TUtAL LOX VOLUME
FOTAL MASS*ENTH

AVERAGE DENSITY (LBM/FT*%3)

(bem )
(FT*%3)
(B1U )
BM/F1a%x3)
( R7)

(LBM/8)
(LBM/8)
(LM )
(FTax3)
(BTU ")

AVERAGE TEMPERATURE ( R )

MASS

CALCULATED UUTFLOW

INFLUW RATE

TOTAL MABS OF LUX

TOTAL LUX VOLUME

TOTAL MASSHENTH

" AVERAGE DENSITY (LBM/Fixx3)
AVERAGE TEMPERATURE (

' MASS

CALCULATED OUTFLOW

INFLOW RATE

TOTAL MA3S OF LOX
fOTAL LUX VOLUME
TOTAL MASSRENTH

AVERAGE DENSITY (LBM/FTa%3)
AVERAGE TEMPERATURE (

Global Quantities Printout for Half
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(LBM )
(FTx%3)
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(LBM/8)
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(RTU )

R J

Table G-2

(British Units)
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 MASS  INFLUW RATE

© MASS INFLOW RATE (RG/8)
CALCULATED OUTFLOW  (KB/8)
TOTAL MASS OF LOX (K& )
fofAL LUX YULUME (Mx*3)
totAL MAYS*ENTH (JOULES)
AVERAGE UERSITY (KG/fx*3 )
AVERAGE TEMPERATURE ( K )

" MASS8 INFLOW RATE " (KG/8)
CALCULATED OUTFLOW  (KG/$)
TOTAL MABS OF LOX (KG )
TOTAL LOX VOLUME (Man3)
TOTAL MASSRENTH (JUULES)
AVERAGE UERSITY (KG/Mrk3 )
AVERAGE TEMPERATURE (¢~ K )

" MASS  INFLUW RATE (RG/8)
CALCULATED QUTFLOW (KG/8)
TOTAL MA3S OF LOX (K6 )
fofal Loux vOLUME (MAx3)
TOTAL MABS*ENTH (JOULES)
AVERAGE UENSITY (KG/Mxx3 )
AVERAGE TEMPERATURE (' K )

.

N (KG/8)
CALCULATED OUTFLOW  (KG/S)
TOTAL MASS OF LUX (Ke )
TOfAL. LOX vOLUME (Mwx3)
TOTAL MASS*ENTH (JOULES)
AVERKGE UENSITY (KG/Fxi3 )
AVERAGE TEMPERATURE ( K )

MASS "INFLUW RATE “{KG/S)J
CALCULATED OUTFLOW  (KG/S)
TOTAL MABS UF LOX (K6 )
TOTAL LOX VOLUME (H*w3)
TOTAL MASSXENTH  (JOULES)
AVERAGE UENSITY (KG/fxk3"™ )
AYERAGE TEMPERATURE (° Kk )

Table G-3

Global Quantities Printout for Half LOX Tank - Case 2
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MASS INFLUW RATE “{RG/S)
CALCULATED QUTFLOW  (KG/8)
TOTAL MAZS OF LOX (K6 )
fotal, LoX YOLUME (MAx3)
TOTAL MABSHENTH (JOULES)
AVERAGE DERSITY (KG/M*A3" )
AVERAGE JEMPERATURE ( K )

© MASS INFLUW RATE  (KG/8)

CALCULATED OUTFLUW  (KG/8)
TOTAL MABS OF LOX (K6 )
fOTAL LOUX VOLUME (M¥x3)
TOTAL MASSH*ENTH (JOULES)
AVERAGE VERSITY (KG/MA%3™ )
AVERAGE TEMPERATURE (° K )

MASS INFLOW RATE  (KG/8)
CALCULATED OUTFLOW  (KG/8)
TOTAL MABS UF LUX (KG )
TUTAL LOX VOLUME (M#x3)
TOTAL HASS*ENTH (JOULES)
AVERAGE DENSITY (KG/Mw#3 )
AVERAGE TEMPERATURE ( K )

" MASS INFLDW RATE (KG/S)

CALCULATED OUTFLOW  (KG/8)
TOTAL MABS UF LOX (KRG )
TOTAL LOX VOLUME (MA*3)
TOTAL, HASSENTH (JUULES)
AVERAGE DENSITY (KG/Mw%3 )
AVERAGE TEMPERATURE ( K )

