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NOMENCLATURE

Symbols

A Area
Tank wall thickness
Constant in heater temperature sensor lag equation

OO

C: Specific heat at constant pressure :
'Cs Stefan Boltzman constant
Cra Constant in Rayleigh heat transfer equation (equal 0.525)
D Diameter
E Young's modulus
F Impulse Function or Thrust
F Thrust vector
g Acceleration in Earth gravity units
~GM : Product of gravitational constant and attracting body mass
h Entha]py
1 Vehicle inertia matrix
K - -Thermal conductivity
L Length
M Mass
MC Heater thermal mass
| Po]ytroplc exponent
i ::.Pressure ' s ’ e B o

Quantity of gy TR
i Gas constant. .
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& e . .
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'“Pos1t1on VettoR

“TRayTeigh number oS

.m .,

" Tank radius .
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. .“::'. .

Volume

Velocity
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NOMENCLATURE (Continued)

Ratio of specific heats
Heater emissivity (0.2 assumed)
Density
Thermodynamic property,—%U
3P

Thermodynami c property,-p%%

Poisson’s ratio
Viscosity
Vehicle angular velocity vector

Bulk fluid
Center of gravity
Demand -

" Thrust

Attracting body (earth or moon)
Heater '
Lines .- .. : T .
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NOMENCLATURE (Continued)

~ Acronyms , . )
AET " Apollo Elapsed Time
CSM - Cqmmand Service Module
DAP Digital Auto-Pilot -
DTO Detailed Test Objectives '
EVA Extra-Vehicular Activity | .
GET Ground Elapsed Time '
LM ' Lunar Module
MSC Manned Spacecraft Center
PTC - Passive Thermal Control
RCS Reaction Control System

SRU Sperry Rand Univac
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1.0 THIRODUCT IO

The fnotle 12 incident resulted in the vemoval of the mixing fens
from the oxygen tanks Tor the Apolle 14 and subscguent spuceeraft,
Since the parformance of such tanks in the Tow-o flichi enviromsont
cannot be duplicatd on the ground, flight performance could not Lo
fivmly established Trom cround fest date, Thus, the Apollo 14
missicn previded the first flight data on the performance of the
oxyaen tanks, :

heecurate prpdictio of tank perfo"bun(e capability is necessary to
CsatisTy mission planning requirements for /"0110 15 and suth cuent
flights because the oxygen Iﬂn! will be used to the maxipum extent
of thair performance capability . Therefore, the ))wafiight
analysis of the Apollc 14 Qp"(&“F’fL tenk performance was conducted
not only to establish the chQUQC” of the tanks for these future
flights, but to determine if thf existing stratification model fo
Tow-q oxygen thermodynamic hzhavior vas edoquate to predict fiigh
performance for Apollo 15 and suhsequcnt flights.

»
&4
< §
v

1] ~ Background

o S s - ande gL - ~y "
Lfn.x‘ut\:T‘:Su\-u stiratifiad ix\lr’” manee 2 o
taaks ware not conducted jrior to the 12 d4n

\a ol
fans were ava 1]nblo to recuce the effec ts of stratification on tank
operation. = After the Apollo 13- incident, an oxyaen stratification
model was 0\V°709“d (Rnfcacnces 1 and 2) and verificd by analysis of
data obtaired for one period of the fpollo 12 missien. This analysis
verificd lhe model ability to predict pressure collapses wiich could
coccur as a-result of stratification. The-abilily to- Ut@dlut heater
iLmtar'luvo\ could not be verificed since. the Aﬁnllo l Jtenks didipot oo
contasn firater témperature sensors S

of ¢
)

The résulting °Lrat1f cnthn mn4'1 v
:Prod1cL.nnf"or’the AEOTTG T4 “bRyED
.T,O]Cl))n-; nov. cvc.;;wou]n ;bsxdaod"g
Tl includs T tant conditions ({1
Cions ) _fm*__ vhich . the model had not L;., 3

..SCOPC nerd e ens s o SRS e TR e

g hr 0110 14 ubS« fllnhus“

3
é nE siiens of tank porformance for %1: éif?éraﬁt Cn:4;‘1~w< qf flow
vate, tank quantivy, and scoe tien,  Tho six conditions, sotecied
with the concurrence of the Technical Honitor, inaludoed tuo reriaas
of pessive therms! control, fwo pericds of ettitvde hela, zud iPQ Tun
Avigh Flow LVA stimiation tqsﬁs.(ﬁiﬁ). LGdantitips from 1610 ¢ ¢nﬁ.'
RS Lo e X , SEVAPRICEN -~
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1.2 .- Scope (Continued)
flow rates from approximately 1.5 1bs/hour to more than 4.5 1bs/hour
were included in these simulations. The results (tank pressures,
heater temperatures, and heater cycles) of the simulations based on
actual accelerations and flow rates are compared with the best
available flight data. The comparisons of flight data with simulation’
results are discussed and the flight stratified perforimance of the
redesigned tanks evaluated, The simulation accuracies obtained from
varied model parameters are evaluated and model parameters are selected -

- for the best prediction capabilities. - Simulations of heater tempera- .
tures based on empirical heat transfer equations are also compared
with f1ight data, and parametric temperature predictions are presented,

The-ability of the redesigned tanks to satisfy future mission require-
ments is assessed based on the combined strat1f1cat1on model and
empirical heat transfer equation data.

Wt e S e ST S S PP S TS B U TN S PP TIPS, 13
ST B T R e T R LY S
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2.0 SUMMARY

The Apollo oxygen tanks were redesigned and the mixing fans removed after
the Apollo 13 incident. The ability of the redesigned tanks to provide
all mission flow requirements was not demonstrated in a flight environ-
ment prior to the Apollo 14 mission. Pre-flight predictions of tank
performance for the Apollo 14 mission were made with a stratification
math model validated by analysis of one Apollo 12 condition. These
predictions provided confidence that the Apollo 14 mission could be -
successfully performed, but did not adequately evaluate tank performance
for conditions such as EVA expected during later missions..

The post-flight analysis of the Apollo 14 mwssion was performed to better
evaluate the redesigned tank performance in the flight environment, and
~the ability of the stratification math model to predict flight performance.
The math model was evaluated by simulating tank pressures and heater
temperatures with the model and comparing the results with flight data for
six different conditions.  The ability to satisfy future mission require-
ments was evaluated on the basis of potential pressure decay data resulting
from the simulations. The heater temperature data from the simulations was
supplemented with data generated from empirical heat transfer relationships
to evaﬂuate heater performance for the full range of flight conditions.

The simulations included nominal attitude hold and passive thermal contro)
(PTC) tank acceleration conditions, as well as abnormally high (5 x 10-6 g)
acceleration conditions caused by the planned oxygen venting during the.
high flow DTO tests. Tank quantities from 15% to 97% and flow rates to
more than 4.5 Ibs/hqur during these conditions were 1nc1uded in these
eva]uat1ons

The simulated maximum heater temperatures were in excellent agreement with
‘flight data for. the attitude hold and PTC per1ods as .shown below.

e A Y o A ASSUMED - TEMPERATURE:. - v i?;%&?ﬁégna

QUANTITY CONDITION HEAT[R AREA ' ERROR

"';;97A;.Att1tude Hold
ﬁﬁsz% Attitude H Ia: ‘
7 %,'(DTO\ e

A%, PTC | -

: o;;.-‘.:_.,.:',:,.:.f~-. 20% . (D_] 0) R - 0 95 th
e 10.475 Ft*
ARV S (o s 475 SR

The best accuracies were obtained by using the larger heater area for
“high quantities. The heater area for best accuracy did not depend on
‘the. flight condition. - The reduced. accuracy.of the DBT0: simulated .
temperatures may have been caused by ebnormal accelerations which were

~
¢
2N
L
4
-
ok
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2.0 SUMMARY (Continued)

not perpendicular to the heater as assumed by the model. Heater tempera-
tures simulated with empirical heat transfer relationships were within
50°F of flight for all conditions investigated except the 20% DTO condi-
tion. These results, which agreed favorably with the stratification
model results, were used to generate parametric heater temperature data
and to evaluate mission capabilities.

The only significant pressure decay resulting from stratification during
‘the Apollc 14 mission occurred at 97% tank quantity. The math model
estimated decay of 86 psi was in agreement with flight data. The actual
flight decay was between 59 and 100 psi. No other pressure decay occurred
during the flight. The evaluation of the model decay simulation capability
was severely limited by the lack of flight decays and resulting data.

Since pressure decays and heater temperatures are closely and fundamentally
related by the model, the demonstrated accurate heater temperature simula-
tions adequately validated the model for predictions of pressure decays.

It was concluded from the Apollo 14 preflight and postflight analyses that
the redesigned oxygen tanks could supply the known required flow rates for
the Apollo missions. The worst case pressure decay during a three hour
EVA period will be less than 230 psi. The stratification model was found
to be adequate for predictions of the most important tank performance
variables (pressure decays -and heater temperatures).
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3.0 METHODS OF ANALYSIS
C 3.1 Stratification and Heat Transfer

The constant grid stratification math model (References 1 and 2) was
~used to simulate the overall oxygen tank stratified performance
(pressure, pressure decay, heater temperature, etc). A brief descrip-
tion of the model equations and assumptions is included in Appendices
A and B. Heater temperature sensor response was calculated by an
. empirical method developed to model heat transfer in supercritical

oxygen. This method uses a Rayleigh number convection correlation with
the fluid properties treated by averaging as described in Appendix C.

'3.2 Tank Flow Rates

The oxygen flow distribution system is shown by Figure 3-1. The system .
includes check valves which are intended to prevent flow into the tanks
during normal operation., The isolation valve between tanks 2 and 3 is
~normally open and for the Apollo 14 mission was closed only during the

high flow test. The flow restrictors are capillary tubes with flow
pressure drop characteristics as shown by Figure 3-2, The restrictors
are the only significant source of pressure drop in the system.

