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ABSTRACT

This report presents the orbital flight results and detailed evaluation of

the low gravity liquid hydrogen experiments conducted on the Saturn IB

vehicle AS-203. The performance of various S-IVB stage subsystems and

special low gravity instrumentation was also evaluated. This experiment

verified that satisfactory performance can be obtained from the Saturn V/

S-IVB propellant control and J-2 engine thermal conditioning systems.

Additional information on heat transfer in a closed container and fluid be-

havior during rapid tank depressurization is also presented.

iii
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SUMMARY

The Saturn IB vehicle AS-203 was launched into a nominal 100 nautical

mile circular earth orbit on July 5, 1966. The primary purpose of the flight

was to verify the performance of the S-IVB propellant control systems and the

propulsion engine chilldown systems in a low gravity environment by executing

a programmed sequence of events designed to closely simulate the Saturn V

Lunar Mission. The flight data have been evaluated to {1) determine the

vehicle and propellant conditions actually experienced during the flight, (2)

verify that the Saturn V Lunar Mission was adequately simulated and that the

S-IVB systems performed satisfactorily under the simulated conditions, and

(3) determine significant results concerning basic fluid behavior and heat

transfer under reduced gravity conditions. The results of the evaluation are

presented indetail in this report.

The vehicle acceleration level during the various experiment events was

of the same approximate magnitude as expected during similar events on the

Saturn V mission. In general, the flight demonstrated that the slosh baffle,

deflector, and other devices added for propellant control performed adequately.

The liquid hydrogen was maintained in the desired location in the tank at all

times, and only vapor was vented during the portion of the flight that simulated

the Saturn V mission. The performance of the systems that thermally condition

the J-g engine feed lines and engine hardware was verified for both liquid

oxygen and liquid hydrogen. The flight also provided significant data and

information concerning the rapid depressurization of a cryogenic {hydrogen)

tank in a low gravity environment, the behavior of liquid hydrogen when all

vehicle longitudinal thrusting is terminated, and the pressure rise rate in

a closed hydrogen container in space.

The following specific conclusions are based on the detailed evaluation of

the flight data.

I. Liquid dynamic phenomena, such as sloshing, are amplified when the

vehicle acceleration is reduced, but these disturbances can be con-

trolled by baffles and the proper timing of the thrust changes.

. The low level acceleration presently designed for the Saturn V/S-IVB

stage is sufficient for maintaining propellant control during orbital

flight.

. The chilldown experiments demonstrated that the Saturn V/S-IVB

main propulsion engine can be adequately conditioned for orbital restart.
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14.

The liquids and/or gases returned to the main propellant tanks by the

present engine thermal conditioning system do not noticeably disturb

the liquid position in those tanks.

The presence of liquid in the engine suction ducts during the orbital

coast phase of the mission was unexpected and substantially aided

the chill of the engine feed systems.

The hydrogen thermal conditioning system operates satisfactorily

with zero net positive suction head for the recirculation pump.

During the orbital phase of the mission, the vehicle showed a tend-

ency to pitch nose up, even when longitudinal thrusting was terminated.

This behavior could not be adequately explained.

The free coast experiment demonstrated that the drag force acting

on the vehicle caused the liquid propellants to move toward the for-

ward end of the tanks. The low level acceleration subsequently

applied to the vehicle was adequate for resettling the liquid.

Rapid depressurization of a cryogenic tank containing saturated pro-

pellants under low gravity conditions causes a severe disturbance of

the liquid surface thereby creating conditions that could result in loss

of control of the liquid position in the tank.

The non-propulsive vent system produced a torque on the vehicle that

greatly increased attitude control system activity. However, the vent

system unbalanced thrust was within design tolerance.

The liquid hydrogen boiloff during orbital flight indicates that the

S-IVB fuel tank effective sidewall thermal conductivity is considerably

greater than the design value.

Commonly accepted free convection heat transfer correlations may be

used with reasonable confidence at reduced gravity conditions.

The TV was invaluable in determining the behavior of the fluid in

a low gravity environment. It would have been extremely difficult to

reconstruct the propellant motions solely on the basis of data from

other instrumentation.