Table G-4

Global Quantizies Printout for Half

(S.1. Units)
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APPENDIX H

Global Parameters Printouts, for Test Case 3
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MASS AINFLUY RATE  (LBM/S)
CALCULATED QUTFLUN (LBM/8)
TOTAL MABS OF LUXx (LBM )
fOTAL LUX VOLUME  (FT*%3)
foiAL MAES*ENTH (B1U ™)
AVERAbh PENSITY (LBM/FIAa3)
AVERAGE TEMPERATURE ¢ R’)
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MASS INFLOW RATE (LBM/8)
CALCULATED OUTFLOW (LBM/E)
fofAlL MABS OF LOX (LBM )
TOTAL LOX VOLUME  (FT#%3)
TUTAL MASSENTH (BTu )
AVERAGE WENSITY (LBM/FTww3)
AVERAGE TEMPERATURE ( R )
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MASS  INFLUW RATE (LBM/8)
CALCULATED LUTHLOW (Lbk/8)
TOTAL MASS OF LOX (LEM )
TOTAL LOX VOLUME (FThna3)
FOTAL MASSAENTH (K10 )
AVERAGE UENSITY (LBM/F1x43)

AVERAGE TEMPERATURE ( R')
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MASS INELU® RATE  (LBM/S)
CALCULATED QUIFLOW (LBM/S)
TOTAL MASS OF LOX (LBM )
FOTAL LOX VOLUME (k%K)
TOTAL MASSXENTH (BT )
AVERAGE DENSITY (LBM/FTa%x3)
AVERAGE TEMPERATURE ( "R')
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MASY LNELUW RATE  (LBM/8)
CALCULATED OUTFLOW (LBM/S)
TUTAL MASS OF LOX (LBM )
foTAL LOX VOLUME (FT#%x%)
TOTAL MASSAENTH (BT0 )
AVERAGE UENSITY (LBM/Fis#3)
AVERAGE TEMPERATURE ( "R )
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Table H-1
Global Quantities Printout for Half LOX Tank - Case 3

(Br1t1sh Units)
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MASS INFLOW RATE (LBM/S) = 3,0588E401
CALCULATED OUTFLUW (LEM/8) & =3,9832E40]
TOTAL mABS OF LOX (LBM ) 5 H4,0b94E+08
TOTAL LUX VOLUME  (FT1ax3) & S,706bE403
TOTAL MASSAENTH BTy ) & 2,722BE407
AVERAGE DENSITY (LBMZF1x#3) = 7,0815E4014
AVERAGE TEMPERATURE ¢ R ) 3 1,6464E402
MASS INELUW RATE (LBM/S) = 3,0579E40}
CALCULATED QUTFLOW (LBM/8) & w3,9650E40]
TUTAL MABS UF LUX (LBM ) & 3,/8535E408
TOTAL LOX VOLUME  (FTax3) & S,445BE40S
TOTAL MAYSHENTH (BTU ) =&  2,5837E40)
AVERAGE DENSITY (LBM/FI4x3) 2 7,07658404
AVERAGE TEMPERATURE ¢ R™) 2 §,6490k402
MASS INFLUW RATE (LBM/8) = 3,0569E+0}
CALCULATED UUTFLOW (LBM/S) = =3,9617E401
FOTAL MASS UF LUX (LBM ) = 3,65J2E408
TOTAL LUX VOLUME  (FT#x3) & S,1850E+03
TOtAL MASSXENTH  (B1U ) 5 2,4U42E407
AVERAGE UENSITY (LBM/FT*#3) = 7,0702E404
AVERAGE TEMPERATURE ( R ) = 1,6524E402
MASS UNFLUW RATE (LBM/8) = 3,0559E

CALCULATED QUTFLOW (LBM/8) & nzféggggigi
TOTAL MASS UF LOX (LBM ) & 3,4530E40S
TOTAL LUX VOLUME  (FT#%8) & 4, BAB2E404
TOTAL HASSAENTH (Bru ") & 2,300%E407
AVERAGE UENSITY (LBM/Ftax3) & To0662E401
AVERABE TEMPERATURE R ) & |,6554E4p2
MABS INFLUAW RATE (LBM/S) = 3,0550E401
CALCULATED OUTFLOW (LBM/S) & =4,0046E40)
TOTAL MASS OF LOx  C(LBM ) & 3,289B8E40%
TOTAL LUX VOLUME  (FTxa3) & 4,5735E40%
TUTAL HABSKENTH (BTU ) = 2,17B2E407
AVERAGE UENSITY (LBM/FIix%3) & 7,0613E401
AVERAGE JEMPERATURE € R') & 1,6582E402