The data available from the system include fluid quantity and pressure,
and heater temperature for each of the three cryogenic tanks. The
surge tank is instrumented to provide pressure data only. The flow
rete to the environmental control system is measured downstream of

the surge tank -and, therefore, includes contributions from all four

of the tanks. The flow rate to the fuel cells is also measured, but
can be more accurately determined frem the electrical current,

The total flow. from the three tanks during the Apo]]o 14 mission. was
determined from the fuél ¢ell usage and the pressure drop across the

ﬁ'-lrestrlctors to .the environmental coritro) system (ECS).- The.flow. rate tdi,yyﬁﬁf

s tank . during the parxod ~Fhe:nets change 0F wass in the ‘surge tahk wWa

the fuel cells was computed using the fuel cell current, becavse this
i2thod is more accurate then the use of the fuel cell »1 « meters. The
.;Ioﬁ irateacrossithe ires tiigtors: dUring: hxgh “Flow! periods washased oniy
. the restrictor pressure. drop calibraticns. ~During law- flow pnr1ods, the
“average restrictor flows were obtained fror the ECS flow rate  (measured : = -
.co”nstreum of the restrictors) and the net ch»ﬁg° of mass in the <urg° .

.Lalculated. from. only the, surge tank pressure,;. thus, d1f1erencas in: .;ﬁ:'#;vfﬁuj;

T ca]1brat1on of. the surge” tank and oxygen tank pressure, transducers d1d

'.not affect the resu[ts

The f]ov rates from th° indivicduzl cryogenic tanks ware not m2asured;
the"efnre, it was necessery to divide the total system fiow among the
three tanks. The individual tank flo: rates were determined from the
totel system flow on the basis of equilibrium tank thermodynamics. The
“pressure differences hetweep . tanks were ugsed. to determine-the .check .
valve confiduration and to constrain the thermodvnamic calculations
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3.2 Tank Flow Rates (Continued)

The flow distribution is affected by the heat input to the separate tanks.
Individual tank heat leaks were estimated from flight data. The tank 1
and tark 3 heat leaks were found to be nominal at zero flow rate at 90%
and 10% quantities, respectively (Figure 3-3). The tank 2 heat leak was
not verified, but is believed to have been slightly greater than nominally
expected. Tne tank 2 heat leak could not be determined for a zero flow
condition because the check valve provided to isolate the tank was found
to be leaking, thus causing abnormal pressure rise rates within the tank
with the heaters off. The check valve also permitted warm fluid to flow
back into the tank causing warming of the insulation and increasing the
heat leak.

The flow rate distributions were ohtained by simultanecous solution of
the pressure change equations (see Appendix A) for the tanks supplying
the system flow. The calculations included the effects of tank elas-
ticity, a factor strongly affecting the relative pressure change rates
within the tanks. The simultaneous solution of the pressure change
equations for the tanks supplying the system demand related the individual
tank flow to the ‘total flow. The total flow used for this calculation
included the flow rate reguired to pressurize the external line volumes,
These calculations are simplified if the pressure change rate is known
and used with the nominal heat leak to determine the individual tenk
flows. The flow rates from this method are in the same ratio as those
-provided by simultaneous solution of the equations.

The tank 2 check valve leak required special consideration to determine

- the flow into the tank which caused the tank 2 pressurization rate with
heaters off to be the same as the tank 3 rate with heaters on. The flow
rate into the tank was determined from the volume change required to
produce the observed pressure change.  Using equation A-13 from Appendix A
.«-and. considering.the volume.change due to.a hot-bubbie as-well as tanP _

& e]ast1c1ty, .the pressure change IS : L

d

“';hgwh?re C}) 15 Lhe vo]ume rhwxgepﬁpe_pq_q.bub@]e,of,fluid,at,thc line e ..
LWt N L ) i AR RGN \ PTRC _ - _--' - '.’\ R _-_..‘_-'..‘._;; e

ﬂqdens1tM;L;“’L;whtwa>’aivfmf'.éuguxfx';m%ﬂbuhLﬁ%dﬁ&mmdﬂunzba*%M-J«m;~ﬁ4ﬁwﬂ*"ﬁii*3f*
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3.2 © Tank Flow Rates (Cont{nued)
’ dM , :
During pressurization, .the demand flow dtd is zero. Substituting

VIL g! for %¥)L and solving for g%,resu?ts in
M _fL v fdp g, 1 . (dv
dt "oy 48 [H‘E'%a‘%*vpt“ (a‘t‘)t] | (2)

This method of determining tank 2 inflow during the tank 3 heater cycle
at 26 hours AET showed the check valve leskage rates to be approximately
0.05 Ibs/hour which is believed to be realistic. The tank 2 inflow is
an additional demand flow for tank 3 when the check valve is presumably
closed, but the small additional flow is within the accuracy of the data
and was neglected in subsequent analyses.

The fiow rate distribution calculations were accomplished in a sub-

routine of the stratification math model for simulation of periods with
several heater cycles. The surge tank pressure in the model was calcu- -
lated from the initial pressure and the net mass inflow determined.

from the restrictor and ECS flow rates.  The restrictor flow rate was

determined from an equation approximating the restrictor pressure drop

“calibration data (r1gurc 3-2). The surge ‘tank pressure change equat1on

was switched from an isothermal approximation to an adiabatic approx1-
mation when the pressure change rate exceeded 4 psi/minute.

The. flow rate subroutine treated the 1nactive tanks with equi]ibrium
thermodynamics. The inactive tanks did not share the system flow when
the active (stratified) tank pressure was above the inactive tanks

~ pressure. ‘When the active tank pressure was not greater than the™
+--inactive -tanks;, the ‘total--flow was- distributed- -among-. all tanks. Switch=. & .-

B T v

“ing between these two flow configurations resulted in some 1nstab1]1ty,."'i“"’

as, for example, when the active tank(s) was (were) cepable of pressur-
izing-#ith.ald. tanks. f]ow1ng, but :depressurijzed.yhen: only the-active. :
?é) was (were) f1ou1ng “This instabiTity persisted for'a few ‘time
steps and caused erratic pressure change rates,. but. did not. affect e
heater temparatures. The instebility was most significant when the

aveovinactive: tankJ veie .capable- of. SLrp]v1ng the ;total  flow with 1ittle. .
.- Pressure. cnanoe . The 1nstab1]xty Tlected the precsure rise rate :or '

time for this s1mu1atlon vias manua]]y corrected dur1ng ‘the per1od of

i$ns fabidity s HThe “instabi Tity=did-not: s1gn1f1cant1y affectithel pesults:s

of other 1mu1ct1uws
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3.2 - _ Tank Flow Rates (Continued)

Thermodynamic analyses were not required to distribute the flows during
the high flow tests, since the isolation valve was closed and the system
flow logic determined each of the tank flow rates. The tank 3 flow
rates during the tests were determinad from the restrictor pressure
drop while thé surge tank valve was open (Figure 3-4). Flox rates

were assumed constant while the surge tank valve was closed. The

tank 1 flow rates (Figure 3-5) were also determined from the restrictor
pressure -dirop,-but included-the fuel cell flow rate when the tank 1
pressure was greater than the tank 2 pressure. The flow rates from
both tanks 1 and 3 increased by approximately 0.35 1bs/hour at AET
168:40 when the urine dump valve was opened. The tank 2 pressure rise
after 168:40 was apparently caused by a leak of 0.08 lbs/hour through
both the fuel cell valve module check valve and the tank 2 check valve.
This estimated leak rate is small compared to the total tank flow and

was neglected.

. SN F
RIS o E ey e A T s e
R R A AR PO A AP P 7,




D2-118405-1

3.3 Tank Accelerations

The sources of accelerations in a space vehicle in drifting -flight include
_vehicle rotations, thrusts caused by fluid venting, gravity gradjents and . -
solar pressure. The solar pressure is approy1mate1y 10-7 1bs/ftZ and
produces an acceleration of less than 5 x 10-9 ™g" for the Apollo vehicle.
: The acceleration due to solar pressure was an order of magnitude smaller
- than the accelerations produced by vehicle rotations during typical
- attitude hold periods and was, therefore, neglected.

- The procedure for the analysis of acce]erations during attitude hold
conditions used rotation rates from guidance data directly for the centri-
petal acceleration. The rotation rates were numerically differentiated

for th° angular acceleration term. The total acceleration due to rotation

is:

'32.174 g = w x w x(Rt-RCg) (Rt ch) . (3)

Telemetry data from the digital aute pi]ot used for the analysis includes

the three components of the rotation vector and the calculation is, in

principle, straightforward. Some difficulty does, however, arise due to

the angular acceleration. The angular acceleration terms tend to dominate

the centrinetal terms, because the centripetal acceleration depends on the

square of the rotation area. The acceleration term also introduces

" questions of significeance due to the short durations of application.