Instrumentation indicated a considerable loss of helium from the LOX

tank pressurant bottles immediately after J-2 cutoff and during the

fourth revolution. The reason for this loss could not be explained. A

similar loss on the Saturn V/S-IVB stage could be detrimental to the

success of the mission.
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15.

16.

17.

18.

19.

Z0.

21.

An unexpected cycling of the S-IVB continuous vent regulator valve

occurred throughout the orbital phase of the flight. These oscillations

did not affect the valve's specified function. However, the valve was

not designed to withstand the large number of cycles experienced

during this flight. Therefore, a modification or redesign of the valve
should be considered.

The quality meter installed in the S-IVB continuous vent line did not

yield data that were useful in the evaluation of the fluid quality

being vented from the fuel tank. The meter did respond to changes

in fluid conditions, and, if modified, it may be useful for similar

applications in the future.

Three types of experimental low gravity vapor-liquid sensors were

installed in the S-IVB fuel tank. The only type of sensor that operated

satisfactorily in a low gravity environment was the variable resistance

type transducer employed in the Centaur vehicle. Both the Douglas

and Transonics designed capacitance type transducers failed to indicate

the change from wet to dry conditions within a reasonable time.

The performance of 119 of the 129 pressure sensors on the S-IVB

stage was satisfactory throughout the flight. Three sensors failed

prior to liftoff and seven others failed during boost flight. The most

critical of these failures was the J-2 engine fuel pump inlet pressure

sensor which apparently read erroneously during S-IVB powered

flight.

Of the 207 temperature sensors on the S-IVB stage, four failed prior

to liftoff, one during powered flight, and four during the orbital period.

None of these failures were critical.

The fifteen fluid temperature sensors modified to prevent liquid

trapping under low gravity conditions were more reliable in indicating

surrounding fluid temperature than were the unmodified sensors. The

modified temperature sensors were also more useful in distinguishing

liquid from vapor than any of the vapor-liquid sensors except the

Centaur design.

The low gravity longitudinal accelerometer located in the AS-203 In-

strument Unit failed early in the first orbit. However, data were re-

ceived during the first pass over the Canary Islands that agreed rea-

sonably well with the vehicle acceleration calculated from continuous

vent data.
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SECTION I. INTRODUCTION

The present concept of the Saturn Apollo mission requires that the Saturn

V/S-IVB stage must coast for an extended period in earth orbit and then re-

start to place the Apollo in a translunar trajectory. TG accomplish this par-

ticular mission, the propellant location must be controlled in a low gravity

environment for periods of up to 4 I/2 hours, and the J-2 engine propellant

feed systems must be thermally conditioned prior to restart. One require-

ment for propellant control is dictated by the necessity for pressure relief

of the hydrogen tank during the orbital coast period. Thus, the propellant must

be maintained away from the vent outlet to prevent entrainment of liquid in the

vent flow. A second requirement for propellant control is established by the

necessity to minimize disturbances to the vehicle that may impose excessive

demands on the control system. Such disturbances may be caused by large

amplitude liquid motion following sudden changes in vehicle acceleration or by

unbalanced vent forces. Still a third requirement arises from the necessity

to provide liquid at the engine suction ducts prior to the restart. The thermal

conditioning of the J-2 engine is complicated by the two-phase flow problem

and the complex geometry of the system. Ground tests indicated that the sys-

tem could probably be adequately conditioned in the orbital environment within

the required time duration. However, extrapolation of ground test perform-

ance data to the low gravity conditions experienced in orbit was a questionable

procedure.

Data on many fluid behavioral phenomena in a low gravity environment are

relatively limited and are, for the most part, based upon scale model tests in

facilities providing low gravity test durations of only a few seconds. The

model tests have provided valuable data on fundamental laws and the scaling

parameters applicable to various individual phenomena. However, in the full

scale vehicle many phenomena occur simultaneously and are further influenc-

ed by the particular vehicle hardware configuration and transient operating

characteristics. It is not possible to adequately duplicate all phenomena that

may be present and simultaneously superimpose the vehicle transients in

model tests. For this reason, a full scale orbital test was considered essen-

tial to confirm the design of the S-IVB propellant control and J-Z engine ther-

mal conditioning systems. The AS-Z03 vehicle was designated for this purpose.