Table H-2
Global Quantities Printout for Half LOX Tank - Case 3
(British Units)

t = 12000 $

t = 14000 S

t = 16000 S

t = 18000 S

t = 19800 S

e ———. AT . - TR A T P



- na
e <

T

= Ui R s

OIS St e T

(RG/S)
C (KGy8)
TOTAL MABS OF LOX (K6 )

MASS INFLUW RATE
CALCULATED OUTFLOW

(MAx3)
(JOULES)

TuiAl Lux VULUME
TO1AL MAYSAENITH

CAVERABE UENSITY (KG/ZF#A3™ )
AVERAGE TEMPERATURE ( K )

MASS INFLUW RATE (Ki3/78)
CALCULATED OQutFLOW  (KG/8)
FOTAL MASS OF LUX (KG )
foiAL LUK vOLUME (MAx3)
TOTAL MASSHENTH (JOULES)
AVERAGE UENSITY (KG/M*a3" )
AVERAGE TEMPERATURE ( K )

MASS  INFLUW RATE (KG/8)
CALCULATED OQUTFLOW  (KG/§)
TOTAL MASS DF LUX (KG )
TOTAL LUX VULUME (Mk%3)
fOTAL MABS*ENTH (JOULES)

CAVERAGE DENSITY {(KG/MAR3 )

AVERAGE TEMPERATURE (7 K )

MASS INFLOW RATE  (KG7S)
CALCULATED OUTFLOW  (KG/S)
TUTAL MASS UF LLOX (K6 )
TOTAL -LUX VULUME
TOTAL HAHS*ENTH (JUULES)
AVERKGE VENSITY (KG/Mxx3 )
AVERAGE |EUPERATURE ¢ K )

.
e

MA8S It RATE " (KG/3)
CALCULATEERUTFLON  (KG/8;
TOTAL MASTEEF | 0X (KG )
TTAL LOX (@RI UME (Mhn3)
TOTAL MASEEENTH (JOULES)

WLTY (KG/Hx43 )
RATURE (" K )

Table H-3

(S.I. Units)
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Global Quantities Printout for Half LOX Tank - Case 3
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Tabie H'-4
Global Quantities Printout for Half LOX Tank - Case 3

I  MASS LNELUW RATE  (KG/S) 2 1,387RE401
CALCULATED QUTFLOW  (KG/8) & =i BU6Y4E+DL
l FOTAL MABS OF LUOX (ke ) & 4,BABGEHOS 4 - 19000 S
T0fAL LUX vOLUME (Mxn3) & L,0272E402
_ 10TAL MASSKENTH (JOULES) & 2,8703E+10
l AVERAGE DENSITY (KG/Fixk3 ) & 4 1342E403
AVERAGE TEMPERATURE ¢ h J = 9,1068E401
I MASS INFLOW RATE  (KG/S) = 1,3868E40) °
CALCULATED OUTFLOW  (KG/S) & w1, 79BAE401
% TOTAL MASS OF LUX (K6 ) & 1,74877E+05
TOTAL Lux vOLUME (Mx%3) 3 | ,542{E+02 t = 14000 S
fOTAL MASSXENTH (JWULES) 5. 2,71237E410
l AVERAGE DENSITY (KG/Mak3™ ) & {/1533E403
AVERAGE TEMPERATURE (" K ) & 9,1638E401
1  MASS L INFLOW  RATE.  (KG/S) .E.. §,3863E401 .
CALCULATED UUTFLUW  (KG/8) = =1,7967E+0)
fUTAL MASS UF LUX (K6 ) = 1,6500E405 |
TOTAL LOX VOLUME (Hah3) & |, A569E+y2 3
; TUTAL HASSRENTH (JUULES) & 2,5766E4f0 T =160005
AVERAGE DENSITY (KG/Rax3 ) = 1,1325E403 ?
5 AVERAGE TEMPERATURE ( K ) & 9,1BUOE+0]
MASS INFLUW RATE  (KG/S) s §,3B59E+01
:| CALCULATED QUTFLUW  (KG/8) ¢ mii’??#&é&g}
TOTal MASS OF LOX (K& ) & |;5534E4(5 ~
; TUTAL LOX VOLUME (Maw3) & §, 3947E402 - 18000 S -
| TOTAL FASSKENTH  (JOULEB) & 2yd2986fig  © -
AVERAGE DENSITY (KG/Max3 ) & 1. {${7E403
a AVERAGE TEMPERATURE (" Kk J & 4.{968E+401
MASS INFLUW RATE (RG/8) = 1 ,%BSSEH0)
g CALCULKTED UUTFLOW  (KG/S) 2 =1, B148E40]
TOTAL MASS OF LUX (ke ) & ' 1, 464BE405
TOTAL LUX vOLUME (Mak3) & {,295[E£2 t = 19800 S
B TOTAL RASBXENTH  (JOULES) & 2.2952E410
AVERAGE UENSITY (KG/Rwxx3 ) & |, 1309E403
AVERAGE TEMPERATURE ¢ Kk ) & 9,2{12{E+40]
lI (s.I. Units)
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APPENDIX I