Typically, the reaction control system Jet firings cause angu]ar accelera~

tions greater than 2 x 10~4 radians/second?, but the duration is of the

order of 10 milliseconds. This accelerat1on results in & movement of the .

oxygen tank of about 10-7 inches during the time the acceleration is

applied. This small displacement would appear to be negligible; however,

.the angular accelerations should certainly not be entirely.ignored. The . |
7 approach used-was to distribute the angular accelération over tinie R
o+ intervals of 10 seconds or-:greater by numérical differentiation of :the v .- ¥

observed angular rates at the end points of tha time interval. The time _
intervals were selected on thie basis’ of engineering. JuCoem ntito dcequately ’
haratterizéthesaceelerations’ ievertssy “Altholigh; this-procédure is™ A
rbitrery, the res u}tc-ﬂppear to be. sat1sfﬁctoay -and a be ter’ mefnod h¢, I
w~mnot-presented-itself.: R T = Ce B R LA s WL

(Y

S e l;Théutahklaccclﬂratfon;'Rur1ﬁo stébic eriods of spassive thermal: contro]f”-=*~?i

“ (PTC) were calculated without consideration of anoulbx accelerations !
e e During PTC f11ght modes , .the. react1on control system is.deactivated and:
-the .vehicle is. essentially spin stabilized. ..For this cond1t1on, angula
“yceelerations Ere” general]y neg]1g1h]e fand the centr1peta1 acceleration -
only is significant.




e .o prassure’ t0- the. 1mpu]se funct1on at ‘the sonic throat.” - The imgulse

 D2-118405-1

3.3~ Tank Accelerations (Continued)

When the vehicle is in attitude hold in the near vicinity of the earth
or moon, the gravity gradient acceleration is significant. This tenn,
which must be added to the rotational accelerations, is:

_ 26M (R R,)R ' -
32.174 7 = 9 t g - (4
YR
g g _
The gravity gradient term is of the order of 10~ -7 "g" for & 100 m1]e

altitude earth orbit. _Since the magnitude of the grav1ty gradient is
proportional to l/qu;q “the term becomes negligible at distances of

2 to 3 earth radii. The radius vector to the attracting body_in the vehicie
" coordinate system is necessary to the gravity gradient calculation. This
vector can only be determined from the vehicle trajectory and inertial
platform data. A computer program for the calculation of the acceleration
including the gravity gradient term derived from trajectory data was
developed by NASA-MSC for the Apollo 14 mission. The tank accelerations

- from this program (Reference 3) were used fecr nominal attitude hold and
passive thermal control (PTC) periods analyzed.

The high flow oxygen tank tests during the Apollo 14 mission were not in
nominal Tlight “g" conditions due to overboard dumping of oxygen. The
oxygen dumped overboard through a convergent nczzle in the command module
entry hatch produced a significant thrust and vehicle acceleration. A
preflight estimate of the tank accelerations during the high flow test
was made by analyzing the vent nozzle thrust and vehicle dynamics.

The thrust from the oxygen vent was calculated as the thrust from a
convergent nozzle exhausting to vacuum. The choked nozzle thrust is

...:vF,,' . ~..~n.‘ P

7

' F* - Jist the rct1o of the 1mﬁuﬁse funr on- w:th expan510ﬂ to zero;

.where:

Cfunction ratio is 1.4289 at zero pressure: from the isentropic tables:-

;iiﬁ;ﬁ%. éﬁ? .;_.,f_ﬁt;af‘f,;_:;lf:;f:f; i:;ﬂf;;,i;sft;tksjlji:;:ifif N

.+ [Reference 4.).with a specific heat ratio of 1.4 for.oxygen. The thrust ii P_ -

resulting from-exparsion-to zérd’ pressuie iy

and for a perfect gas

(2) (22 176)yRT .
Vou ‘:ij\é)( i}; ){‘ e e . e e (7)
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‘ 3.3,. | Tank Accelerations (Continuad)

..- w -
F, = 32.174<§}-—-——L-54"3f§ R (8)

The nozzle thrust is then:

- Therefore:

. C - —
| - N = T aze (R T (PRl (9)

The vent flow at 0.00172 lbs/sec or 6.2 1bs/hour resulted in a thrust of
0.091 pounds. The catculated thrust of 0.091 pounds is a lower limit
since no expansion downstream of the throat or plume effects were

considered.

The 0.091 pounds thrust produced a linear "g" of 3.65 x 10~ -6 for the
24,985 pounds vehicle weight at the time of the test., The thrust vector
was not through the vehicle center of mass, therefore, rotational
accelerations were also produced. The equation for the angular accelera-

tions is: _
RexF < la , {10)

and solving

a=11 (R x F) (11)

The noments ‘of inertia obtained from praflight mass ropert1es ‘data were -
- ‘used with-equation (11) to predict angular acceleration rates. -The rotat1on
rates vere then cc]cu1ated from the tima required to rotate the vehicle
- .through the 5°-dead band. Finally; rotational tank accelerdtions were .
;-a}culated from-equation (3)iiThestotal tank,3. Xg"-was found to.be:4.9: x
f‘10-5 and “fo¥ tank 17a “g"of 4.7 x 10°C Was obta11°d These’ accc]erat1..4_ _
neglected the effects:of reaction’ conrol. system. 11r|ng as well as plume =, .-
efwects and Hn'ld be eon:ulat 10\cr t1dn actUc]1y vn~r1enced

lhe hns1c oU\d-ﬂuu d&tr From 1#4 D-r1-x‘ Auto 0170 (D“D) 125 us cd for the

S i e e postf11ght ana]ys1s to determine. if the preflight dcce]erat1on prediction

2 was valid. 'The vehicle attitude errors for a 14 minute “period analyzed -
“EPe Shown by F1oure BRI Fhes e data-Trdi date’ that the: Vel c18 wagh
oscillating primarily chout tho v axis, end the cscillation amplituds wasg
less than O. 3 degrees The oscillations result from the steady torgue of
the vented o>ygen increasing the attituce error to the deadband limit
(approximately * 5°) and the RCS correction firings driving the vehicle
-back "inside the desd band.. g : . :
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3.3 Tank Accelerations (Continued)

Rotational accelerations were calculated from the angular error amplitudes
and time between RCS firings assuming the accelerations were constant .
between the RCS firings. The torque caused by the vented oxygen was
“inferred from the rotational accelerations and the vehicle momants of
inertia. The thrusts were in turn calculated from the torques and the
locations of the vent and the center of gravity.

The average vent thrust calculated from these data were approximately 0.06
pounds, but variations of more than a factor of 2 occuirred between succes-
sive vehicle oscillations. Since a vent thrust of .09 pound was used for
the preflight acceleration estimate, it was concluded that-the 4.9 x 10
"g" used for the simulations could nct be significantly improved. The 0.09
pound thrust calculated for a choked nozzle is believed to be more accurate
than the 0.06 pound estimated from the guidance data. A thrust lower than
.09 pound could only be obtained if the flow was significantly less than 6
pounds per hour. '

The guidance data indicates RCS firings about once per minute. Each of the
firings causes a high acceleration of very brief duration. This accelera-
tion contribution was neglected in the estimated acceleration. Including

. an average value for this terin would raise the "g" level by less than 30%4.
resiglting in less than 10°F change in heater temperaturs. It was concluded
that the 4.9 x 10-6 "g" estimate was sufficiently accurate for use in all
postflight analyses of the high flow test. :

3-8
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4.0 PREFLIGHT PREDICTIONS
4.1 . Nominal Conditions

The analysis of nominal flight conditions was primarily directed towards
predicting pressure decays which could occur during normal system opera-
tion with relatively low tank flow rates. These analyses "indicated that
no pressure decays in excess of 100 psi would occur as a result of normal
system operation (Figure 4-1). The high flow rates required for the
Command Module purge early in the mission were not included in the analyses,
‘since this condition was previously analyzed (Reference 2) for Apoilo 1Z2.
The maximum pressure decay resulting from stratification during the Apollo
- 14 mission was less than 100 psi and occurred at an Apollo Elapsed Time
(AET) of 5 hours 45 minutes. No other significant pressure decays ‘occurred
during the mission.

4.2 DTO Tests -

Test predictions (Reference 5) were made to determine the tanks ability to
provide the high flow rates required for the EVA simulation, and the
nominal flows required for emergency return with low tank quantity. The
high flow EVA simulation test included overboard oxygen venting which
produced significant vehicle and tank accelerations. The vent configura-
tion was not firmly established when the analyses were initiated, there-
fore, two accelerations were used for the tank 1 pressure decay predictions
(Figure 4-2). The accelerations estimated from the vent configuration and
flow were 4.7 x 10~6 "g" for tank 1 and 4.9 x 10~6 "g¢" for tank 3. The
predicted pressure decay due to the fluid properties at the 20% quantity
condition was predicted for tank 3. No decay was observed for either tank
"1 or 3 because the test was prematurely terminated, and a nianeuver to stir
the fluid did not occur for a consxderable time unt1] after the end of the

L

,Q,The emergency return test: cond1txon, tank 3 deplet1on from 30% to 5%
quantity, pre-flight prediction determined that the heater temperature
would-approach,; but not.exceed 560°F -for three ‘heater ‘element operation: - e
The:heater. . temperature.red-line.was-set at: 350°£.dur1ng ‘the:mission wand
oMy twWo heater eleménts wers-used dur1nq ‘the: test period.” FYight He: :
v, temperature data .are,.therefore, not available: for the condwtlons anclyzed.ﬂgﬁ;

1“and mean1nﬂful comnar1501s can not be maoe . .

-'..-.', -3 .‘ RO '-_ "ot

.,The tank 3 h1gh flow ‘test at 20% quantxty was conducted w1th two heater
“ratements ihichi-invatidated the 0r1grnd1 Aegt- pred1ct10n ~The s'tratificas
tion model was also moditfied prior to the mission to include the heater
thermal mass wnich was neglected in the first predictions. Analyses were
performad during the mission to verify the modified model heater tempera-
ture predictions and to provide recalistic predictions of the tank 3 test

......