The Saturn IB/S-IVB vehicle AS-203 was launched from Cape Kennedy on

July 5, 1966, into a nominal 100 nautical mile circular earth orbit and success-

fully executed a programmed sequence of events designed primarily to simu-

late the orbital phase of the Saturn V Lunar Mission. In addition, the flight

provided substantial additional data concerning the behavior of a cryogenic

liquid in a reduced gravity environment.
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SECTION II. BACKGROUND

A. EXPERIMENT OBJECTIVES

The AS-203 experiment had two basic objectives:

I, The primary objective of the flight was to verify the low gravity

performance of the S-IVB propellant control and engine thermal

conditioning systems required for the Saturn V Lunar Mission.

A secondary objective was to obtain data on heat transfer and fluid

behavior under reduced gravity conditions that would be applicable

to other vent systems and to the design of future cryogenic stages.

B. VEHICLE MODIFICATIONS

To accomplish the objectives of the flight, a standard Saturn IB vehicle

was modified by replacing the Apollo command and service modules with an

aerodynamic nose cone (see figure II-l). The vehicle payload was the

liquid remaining in the S-IVB propellant tanks at insertion into orbit. Payload

limitations of the Saturn IB vehicle would not permit restarting the J-2 engine

or delivering Saturn V propellant loads into orbit. Since the problems asso-

ciated with hydrogen were believed to be more critical than with oxygen, it

was decided to duplicate the Saturn V hydrogen tank liquid level and conditions

as closely as possible. This was accomplished by off-loading the LOX tank so

that at insertion into orbit only 5,000 ib of LOX and 19, i00 ib of LH 2 re-

mained in the tanks. The corresponding liquid levels are shown in figure II-2.

The LOX residual provided a liquid depth of about seven inches above the re-

circulation pump inlet. Several systems were added to the S-IVB stage and

many modifications were made to provide the capability of performing the

Saturn V orbital functions. The new systems and modifications are also shown

in figure II-2 and will be discussed in the following paragraphs.

To obtain the desired data, additional instrumentation and a TV system

were installed in the hydrogen tank of the S-IVB stage. The instrumentation

added to the S-IVB, in excess of the normal R & D flight instrumentation,

included:

57 temperature sensors

9 pressure sensors

7 liquid-vapor sensors

4 event indicators

5 accelerometers (located in I.U.)

3 calorimeters

I voltage indicator

1 amperage indicator

1 quality meter

Power

I toTV

System
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Figure II-3 shows the location and type of all instrumentation in the S-IVB
propellant tanks and propellant systems. Figure II-4 shows the location of the
temperature sensors on the hydrogen tank sidewall. Additional descriptions
of the AS-Z03 peculiar instrumentation are given by reference I. Section VIII
of this report discusses certain significant operational characteristics of
some of the instruments that were observed during the flight.

The TV system consisted of two cameras mounted in the manhole cover
of the liquid hydrogen tank providing real time TV coverage at the rate of
30 frames per second. The television system was considered mandatory
to the success of the orbital experiment. Therefore, two cameras were in-
cluded in the TV system primarily for increased reliability. The field of
view of the cameras overlapped with the LH 2 suction duct being visible in
both. Camera number one failed prior to liftoff. The viewing angles of camera
number two are shown in figure II-5. The ground stations receiving the TV
picture were Corpus Christi, Texas, the Kennedy Space Center, Bermuda,
and Carnarvon, Australia. The TV reception areas of the first three stations
mentioned overlapped giving a continuous coverage from Corpus Christi to
Bermuda (about 14minutes) on most passes. The maximum continuous telem-
etry reception time was slightly longer (about 17 mfnutes) beginning at
Guaymas, Mexico, and lasting through Bermuda. Because of this extended
continuous coverage, most of the flight events were programmed to occur as
the vehicle passed over the North American Continental area.