Global Parameters Printouts of Test Case 4
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MASS INFLOW RATE (LBM/S)
CALCULATED OQUTFLOW (LBM/8)
TuTAL MABS QF LDx (LBM )
TOTAL LUX VOLUME (FTnk3)
TOTAL MAYSKENTH (RTU )

AVERAGE DENSITY (LBM/FI*%3)

AVERAGE TEMPERATURE ( R )
MASS INFLUW RATE (LBM/S)
CALCULATED UUTFLOW (LBM/S)
FOTAL mASS UF LOX (LBM )
toTAlL LOX VUOLUME (F14%3)
TOTAL MASSKENTH (H10 )

AVERAGE VDENSITY (LBM/ZFTx%x3)

AVERAGE TEMPERATURE ( "R )

MASS INFLUW RATE (LBM/S)
LALLULAF&D QUTFLOW (LBM/SJ

TOTAL MASS QF LUX  (LBN )
TOTAL LUX vuLUME (F1#%3)
TOTAL MASBS*ENTH (810 )

AVERAGE DERSITY (LHM/F1A%3)

AVERAGE TEMPERATURE ¢ R7)
MASS INFLUW RATE  (LEBM/S)
CALCULATED QUTFLOwW (LBM/S)
TUTAL MABS UF LUX  (LBM )
FOTAL LOX VOLUME  (F14x%3)
TOTAL MASSHENTH (81U )

AVERAGE DENSTITY

AVERAGE TEMPERATURE ( R )
MASS INFLUW RATE (LUM/S)
CALCULATED QUTFLUW (LEM/S)
TOTAL MABS OF LOX  (LBM )
TOTAL LUX YOI UME (FT#%3)
TOTAL MASS*ENTH (BTU ")

AVERAGE UENSITY (LBM/Fisx3) s

AVERAGE TEMPERATURE ( R )

TableI:-1

Global Quantities Pﬁjntout for Half

(British Units)
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LOX Tank - Case 4




MASS INFLUW RalE  (LBM/S)
CALCULATED UYTELOW (LBM/S)
TOTAL MASS OF LOx  (lL.BM )
foTAL LOX VUOLUME (F14%3)
fRTAL MASSAENTH (RTY )
AVERAGE DENSITY (LBM/FTx%3)
AVERAGE TEMPERATURE ( R )

MASS INFLU®W RATE (L.BM/S)
CALCULATED OQUTFLOW (LBM/8)
TOTAL MASS OF LOXx (LBM )
TOTAL LUX VOLUME  (FTHA3)
TOTAL MASS2ENTH (BTu )
AYERAGE DENSITY (LBM/FTx%x3)
AVERAGE TEMPERATURE ( R )

MASS LINFLUW RATE (LBM/8)
CALCULATED QUTFLUW (LBM/S)
TOTAL MASS UF LUX (LB® )
TUTAL LUX VULUME (P1x%3)
foial MASSKENTH (HTu )
AVERAGE DENSITY (LBM/FTa%3)
AVERAGE [EMPERATURE ( R )

MASS INFLUW RATE (LBM/S)
CALCULATED QUIFLUW (L.BM/SB)
TOTAL MABS OF LOX (LBM )
FOTAL LOX VULUME (F1%%x3)
TUTAL MASS*ENTH (BT0 )
AVERAGE UEMNSITY (LBM/FT#*%3)
AVERAGE FEMPERATURE ( R

MASS INFLOUW RATE (LHEM/S)
QALCULAI?U QUTFLOW (LBM/E)
TOTAL MASS OF LUX (LeBM )
fUTAL LDX vULUME (FT#Ar3)
TUTAL MASS*ENTH (BTQ ")
AVERAGE DENSITY (LBM/Fiw#3)
AVERAGE (EMPERATURE ( R )