_ﬁ~before the tr°t was sturtcd kﬁ51Y$}&:0f thcrhcatgrbcyc]g‘ac.ﬂﬁl 78:206 . ..
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4.3 "Real Time Flight Analysis (Continued)

verified that a heater area of 0.95 ft2 predicted the peak heater tempera-
ture within 30°F (Figure 4-3) while the heater area of 0.475 ft2 provided
less accurate results (Figure 4-4). Revised predictions for the tank 3
high flow test were, therefore, made with 0.95 ft2 effective heater area
(Figure 4-5). The predicted peak heater temperature for the first heater
cycle was in excellent agreement with flight data. The predicted heater
temperatures and tank pressures remained in good agreement with flight
data until the test was terminated at GET 169:38:57. Deviations between
predicted temperatures and flighi data immediately after the start of the
heater cycle were caused by the temperature sensor lag which was not
included in the model used for these analyses.
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5.0 - - POSTFLIGHT AdALYSIS

5.1 . Stratification Model Simulations

.Flight periods for simulation were selected with the concurrence of the
technical monitor in order to demonstrate prediction capabilities for

“important tank performance paramciers. The selected periods included the
most ‘critical flight conditions, flow rates and tank quantities. The
bases for selecting the six flight periods analyzed are summarized by the

- table below. '

i BASIS TFOR FLIGHT TANK

n PERIOD SELECTICN ' , CONDITION QUANTITY AET
Nominal Heater Cycle PTC 54% - 26:00
Maximum Quantity for EVA D70 : 72% 167:00
Flow Rates . _
Minimum Quantity for EVA DTO - 20% 167:00
Flow Rates _
Maximum Pressure Decay : Attitude Hold 97% - 5:00
Short Heater Cycles Attitude Hold 92% - 11:00
Heater Temperature at Low  PTC 154 186:00
Quantity _

These flight periods were simulated on the NASA-MSC SRU-1108 computers
using the stratification math model. As discussed in Section 3, the
simulations used input parameters.either measured or computed from flight

- data. These included acceleration levels, inhitial tank pressures, initial
heater temperatures, percent quantity of fluid, and fluid flow rates. The

. simulations resulted in heater cycles, potential pressure decay and
heater temperature; these were then compared to actual values of these e .
pardmeters demonstrated in flight. "The comparison showed that ‘the Apo]1o '
~14" cryogenic oxygen system operated-satisfactorily.: In addition; this

. effort showed that the stratification math model cow]o accwxafe]y r«L,1rt

.

syquem perrorwance w1tn certawn 11m1LaL1ons Thc resu]ts 0‘7.[.2_‘~

7 *baragraphq

y PR _" L D P LA e S % T et N et
et _,,-.;. \ L R s e .: D S I DR T et

5 ] ] " ' ; Nomlnu] hcatnx Cy(lc

: A Plf he oL?“ c,c]c uT A ?6 00 Was swmwiulﬂd to Ve r1|y nom:ncl ystem
. .. . .. ...-operation. .The results o‘ this. analysis established a baseline . for-
o se]ect1ng mode] parameters. for other: flight periods simulated..;:This:
TEnalysis was initiated” beforg pOftf11ght g data were ava11>b1e. ane
an accelervation of 3.0 x 1079 "g" was estimated from available data Tor
guidance rotaticn rates. The flight acce?eration data (Reference 3)
confirmed that the average acceleration was within gbout 10% of the
estimate. The average tenk flow rate during the pres"v*i7ition cycle
. ¥Was, 2,67 1bs -per heur including. ECS:and fue) -cell: flavrates Afeand o e
1.45 1bs/hour, respectively, enc .23 Ths/houv intc the surge ia

.- .-5.‘:'1 v :-,.v.'."'. . :-' .~.‘: -. o, '». . e e "."- -.l.-, - -:..--' "."."'.‘ .'.. )
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5.1.1 Nominal feut:: Cycle (Continued)

Simulation results for heater sensor temperature and tank pressure for °
two differsent heater areas bracketed flight -data (Figure 5-1). The
small area simulation was wade with a heater orea of 0.475.ft2, which is
the flat plate area equivaicnt to the C.59 ft¢ outer surface of the
cylindrical hzater tube. Since the heater tube is perforated, flow
through the lube could provide a flat plate area equal to the areas of
the inner and outer tube surfaces, a total of 0.95 ftZ. Analyses were
conducted for hoth heater. areas to determine which provided the most
accurate simulation of sensor temperature and pressurization time. The .
large heater areca reduced the heater sensor temperature, and the time

required to pressurize was also reduced; because the small heater at

higher temperature sto-ed more thermal energy. Simulated pressure results

lag behind fiight data carly in the stroke due to averag1ng the flow into

the surge tark over the cycle. The actuai flow rates increase as the d1ffer-

ence in pressure between the oxygen and surge tanks increases. Therefore,

an average surge tank flow over-estimates the flow imnediately after the

heater turns on .and and causes the simulation pressure to rise more slowly.

The asymptotic limit for the heater temperature with the 0.475 £t2 area

is within 9°F of the f1i ght data, while the heater on time for the same

area is within 40 se\0nas of the flight data (Figure 5-2). These results

are within ihe accuracy of the data itself. The asymptotic sensor

temperature and heater on time witln the larger heater area are not in

good agreement with fiight deta, which implies that the inside of the

heater tube was not an offective heat transfer surface. The effect on

convergence of the number of cells in the Y-direéction was also investi-

gated by repeating simulations with 2 heater area of 0.95 ft¢ and grid

sizes of 40 x 10 and 4C x 15. These simulations produced essentially

identical results with pressur12du1on times of sixteen minutes and a

.~ sensor temperature of 46°F. - These-results: imply that at.lower-quantities, = s « - <. %7

-nominal . gank perfonnance can. be c]ose]y simulated with.a heater area. of. o

Qatwqfactory ronverncn"e in’ this quantity range can be

. .Obkainad with. maximum grid. s1ce .07 .60 x- 10 w1th convergnrce JIot

t.AET . ]67 00 were. perfo.wﬂd T L L
Wil o id-‘rOM FCS and fia) co]‘"deﬂcnds. AR
The tank chg]rruxnun vias Lalcu] tcd Trom th; oxygen vent thrust )
(Pardgrapns 3.2 and 3.3). Abrupt changes in‘tank flow rates (Figure 5-3)"
‘occurnedduringithe test peri od:because tank:2:and tank; I =alternatedyr &
suiplied fuel cel¥ flow rates (Paragraph 3. 2). “The heater cyc1 s simulated
wilh 40 % 10 grids and heater areas of 0.95 ftZ and 0.475 ft2 are in poor
aqgresment with flight data early in the simulation (Figures 5-3 and 5-4).
The tank flow rates were investigated to determine if they could differ
from the fixed demands UStd to perform the simulation enouch to cause = .
the brrar-in hedter cyctes: ™ Flow rates’ calduiated from. the actual tank
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5.1.2 - Maximum Quaniity for EVA Flow.Rates (Continued)

. pressure change rates by equ111br1um thermodynam1cs indicated negat1ve
flow rates (flow into the tank) during part of the period (Figure 5-5).
The large differences between flow rates based on demands and flow rates

. based on tank pressures indicated that flow rate errors caused the
simulation inaccuracy..

The plumbing system thermodynamic behavior was investigated as a possible

source of flow rate errors. When the demand flow rapidly increases, a

- cold, .dense slug-of fluid-is drawn from the tank dinto the warm tubing.

- The density of the fluid inside the tank is approximately ten times the
density of the fluid at the ambient temperature in the system plumbing.
If no heat transfer is assumed between the hot and cold fluid, then to
maintain pressure in tie lines an equal volume of cold fluid must replace
the volume of hot fluid. The tank flow rates will exceed the average
system demand for some period of time to fill the lines with cryogenic

.fluid after the demand increases. This phenomena was investigated by
using the existing math model to simulate the p]umbing response to sudden
high flow demands. The simulation outflow rate was 2.5 Ibs/hour at 60°F -
and the inflow rate was 25 lbs/hour at the tank tempcrature of -195°F.

The simulated line pressure decreased for the first 15 seconds even
though the inflow was an order to magnitude higher than the outflow
(Figure 5-6). The pressure decrcase with the high flow into the line
corfirms “that the plumbing system could cause gross variations in tank
. outflow. After the lines wers initially filled with cold cryogenic
fluid the thermal capacitance of the system could cause sufficient-
pressure rise in the line to cause flow back into the tank. No attempt
was made to analyze this effect for the duration of the high flow test,
because computer time requirements are prohibitive with the existing model.
- The simulation of the 11ne response for 18 seconds required more than one
< veemn s oo hourof computer=time. - It was concluded “that Targe variations ‘in the 7 "7t
~.. -.tank .1.flow rates, occurred during .the first few.heater cycles-of the high . = 7} =
flow test as a result of plumbing system thermodynami cs .

~The tank .flew.rates..could: be. adequately. establlsheu for; simelations: £OF
“oily the Tést heater ¢yéle during the high flow test when the plumbing
- was near-thermal equilibrium: S1mu1at1ons of the last heater cycle were
- ~ made with the model flow rate adjusted on, the basis of pressure to properly . .
gty e s nClude the-fuelds, cedl.frow: demanos.; Unde ruth se condat}ona, favr ugreement R
LT Tgas Tohtéined with the £light pressurs-risponse for the £0°x 10 gridw '
heater area of 0.95 ft? (Figure 5-7). The heater sensor . temperature . o
“asymptotic estimate was. 30°F above flight data (Figure 5-8). .The heater-o
s dime however; did hot Convérge; “dndi Cating” that the- heaterboinaary Tayér
‘was not u€~qua 21y resolved,  The resolution ohtaineza was adequate for
asymptotic extrapolation of the heater temperature which was in satisfactory
agreement with flight data.
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5.1.2 ~ Maximum Quantity for EVA Flow Rates (Continued)

Potential pressure decay is a function of total heater-on time only .&nd-

simulations of this variable were valid for the duration of high flow test.

The potentiai pressure decay as a function of time is shown in Figure 5-9.

When the oxygen vent was closed at AET 169:0. the acceleration decreased

by an order of magnitude. This change in "g" level caused some model

1nstab1|1t, and the potential decay was not valid for later times. The . -
maximum potential pr65fure decay during the heater cycle immediately '
preceeding ‘termination of the high flow test.was 32.3 psi (Figure 5-10).

A pressure decay was not observed in flight because the tank 1 heater was
turned off at 169:34 and no significant vehicle maneuver occurred to
abruptly mix the fluid before the potential pressure decay had-dissipated.
Extrapolation of the potential pressure decay history shown by Figure 5-9-
indicates that the pote~tial pressure decay dropped to less than 10 psia
approximately 30 minutes after the heater was turned off.

5.1.3 ~ Minimum Quantity for EVA Flow Rates

Datam}ro simuiations of the tank 3 high flow tests at AET 167:00 were per-
~ formed with heater areas of 0.95 and 0.475 ftZ. Expulsion rates were based
upon ECS and fuel cell demands and the acceleration level was calculated from
the thrust produced by the oxygen being vented overboard during the test
(Paragraph 3.2 and 3.3). The DTO was terminated at the end of one and
one~half hours instead of the planned three hours. When the cabin orivice
was closed, terminating high flow, the vehicle acceleration droppad from
approx1mete1y 4.9 x 10-6 "g" to 7.2 x 10-8 "g". Post flight analysis
indicated that the estimate of 4.9 x 10-6 "g" cannot be significantly
improvad, but the acceleration level after the termination of the high
flow test may have been as much as an order of magnitude higher than
- 7.2 x 1078 "g". The saturated heater temperature at either acreleration .
YIS muich” h1gher than-the observed heater temperature (Figuires 5-37c-and -+ ~ - «euoios
- 5-37d).. " Heat transfer.rates at temperatures far below saturatjon are low. .
and most of the energy is being stored in the heater thermal mass. The
- temperatlure rise rate at this qunntxty is dominated by the heatcr tUJ° tﬂvrwa]
hﬁTéSQOhSea:¢bEref0Tg, ihe iPHpbraturm s1mula1104ftd=not "' :

.+ "The heater power vias manually: changed from-70 watts (2 eleme ﬂtS) to 110

L owatts (3 elements) near AET 169:09. The stratification math model
o lsimu]ate the effects of the high flow, the de Crease Jn,"g“ 1Lve].‘aﬂd
el (e hadgein hegter power vFigire - 6. 11 compares ~the results.of a- r1mu1a4-;;a¢qs;;;n'”'

_.tion with a heater area of 0.95 2 and a gr1d of 40 x 10 with flight data.
_.Since. the surge tanP flow rate was treated as a time averaged value over -
inthes qyc]e, a5 previounsly discussed; ithe: svmu]a*ed pressure’ lagssflighi-data:
early in the upstroke. Surthermove, tank 2 pressure was initialized at 876
psia because the heater had already been acL1v>tcd by the pressure switch
at 868 psia pr1or to the initiation of high flo®. This particular combina-
tion of grid size and heater area predicted e hcater sensor temperature 23°F

e oer
- B B
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5.1.3 Minimum Quantity for EVA Flow Rates {Continued)

above the observed temperature at end of the first high flow ¢ycle.
During the second pressurization cycle, the test was terminated and the
simulation tank acceleration dropped almost two orders of magnitude.
Instead of saturating at a temperature comparable to the first cycle, the
heater sensor continued to rise. When the heater power was stepped up
from 70 to 110 watts, the temperature rise rate increased even more.  The
sensor continued to rise to 310°F showing no tendency to saturate, when
the heater was turned off by the pressure switch at 169:34.

) When a convergence study of heater sensor temperature and heater-on time
was performed (Figure 5-12), the results for either heater area were
not in as gcod agreement with flight data as the 40 x 10 grid with the
large heater. By comparing the results of combinations of grid and heater
area with flight data (Figure 5-12), the 40 x 10 grid and larger heater

- simulates the high flow test pressure and temperature response better than

any other combination. However, the asymptotic heater temperature with the
0.95 ft2 heater area converged 45°F below flight data while the temperature
with 0.475 ftZ area converged 60°F above flight data. Convergence of time
to pressurize also span flight data. Previous analyses of a PTC heater .
cycle at GET 26:00 indicated that a low quantity, a heater tube area of
0.475 fto produced better agresment with flight data when the external
veriables of "g" level and flow rate were accurately defirned. This implies
that these var1ab]as may not be as well defined during the high f]ow tests
as they were during the nominal PTC cycle.

The average acceleration level during the DTO is apparently not significantly
different than that used for the s1mu1at1on, (Reference Section 3.4), however,
the effect of the high "g", low time duration, RCS acceleration spikes may
~ not be accurately modeled by averaging over time. As shown previously by
.. Figure 3-6 these firings occur at a rate of about one per minute during
- " 7""the ‘DT0 "and thése sp1kos ‘couild’ s1on1f1cant]y affect' heater ‘temperatures: and
" i:pressurization -tinies.  The- two ‘dimensional ‘model assuies-an: acceleration..
perpendicular to the h ater; which is not valid during the high flow test
when the linear. acceleration due to the venting oxygen caused the dcce1era—
A4 ohivector “tel bEinelngd: ebaut 572 “Eo thet Heatey “tulse % .E ther ofitheger.
 phendmong  could significantly affect the results of the high flow test ~
“simulation. No sat1sfactory method of modc]1ng these effects is available:
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5.1.4 Maximum Pressure Decay

The only significant pressure drop during the flight of Apollo 14 due’
to stratification occurred during LM/CSM separation at AET 5:47. The
tank 1 pressure dropped to 804 psia from an initial pressure in the
control band of 868 to 905 psia. Prior to tais at AET 4:57, docking
caused the oxygen tanks to assume an equilibrium state wh1ch ‘was main-
tained until the beginning of the next heater cycle at AET 5:14. The.
purpose of the simulation of this period is to predict the build-up

of potential decay during this-heater eycle.

The only available data for oxygen tank pressure and temperature during
this period was that taken by hand during the Apo1lo 14 flight. Thus,
it was difficult tc determine the exact starting conditions of the
period to be simulated, the exact length of the heater on cyc]es,

and the pressure in the tanks at LM/CSM separation.

This difficulty led to the use of different initial conditions for each
of the two sets of simulations performed to analyze the pressure_drop.
The first simulation, which was run with a heater area of .95 ft¢, ‘used
an initial pressure in tank 1 of 872 psia, while a second simulation
(which was run with a heater area of .475 ft2) was initiated with tank
pressure at 864 psia. This caused a difference of approximately one .
minute in the heater-on times for the two simulations. " Although the
“potential decay and heater temperature depend directly upon the heater
on time, this difference in the two simulations does not lead to =~
significant error in predicting the potential decay or maximum heater
temperature.

Another difference between the two simulations was the surge tank
volume used. Due to the repressurization of the LM/CSM beginning at

- -AET--5:14 -the -surge tank-pressure -dropped to 4V4 psiar: The first: s1mula~‘-“ﬁr“*°”* e

. tion.used tank flow rates.derived from the assumption that only -the -
surge tank volume and LM/CSM were being repressurwzed ‘Later, it was
found that the repress bott]es were also dapleted at the beginning of
wthe.period:to be .simulated,, :Thus;. thesecond: samu]ataon usedia. surge
tank voYire ¢f" fiice ‘that” of the first™sinuTétion.” "Flow ratés used ™
. in both simulations, however, were lower than those experienced in .. -

B " flight (Sece Figure 5 -13). Slnre both ‘the potential decay and the

heater temberature are 1ndepcndent of tank cutfiow, this d1screpancy o

""j;;1s now! 1muortant for:the analysis. of -these parameters::

sduring:theh:simul dtion’ of:ithiszhedter: cycl e =The “instability was:
caused by a step down in acceleration level that occurred during tha
upstroke cf the hoater cycle (See Figure 5-13). Because of a lack of
sufficient computer coie in the MSC 1108, a fine enough grid could
not be utilized to avoid osciliation in the predicted potential decay
. after the step down in "g" level. The simylation instability caused

= 5'~6.. .

© Some difficulty with the stratification model stability was encountered ';' 'f”"”
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'5.1.4 " Maximum Pressure Decay (Continued)

“ the rise in the potential decay to be invalid after the acceleration
change. The residual flows from the high “g" period during the first
~'part of the period should cause the growth in potential pressure decay
to be constant through the low "g" period. Therefore, since potential
decay is a linear function of heater on time, the decay just before
the "g" change was extrapolated to predict the later potential decay
for each grid size (Figures 5-14 and .6-15). These predictions along
with predictions for maximum heater temperature (Figure 5-16) were
“then ehbtde]ated {o-an asymptotic value (Figures 5-17 and 5-18).

The simulation using a heater area of .95 ft2 is in very good agreement
with the flight values for maximum heater temperature and potential =
pressure decay. The maximum heater temperature for this cycle was .
-115°F at AET 5:44 while the extrapolated simulation temperature for an
equal heater-on time was -113°F (Figure 5-18). The pressure drop in
flight can not be exactly determined due to the limitations of the
available data, but is is estimated to be between 59 and 100 psi.

The maximum potent1a1 decay predlcted by the simulation using the
larger heater size was 86 psia which again agrees well with the flight
data (Figure 5-17).

While the pressure response of the tank during this period was not of
- primary interest to this analysis, the initial pressure rise rate of
tanks 1 and 2 was investigated. -An equilibrium calculation indicates
that pressure can not be maintained in tank 1, but must decrease at
least -1.06 psi/min because of the high flow rate of 3 1bs/hour during
this period. However, flight data indicates that the tank pressure
rose at 1.1 psi/min during the initial portion of the hesater cycle
(Figure 5- 13? At AET 5:25, the pressure leveled off for a poriod of
20 minutes after wh1ch the pressure rose to a peak of 906 psia and
'the’ heater shut off. " The effect of strat1f1€at1on of the fluid does-

Fupot explain.this:initial ‘sharp pressure rise .and subsequent leveling -

: .;responae are d1scu35£d |UYLL““ 1n SCCL]O“ b 2 2

off. Nor does the stratification model indicate a rise in pressure
dnmediately after the beginning of the heater cycle. This discrepancy ..
A partia]ly dug., o t!n dwffnculty?in reading-the; hand p?o*ced :datas
“The flight” pressure rige ra“ﬁ'cnuﬂLfnd -zbove could be significantly
in error because of. 1naccu1ac1°a in, the dztermination of the pressure-~ .
time response. Other possible explanations -for this u”ucua] pressure.

. s . . - P
. e N e e P ; Y S
. T LI ) PO o b e
s . & R B i 2o Doan gt
B R A LT T

. O 1.5 ,;' Short Heater Cycles ,:

:%Durxng the? per1oa RETI07307 Ao 3067 oxygen tanxs Tegngee were'
cycling in the automatic mode in attitude hoid. At the start of this

period, the total cycle time was eapproximately. ten minutes, but by AET
11:30 the cycle time had shoriened to six minutes. The miniwum cycle

time derived from equilibrium thermodynamics, however, i5 12.3 minutes
_.(Flgurc 5-19). BOC(U e :thesg unusually short . cycle times were.felt..