Table -2

(British Units)
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Global Quantities Printout for Halt LOX Tank - Case 4
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MASS LNFLOW RATE  (KG/S)
CALCULATED QUTFLUW (KG/S)
TUTAL MASS OF LUX (KG )
FOTAL LOX VOLUME (MAx3)
TOTAL MASS*ENTH (JUULES)
AVERAGE DERSITY (KG/MA&S )
AVERAGE TEMPERATURE ¢ K )
MASS INFLUW RATE (KG/S)
CALCULATED QUTFLOW  (KG/S)
TUTAL MASS UF LUX (kG )
JUiAL LOX VDLUME (M¥%3)
TOTAL MASSHENTH (JULLES)
AVERAGE UENSITY (KG/Max3 )
AVERAGE TEMPERATURE (' K )
MASS INFLUW RATE  (KG/S)
CALCULATED OUTFLUW (KG/8)
TUTAL MABS UF LODX (Ke )
TUTAL LUX VOLUME (MAx3)
FOTAL NASS*ENTH (JUULES)
AVERABE DENSITY (KG/M4k3 3
AVERAGE TEMPERATURE (K )
MASS INFLUW  RATE (KG#3)
CALCULATEL OQUTFLUW (KG/S)
TOTAL MABS OF LUX (KRG )
TOTAL -LUX vULUME. . . (Mxx3) .
TOTAL MASS*ENTH (JOULES)
AVERAGE DENSITY (KG/M*x%3 )
AVERAGE TEMPERATURE (1K)
MASS  INFLUW RATE  (KL/S)
CALCULATED DUTFLUW (KG/S)
TOTAL MASS UF LUX (KG )
TOTAL LOx VOLUME CITES
TOTAL MASS*ENTH (JOULES)
AVERAGE DENSITY (Ki/MAx3 )
AVERAGE 1EMPERATURE (K Rl

Table I-3

{S.I. Units)

3!-“-!b n-uu-a

(RN N I R i R O g £ )

-1 0

it 13- 1118

[ L I {] ﬂ it- 1 8

H 4

MRS AdN IR T RO £ BN 2 RO | 8

3
¥

A

LI U
T e
C,o..—nanvc“-c

el O U~
b~ OO T O
NG oo L

o e e
e 2l al

-

1, 3890401
1, BIOSEFOY
1,4597E40%
{,e84ikE402
2.,2560k410
1,1367E403
94 0957TE4G1]

E

O+ TG o pm e e
e e e U OO

el el R AR
O U O 4= b
OO Po C:Un Sl O
T 0 OO LT T Y
S e g e e e
SIS e O S OV S
LSS TG LR -

» ... ®.® .. ™

1, 3884E401

ml B078E40]
1 2655&+05

LA LABE4D2.

1 qe$9h+iu

{,{3U8E+03

9, 1417&401

123B77EF0
=1,8116E+D
la1§$7t;0
Ly 0286E4D
Lv1383e40
Y 6ATEF0

Global Quantities Printout for Half LOX Tank - Case 4
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MASS  LINFLDW RATE
CALCULATED QUIFLDW (KG/S)
TUTAL MA8S 0F LOX (KRG )
TUTAL LOx vOLUME (Ma*3)
TOTAL HAYS*ENTH (JOULES)
AVERAGE ULENSITY (KG/ZMx43 )
AVERAGE [EMPERATURE ¢ Kk )

INFLOW  RATE (KG/S)
CALCULATED QUTFLOW  (KG/S)
TUTAL MASS UF 10X (K6 )
TOTAL LUXx vOLUME (M*%3)
TOTAL MASSXENTH (JUULES)
AVERAGE DENSITY (KG/Mxx3 )
AVERAGE [EMPERATURE ( K )
MASS INFLUK RATE (kG/S)
CALCULATED QUIFLUW (KG/S)

TOTAL MASS OF LUX (K6 )
fOTAL .LUX VULUME
TOTAL MASSKENTH (JOULES)
AVERAGE DENSITY (RG/Ma%3 )

AVERAGE TEMPERATURE t K )
MASS INFLUW RATE  (KG/S)
CALCULATED OQUTFLOW  (KG/Y)
TUTAL MASS UF LODX (kG )
fOTAL LUX VOLUME (MAx3)
TOTAL MASSWENTH (JOULES)

AVERAGE DENSITY (KG/Mxx3 )

AVERAGE TEMPERAIURE ¢ K )
MASS INFLIJW RATE (KG/S)
CLALCULATEL UUTFLOW  (KG/S)
TOTAL MASS UF LOUX (KG )
fOTAL LUX VOLUME (Mxx3)
tOTAL MAYSXENTH (JUULES)

AVERAGE DENSITY (KG/FM#*3

)
AVERAGE 1EMPERATURE L K )

Table [-4

(S.I. Units)
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Global Quantities Printout for Half LOX Tank - Case 4

t = 12000 S
t = 14000 S
t = 16000 S
t = 18000 S
t = 19800 S
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