" 16 be ‘due to thg effects of stratification, this period was chosen for
~analysis..

E T O T o T U S R o S AL PO P
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5.1.5 . -Short Heater Cyc]es'(Continued)

An examination of "g" data for this period indicated that an average
~acceleration level for this time period was. 3 x 107/ "g". Since this
value i1s higher than was expected; and because noise in the "g" data
could have caused the average to be high, an 80 x 10 simulation run

was made for this "g" level to compare it to an earlier 80 x 10 run

at 7 x 10°© "g". The results, which are presented in Figure 5-20 and
5-21, did not indicate that the higher "g" level was wvalid, Therefore,
-the simulation was performed'at,an acceleration of .7 x 107° "g".

It was initially felt that the math model would stabilize into the
steady state cycles in one hour of similation .time. Using the initial
conditions for tank 1 at AET 11:30, the simulation was run for a range
of grid sizes. The heater cycles did not in fact stabilize fast

enough for an accurate simulation of the short heater cycles due to the
inclusion in the present math model of the effects of thermal mass.

In the previous analysis of Apollo 12 flight data, a math model which
neglected thermal mass was used. . The simulations conducted at high
quantity heater cycles using the previous model stabjlized into very
short cycles in much less time than is evident with the present mode.

~ To enable the one hour simulation to be extrapolatad to the stesdy
short cycle state, a 100 x 10 grid simulation was run to simulzate one
-and one-half hours of flight time (Figure 5-22). Using this simulation
as a guide]ine, the values for the pressure fall time, pressure rise

- time, maximum heater sensor temperature, and minimum heater sensor
temperature for the one hour simulation runs were extrapolated to
va]ues that would have been observed for one and one-half hour s1mu]a-
tions (Figures 5 -23 and 5-24).

- It was-realized. that the.injtial-.conditions used for the .one. hour. ... e e
- ..-simulation runs did not proauce ‘the proper average flow rates to s1mu1ate , S
“exactly the Full one and one-half hour per1od “Rn’ examination of the =

relationship baiween total cvele time and average flow rate, howsvar,
cAndicated that smail.variations. in.flow rate.did.not. sign]f:cant]y )
affect thé cycle time for Flow rates batwern 9. Ibfhotr-&and 270 1b/hou
.and a. tank UUdut7Ly of 92% (Figure 5-12). Since the average flow -
_rate during ‘thic period wes 2 cprox1m=1€1v 1.2 1b/hour, the onD hour
§]md7ab1un v"‘ n‘i*upo‘aceo LO ofie ana o”\-h(]. uOJ,sL o

The res u]t% of “the C/trenolut1on 1nd1caf~ afod a-:cmé it U1th'flirht' S
“-data from AET 11:30 to 12:30 -for the minimum and maximum heater tempera-i-~=»r..u~.s:- v
AAuress-Since:the 80, %10, grid values.for. the. minimum: heater: temperature s
were ou ite ‘¢losc to those prnd1ct~d bv th2 108 X710 grid run; an extra-’

pol<i7on to en infinite grid esymptoie vias made (Fvc“ 2 5-25). The
predicted minimum hegter Lcmﬁerature was thus found to be within 1°F
of the flight data. urther, assuming a linear extrapolation of the
maximum heater temperature (Figure 5-25), the acymvtotuc valuz for the

£ 4,

- temperature after-one and onorhalf hovrs was. within. 12°F ofsthe flignt ..

R . N R SR LI LI DY S
e AT e T T e e, e TR T T .
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5.1.5 Short Heater Cycles (Continued)

value. This last figure, however, cculd be significantly in-error
because. of the coarseness of the extrspolation for the maximum heater
temperature. .

The results of tne simulation of total cycle time was not in good
. agreement with flight data. The extrapolated values for pressure rise
time shown in Figures 5-20 and 5-23, for instance, did not converge,
The trend of these extrapolations, however, indicate that if sufficient
core wére available on the MSC 1108 to adequately resolve the boundary
layer, an asymptotic value near flight data would be observed.

The asymptote for the pressure fall time, on the other hand, converges
to a value significantly higher than observed in flight (Figure 5-26).
Since the 89 x 10 grid fall time is quite close to tha 100 x 10 grid
time, the asymptote of 5.5 minutes is felt to be accurate. The-dis-
crepancy between the simulation and fiight is due to the flow rate
predicted for tank 1 by the math model being too low during the heater
cycle down stroke. Tank 3 begins to flow along with tanks 1 and 2
when the pressure in tank 3 becomes equal to that in tanks 1 and 2.
The point in the down stroke where thase pressures become equal is
dztermined by the pressure rise in tank .3 due to heat leak. The heat
“ leak-into tank 3 used in the math model was equal to the zerc flow rate
heat leak given in Figure 3.4.5 .of Refercnce 6. The heat leak value -
listed in this reference is now felt to be too high. Further, the zero -
flow rate heat leak into tenk 3 should not have been used for the short
heater cycles because of the retention of coid fluid in the vapor cooled
shield during the short up strokes. Before this fluid is allowed to
heat up enoaqh to allow the heat leak to be equal to that listed in
. Reference 6, another downstroke occurs allowing more cold fluid to enter
... the vapor cooled shield. Thus,. a much smaller heat.leak. should have, e
“been uqed in the. ana1y51s. . ._»mg,p‘_. e et 5:,:J.,ﬂ._.
o. +ﬁo ]azu“ a /u]L” for tha heat lea
Ler in i tlax.actua}ly occurred. T
Eark 3T bagan o F sy FEIT ong EEFT ey T thé Heatsr ity :
_ downstrokes than it acLquly hOUld This. CﬁLan d]SCICpaHCV 1n the.~.;
Tiee from tank 1'since the cuantity in tenk 3 was- inv r the minimem
: h)/nu Teval and thus providad morg of the re0w1|cJ Tiow than eithar
e e s e e e LOIKS B OR 2, Ps 2:resul b, ihesdopnstrokes: of the csimulation: WOER e el
T e ]eng*n “94 s:vni 1cani:v ' : e

B“FuUS“ or th assump.'
pressurized-faster in i

;GAnother parameter~1nvest10 ted was tho -MEx MU potent1al prcssure d cay:
‘developed diring the two hotr’ pOVaod from AET 10:20 to 12:30. Tha — ~
meximum potzatial pressuve decay begins Lo build up linearly with time
after the hzater cycles r‘.dh & r;]n,iv*Yy staady stratified state
(Figure J“Z/) Since the &80 x 10 grid 51‘U]utTdﬂ is quite close io the
100 x 10 grid predicticn, b“* L\nrdyﬂ]mt10ﬂ of t}° 100 X 10 grid

vessuve - decay-Beild up- TooaET 12130 wdy taken vtyobotheasiuptotie n & et
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5.1.5 - Short Heater Cycles (Continued)

Avalue (Figure 5-28). This extrapolation indicates that the potential
pressure decq y at AET 12:30 when the heaters in tanks 1 and 2 were turned

- of f was 94 psi. Over the next hour the magnitude of the potential

decay decredsod until it was negligible when PTC was.initiated at

AET 13:44.

5.1.6 Heater Temperature at Low Quantity | .

A hevter cycle at AET 186 00 with 15¢ quantity was chosen for analysis to
verify Sut1sfaCtory heater-tank performance and the capability of the model
to simulate perrormanre at very low dznsity. During this period, the
vehicle was in a very weak PTC.maneuvery. Flight data show the accelera-
tion on tank 3 to be 3.3 x 10~7 "g". Fuel cell cxygen demands were
calculated from post flight current daia, while ECS and surga tank .

flows were calculated during this period with the flow distribution
subroutine described in Section 3.2. The total tank 3 expulsion was
approximately 2.0 lbs/hour. Heat input was set at 70 watts to match

the two heater element configuration. '

The -sensor temperature response for the 40 x 10 and 60 x 10 grids
(Figures 5-29 and 5-30) arc almost identicel, ind;rating satisfactory
convargence of the 60 x 10 grid at this low cuznrlty The heater
sensor temperaziure results for the 0.475 12 heater area converged

to within 10°F of the observed flight maximum temperature of 325°F.
Simulating the cycle with the larger heater area would have resulted
in a sensor prediction significantly below flight data, and it was
decided not to repeat the simulation for the larger heater.’

Instability in the flow distribution subroutine caused the simulated

tank pressure to be in significant error during the first ten minutes

of the upvtrob . The pressure change rate response was manually

" constructed from the outpuc and 1ntegrated to Torm the piressure response o

-1 présented. - in F1gure 5-29: -+ A total pres urization time eleven:minutes’-

Ln omall, Lemnerat
T vayTof neds

shorter tHun LnL observ"d fwfty three minutes was calculated., This
&t explained by the mapner.in which the stratification
3 L* ?aﬁtlhéatithanyf *%Tb calgulateipressure .rise- rate&~'-*‘
. asgurwd that’ the total heat to the fluid includes radiation.
The heatér convects eneray 1nio the 1lu30 while it <1mu1taneous)y
radiates enargy to the tanmk wall.. 1n.~ (‘at»"d anergy raizes the A
e.and is conVeﬂLcd back.into-the fluld. fn alteynate . ...~ ...
. Ting ithe *radiznt "endigy Woul d Be o havd’ 1 totally absarbag T s LT
. 'by.-the tank.wall and not azvaiiable te raise.the. fluid pressure.. For. e e
-a.heater -temperature; of -300°F, radiation. accounts.for.50. .BTU/hour. o '
P14 OF the total twn 6 1ement Raate v jower: (Figuird 531 'Z‘By “reduci
the Theid hezat input by this &0 81 U,‘UH., the pressurization time is
lengthenad to fifty minutes (F1gurc 5-20), This result is within
6% of flight date and well within the 10% granularity of pressure data
cver this range. The results fmply that for many problems where radia-
o dion: ds-importent,. the radiant enercy. is absorbad by the.tank walllend ... ... o

> . oL .3 -3 MY 2 Y - - - . .
e . Nt =02 T DS S A - R P .. L
g N ."._"’\-'u.~,.< e v Tl oLl W e e, S .-
. . PRI SN Sl .
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5.1.6 Heater Temperature at Low Quantity (Continued)

is not convected into the fluid for some length of time. The error

in calculating pressurization times can be no greater than the fraction
of radiant energy to total heater power. This discrepancy in the
treatment of radiant energy does not affect the heater temperature
sensor time response.- Furthermore, these effects are negligible for
the problems of interest at lower heater temperatures. For example,
for the two element heater cycle during the tenk 3 DT0 at 20% quantity,
the heater sensor reached a maximum of 27°F. Radiation only accounted
for about 8 BTU/hour or 3% of the total heater power (Figure 5-31).
This ‘error is even less significant during the other simuiations.

5.2 Determination of Model Parameters
i o)
The simulations discussed in Paragraphs 5.1.1 to 5.1.4 correlated tank
pressure and heater temperature results from the stratification model with
flight data. These correlations were for a ranoe of quantities from 15% to
97%, accelerations from 7 x 10-8 "g" to 4.9 x 106 "g", and flow rates
frem nominal system usage to the maximum of approximately 5 pounds per
hour. Good agreement was obtained between simulation results and
-flight data when the modsl heater area was properly selected, and the .
grids were fine enough for convergence of the solution.

The heater area which resulted in the best heater temperature predictions
was 0.95 ftZ for tank quantities greater than 60% (Table 5-1). A heater
area of 0.475 ft2 resulted in better agreecment with heater temperature
data for tank quant1t1es less than 60% with the exception of the Tank

3 high flow test at 20 quantity. Simulation of the tank 3 high flow
test with a 0.475 ft2 heater area produced a temperature of 60°F too
high while the 0.95 ft2 heater temperature prediction was 45°F too low.
Since these inaccuracies are nnar]y the seme with the smaller heater
predicted temperature being conservative, use of the sma]ler heater area

' o 1s recommended for a]l QUuntTtTCS 1e s than 60%

1he numbhr of ce]]s or 0r1qs requ1rod fo. adonuate s1mu1at1ons is affec ed
_by the tank quantity. _App oximately 100 ce]ls are requurcd in tha X
wdirectionof the model for greatenr: “than60% ‘tank  auantity-aForilesss’
than 607 tenk annt1ty 60 c211s in the X direction are SLffuc1ent The

" convergence 'of the solution must-be’ 1nvesL1gated for-a range of gr1ds T

to deterivine the prediction acouracy énd parsmeters of interest

. extrapoleted to asymptotic.valuss., Anp.ox1mate1y 10 ceils.are adequate B
i tHe Y A FECtion ot the imodeY For the TUTT range of quantities,  The T T

_.results obtained with.10 and 20 eells in the Y direction with 40 cells .
in .the X direction are essentially . 1dent1ca] The number. of Y- d1rect10n

TCETYS may afrect “Ehe results when ‘more “than” 60 ceils are” used in“the”

X direction. The available SRU-1T00 core storage is not adequate to
investigate convergence in the Y direction with.greater than 100 cells
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- 5 2 Determination of Model Paremeters (Cbntinued)
~1n the X direction. The sinuletions whnich can be conducted are,
therefore, effectively limited to 100 cells in the X direction and
10 cells in the Y direction.

Model parameters used for simulations -and verified by correlations of
tank pressure and heater temperature include:

Model Dimansions

Height (Y) 2 fi
Width (X) 1 ft
Depth 1.1875 ft
Heater Area .95 ft2 above 60% quantity
475 Ft2 balow 60% quantity
Heater Emissivity 0.2
Hoater Temperature .26 minutes”!
Sensor Lag
Heater Thermal Mass 0.1 BTU/°F
5.3 © Results of Heater Temperature Correlation

An empirical correlation using Rayleigh equation was developed to supple-
ment the stratification model predictions for heater temperatures. This.
. simplified model was used to provide predictions over a wide range of

expected flight "g" levels, tank quantities, and heater powers. These

pred1c~10n< were - compared to flight dats from 20 Apallo 14 heater cycles . . ...
w - e o{Figure 5-32)07 The "averade tnmparature dev1at10n between fllght data st
oo e and prediction ‘wis’ 18.5°F while the standard’ dev1ut1on was 21.9°F. The S
' individual predicted tempzratures were within 50°F of flicht data cxccpt
for tha data point taken from the tank 3 DTO (see Figure. 5- 32). . This
“d1screpanCJ moy. haveheen seauseu by thf @hnormals fhelinatieh of thei -
@ vector to the heater tube durin g tne DIO, _-vpicul examples of the et e

=

S Ee t;-:ng-.u?#heatbr“ cycles simitated are shoir “iA%Fi Gires 6233 ‘through 5-36, ThﬁCé‘,‘.,
: - - examples jnclude hc;1@r poweys of 70 end 120 watls, sccelebdtions: \>om. i
3.0 x 107 “g' 10 7.5 x 10" / “gt and toenk quantities from 15.6% to:97%. 45;¢.7

iﬁfﬁf'In ‘esth casdy ths aGYG“m”nt batWhEn predicted heater trmnexiru!e ‘and. .
o f]lght deta. was within 50° F for the full 1ength of the heater ch]e.~

%Paramutr1c heuter respon 5 dats h;fﬁhgcnPratéd us1ng y e1qh
correlation for two hzater }U‘“lo; 80 and 120 watis (Figure 5-37).

These data provide huutcl temparature responge as a function of cuantity
for PTC (3 x 106 "g"), lunar crbit (5 x 1077 "g"), and altitude hold

(7.2 x 10-8 "g") for cach heater power,

o
{

—t

(8]
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CONCLUSIONS

Conclusions based on analyses of the f11ght performance 0f the redes1gned
Apol1o 14 oxygen tanks are: .

1.

2.

w

E-—3

ﬁg_affectfd by -heat. trensfer.sin the:lines:for .approximately.one -
hour after ths initiation of. hioﬁ ‘system f]ow rates (3-4 lbs’

The -tank heaters, sensors, and controls ‘functioned satisfactorily
and norma]]y during the mission. ,

The tanks supplied the high flow demands during the test s1mu1at-
ing EVA requ1rements without heater temperatures exceeding the.
350°F maximum 1imit or pressures dropping below normal operating

ranges.

The heater temperature is strongly affected by the tank accelera-
tion and fluid quantity. Heater power must be reduced by
operating less than three elements at low quantities and
accelerations to avoid exceeding the 350°F heater temperature
Timit during 1ong'heater-on cycles.

The tank accel rat1ons during the high flow test were- approx1-
mately 5 x 10"° “g". This relatively high acceleration was

" caused by the oxygen vented overboard. Tank accelerations during

future mission EVA periods will be determined by the astronaut
location and suit vent configuration. The average tank accelera-
tion during the EVA is hot .expected to be less than 7 x 10-8 "g"
which is the lowest "g" observed for a long time period.

The heater temperatures during the Apollo-15 EVA period will
“be -higher -than -the -heater temperatures during the Apollo 14
h1gh flow test because tank acceleration may be as Tow as

7 x 1078 "g". Two heater elements can be used for quantities
- -above 35% without exceeding the 350°F-heater temperature limit -

_at this acceleration. . Manual control of: the "heaters: can provide. ﬁﬁ,ﬁ' y

“the required flow rate (4.5 1bs/hour) for quantities” between
20% anu 3 % w1thouL exceedung 350°P hcater temperatures

Prc:sure focuv° m(v dT’O ocru: aurnnq Tatgr i srov VA" prr1ods’1?
due to-the. low acce]arat1oa The.maximum pressure decay .will.:
bz Tess than 230 psi for the ‘wo¥et case conditions of 4.5 1bs
per hour flew for 3 hours duration at 70% qua ntlty and the

2 love t aa*1c1paued accetcrat1on (7 x ]0°§ " ") ‘.,_.5_:

The oxyoen tanP prcsaure response and f]ow rates are strong]y

per hour per tank).

6-1
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CONCLUSIONS (Continued)

The stratification math model accurately predicts heater
temperature and tank pressure response during drifting -
flight with tank accelerations from 7 x 10-8 to 5 x ]0'6 "g".
The simulation accuracy is primarily limited by the accuracy
of the tank flow rates and acceleration levels.

Heater tewperatures can be predicted within 50°F with
anperical Rayleigh mumber heat transfer equatlons for steady
acceleration conditions.
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7.0 RECOMMENDATIONS

~ No hardware or operational changes are recommended for thevredesigned

" oxygen tanks which were found to ba adequate for known Apollo-mission
_requnrements Additional analyses recommended to improve prediction
accuracies and capabilities for future missions - are:

1. Perform post-flight analyses of the tanks performance during
the ‘Apollo 15 EVA which will duplicate later mission EVA
periods more closely than the Apollo 14 simulation tests.

2. Modify the strat1f1cat1on math model to calculate tank flow
rates from system demands for planned configurations and
operating modes not included in the present model.

3. Determine model. parameters reQu1réd for accurate simulations
when using the improved math model developed under this
contract.

~
>

7-1
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APPENDIX A

T THE PRESSURE_CHANGE EQUATION FOR A
R CRYOGENIC TANK

The pressure changes in a cryogenic tank resulting from heat addition
and mass extraction are usually calculated with the assumption that the
tank is a constant volume container. This assumption causes large
-errors when the fluid is near]y -incompressible-and ‘the pressure vessel’

is highly stressed. An error in the pressure change calculation is also
caused by flows not usually measured that are required to pressurize
plumbing system volumes at ambient temperature. In order to eliminate
these errors, the pressure change equation for an equilibrium fluid in-
an elastic container has been derived and a method for including the.

external volume effects developed

The thermodynamic system is bounded by the inside surface of the
pressure vessel and is closed at the fluid outlet from the pressure
vessel. The volume inside the thermodynamic -boundary is not constant
since the pressure vessel is elastic. The outflow velocity is assumed .-
to be small enough that the kinetic energy and momentum of the outflow -
. are negligible. The conservation equations for mass and energy, .
therefore, determine the system response to heat and mass flows.

The conservation of mass:

M e . AV : o
T Vge‘ odt - - (A1)
The conservation of energy:. .. :4:,5.,,“:
A . dM dv el z-:—'~-;,:':'—.' R TS SRR
iy e e (8-2)

‘*1}ExpaﬁﬂTﬂ§ o and us.ng “the: defxn;fwoﬂ of “eiithalpy ;i

dt

.RSubst:tut1ng A ] in. A -3 and 51mp11ry1ng

d " P dM
°"a“ RN

pggg 4y (yg_ 3¥/ dt . d“ (U 4 )" p.;!'l‘u!zq.:'tkﬁ:éj}‘f’";:*
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The internal energy is taken as a function of. preésure and density
du _aUudp, aUdp ‘
. . dt * P H" 3P dt ' (A-5)
Using A-1 ard noting that M = pV |
| dU_aUdp, aU(1dM_ M dv\ |
| dt T dt e \Wat - 2dt) (A-6) X
Substituting A-6 in A-4 R |
2UdP , U1 dM M dv\]l_dQ, P dM dv
"V[apa“ vaf';’zzf)]"ag*’;r*"af (A-7)
Solving fdr gz and rearrangmg _ _
dQ . P dM v aU di M dvY
dp Hg t e )

P - - .
- p dt ~ 'dt ~ dt ~Vdt .
ia o (4-8)
p ap . ./,‘/
~ Rearranging dq , dM(P._ g_g) WMV pdv
dp_dt " dE\p " PBp/, Pep VAt T At (A-9)
dt aU ' al : o
V3 eV '
and reducing the last term ,
‘ ‘ 2dv/aUu P\ :
| dg , d4/P _ aU\ o 2. —-)
..dP =‘Ii%.."wcit, b .;ag)+ "~ dt\% 2% .. . .(A-10)
dt - yﬁy. ' v_a_U_,
See I:'L" . . D ap . (] BP P

and
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‘substituting A-11 and A-12 in A-10

P ¢ (dQ dM) dv
at V(dt Y o) v e (A-13)

4EQUatiqn A-13 provides a convenient method for calculating pressure
response if the volume rate of change is known. The last term is
zero for a constant volume system. If the container is elastic so

that the volume change is related to th° pressure change, some further
reduction is possible.

L4 (d0 . .dM\ 1 dVdp |
a‘r%(ﬁ%* eai')"V_HFHf"% I U D

dP
Again so]v1ng for -+ o

I (A-15) "
for a spherical tank

therefore

dp %(@'Q ¥ "g"‘l)

(A7)

) i‘Now the outflau is measured at the end of the distribution Tines
o which -contatn cgas-at the -salmg pressure as- the ténk. < The flow-across™

the thermodynamic boundary must include the flow required to pressurize

4-' the lines. Two gssumpt1unc for d“uurmining th: f]cw into the‘]ines
ey may b'* conﬂaarcd R R AT ST VLR TS L LA ', TR Y DT IRV BN T

1 D Fluid evD ied: 1?um'%?{' n&c Lhﬁrna4vncm7c bﬁundary U

“matntains its density whi Ie compressing gas in the 11n*s
either adia zbatically or 1coiuurm"11y

. Fluid expe]led from_the tanL does not affect the tempera- "
.; ture . dxstr1butzon from the thermodynam1c boundary to .
“the system outlet, but the density 1n the 11nes changes
adiabatically or 1sotwermu]|v

A3
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The phenomena of assumption 1 can be described by writing the
polytropic relationship for the voluma of gas in the lines.

‘ v ) (-16)
Taking logarithms and differentiatrng we ‘have:
. dML Fﬁ-ﬁp . (Awlg)
The flow rate into the tenk thermodynamic boundary due to the lines
{5 therefore: -
dML VL dp | (A-20)

X R T T

Where N=1 for isothermal compression and N=1.4 for adiabatic
compression. i

Now writing A-14 in terms of'the'demand'and 1ine flow rates.

d!l \
®.p@ ol dae - e2)
Substitutvng A- 20 in A-21 and again solving for g%'we have: '
; %’ do, oy -
LLARNALA i (A-22)

t 1+§__§_ .pe.’)

-The reiationsh{ps for assumption 2 are dave]oryd by assuming that the
. fluid-density in the. lines 1s related to the pressure by. the poiy- S

SR S T A : S

(A~23)
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Therefore, the flow rate into the tank from the linés is:

dM pY
L, PV ap i
T W | (A 25).

Substituting A-25 into A-14 and sd]ving for %— as before we have:

y _ -, %( d?*ad)
pt¢8 th P 66 Vi : (A-26)
vt N N

RRCERE

A-5
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STRATIFICATION MATH MODEL

The strat1f1cat1on math mode] used for ‘these analyses is based on the
General E1liptic Method (GEM) developed by Mr. T. K. Forester of Boeing-
Seattle to solve finite difference approximations to the mass, momentum
and energy conservation equations (Referencel). The fundamental
assumption of the method is that the pressure terms in the energy and
momentum equation are not coupled. This assumption is valid for low
velocity flows in which acoustic waves do not contribute significantly

to the fluid energy. This assumption permits a much longer time step
than is otherwise necessary for stability. The uncoupling is accompl.shed
by using only the global (average) pressure in the energy equation to
eliminate the effects of acoustic waves. Other assumptions which have
been validated by comparing model results with Apollo- 12 flight data are:

Two dimensional fectangu]ar geometry (Figure B-1)
Viscous energy dissipation and kinetic energies are'neg]ected

Radiation heat transfer within the fluid is neglected (rad1at1on
from the heater surface is included).

4., hcceleration body forces are constant through the tank

The difference equations used by the math model are based on the control
volume concept. The rectangular flow field region is subdivided into
elementary control volumes or cells. The difference equations are
formulated with the mass fluxes defined on the cell boundaries, while
the. fluid properties are defined at the centers of the cells. This
formulation results in conservation of mass for each easily defined cell,
. whereas formulations with fluxes and state properties defined at the . .
same point do not. ‘ -

The difference eqvat1ons are solved by extrapoTat1ng an initial set of
field varizbles by a time increment. Preliminary field pressure are

.ok Catculdted at tha extrapulated- time. including the effects of. the preliminary .=

"enerqy and mass transfers between cells. Tha preliminary pressures at

the extrapolated time are used to revise the energy and mass transfer in
the time increment. The extrepolated pressures are revised to account for
the now energy end mass transfers, and the -extrepolation procedure repeated
until satisfactory convergence is obtained.. The field variables at the

new time are. taken as initial conditions for the next time increment..

,tbLSuccess1ve 1terat1ve extrapo]ations are made to descr;be the f]uld state } ;;;;
for the s1mu1ated time period. s

B-1
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The difference equations solved by the program are only approximations 4
to the partial differential equations describing the processes in the tank.

The quality of this approximate solution improves and approaches the

solution of the exact equations as the cell sizes are reduced. The cell

" sizes required to obtain an adequate approximation can not establish »
a priori. The effect of cell size on the model results must be investigated
for each tank condition simulated to assure that the approximate solutions
are convergent. Separate simulations with at least three different cell
sizes or grids are required to test the convergence at the solution for each

. tank condition. Particular parameters, heater temperature for example, are
a function of grid size and are extrapolated to "asymptotic" limits. The
asymptotic limit, when obtainable, is the exact solution to the controlling
partial differential equations. The extrapolation procedure used in these -
analyses is based on the parameter differences related to the number of
cells in the X direction of the model as shown below.

No. of Cells Parameter-Temperature Difference

20 60
40 100 i
60 120

> 10

80 130

The successive differences form a geometric series. The ratio between:
successive terms is found and the sum of the infinite geometric series-
determined. The sum of the series of differences is added to the
appropriate parameter to obtain the parameter -asymptotic limit.

B-3
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APPENDIX C

HEATER TEMPERATURE CORRELATIONS

Heater temperatures can be determined from the numerical math model,

but the computer usage times are excessive for the generation of .
parametric data and to conduct routine flight analyses. Empirical heat
transfer equations were investigated to develop a more convenient tool =
for heater temperature studies.

The convective heat transfer from a horizontal cylinder is usually
determined from a Rayleigh number equation. _

qQ . R )%
gG-TLKkaTC  (R)

The Rayleigh number is determined from:
D3 232174 g8 aTC
R = P P
a pK

The fluid properties used to evaluate .the Rayleigh numbers are . _
usually taken at the mean film temperatures. This convention is based ,
on tests with simple fluids under 1 "g" conditions. Since the properties
of supercritical oxygen may vary by an order of magnitude in the boundary
layer, the properties in the Rayleigh number were averaged instead of
taken at the mean film temperature. The viscosity, conductivity, and
density were taken as the average of their values for the bulk temperature
and the heater temperature. The specific heat was evaluated as the -
difference in the enthalpy at the heater, and bulk temperatures divided by -
the temperature difference. The coefficient of expansion used was,

B = :.l _.__...ph-pb .
Pp Th™T

The radiation from the heater is also significant and was included in the
complete heat transfer equation.

H

Qe (n )k g

Cc-1
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Heater iemperatures were developed as a function of heater-on time by
numerical integration of the. equation, ‘ : : ‘

dT _.dg 1
i

where MC is the heater thermal mass of 0.1 BTU/°F. The heater temperature
sensor lag was included in the. integration to provide a means of comparison .
with flight data. The temperature sensor response was determined from:

a

T
= O (Tp-T5)

The constant was estimated as 0.26 minuteS'l.
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