To control the propellant, the vehicle was positively accelerated from
liftoff until the end of the second orbit. During S-IB/S-IVB separation, the
acceleration was provided by solid propellant ullage rockets whose firing
time overlapped thrust tailoff on the S-IB stage and thrust buildup on the S-IVB
stage. A hydrogen tank continuous vent system and a LOX ullage thruster
system were added to the S-IVB stage to provide axial thrusting during the
orbital phase of the flight. Passive control devices such as a baffle, a liquid
deflector, and a special fuel suction duct anti-vortex unit were also added to
the hydrogen tank. Table II-I summarizes the modifications and/or new
systems added to the S-IVB-Z03 stage and indicates the purpose of each.

C. SEQUENCE OF EVENTS

The vehicle was launched at 14:53:16 GMT on July 5, 1966, into a nominal
100 nautical mile circular earth orbit. In orbit, the vehicle was maintained
in a velocity orientation (longitudinal axis perpendicular to local vertical) with
the nose cone in the direction of flight and stage position I toward the earth
at all times. The basic sequence of events following insertion, the time at
which the various events occurred, and the tracking station coverage are
presented by figure II-6. Reference z gives a more detailed sequence of events

and also indicates programmed alternate sequences that would have been
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employed if a failure occurred making completion of the primary sequence im-

possible. The entire planned primary sequence was successfully completed

and none o5 the alternate sequences were utilized. The times given in figure

II-6 are the actual times at which the events occurred. The orbital insertion

occurred 2.8 seconds earlier than planned and a 48-second program update

was made on the third pass over Carnarvon.

At insertion into orbit, the vehicle acceleration was reduced in steps. As

the J-2 engine thrust decayed, auxiliary thrusting was initiated that produced

a nominal acceleration of 5 x 10 -4 g's. On the Saturn V vehicle this thrust

is provided by two 70 ib Gemini ullage engines. Those engines are not present

on the Saturn IB/S-IVB stage and the thrust on AS-Z03 was obtained by vent-

ing the LOX tank residual gases for 77 seconds after insertion into orbit.

Prior to closing the LOX ullage thruster system, the continuous vent system

was opened. The hydrogen gases were vented through the continuous vent

system to produce a continuous longitudinal acceleration having a minimum

value of g x 10 -5 g's. The major concern during the orbital insertion phase

of the mission was the behavior of the liquid when the vehicle acceleration

was suddenly reduced.

Following orbital insertion, the continuous vent remained open, and the

vehicle coasted with no events planned until the first pass over the United

States. The mission objectives during the coast period were to determine if

the small continuous venting acceleration could maintain control of the pro-

pellants and to obtain data on the orbital sloshing of the liquid hydrogen re-

sulting from the action of the attitude control system. Toward the end of the

first orbit, a chill of the engine feed lines and engine components was conduct-

ed on both the liquid oxygen and hydrogen sides. The chilldown experiment

lasted for about five minutes. During the chill, the hydrogen venting was

terminated and the fuel tank was partially repressurized to obtain a net posi-

tive suction head for the recirculation pump. While the hydrogen venting

was suspended, the LOX thruster system was used to provide vehicle accel-

eration. Besides confirming the ability of the chill systems to thermally

condition the engine feed systems, this test also provided data on the disturb-

ances in the main propellant tanks caused by the gas or liquids being returned

from the recirculation systems. The second orbit was similar to the first

except that only a hydrogen feed system chill was conducted. The second

hydrogen system chill was conducted without repressurizing the tank. This

test concluded the experiments related to the Saturn V/S-IVB.

During the last two orbits, experiments were performed to obtain data

applicable to an alternate venting system and to the design of future cryogenic

stages. The exact experiments performed were a test to observe the behavior

of liquid hydrogen when vehicle longitudinal thrust is terminated, rapid de-

pressurization of the hydrogen tank in alow gravity environment, and a test to

determine the rate of pressure rise in a closed cryogenic container in space.

II- 3



TABLE II-l. S-IVB-203 STAGE MODIFICATIONS

Modification

a. Continuous vent system

b. LOX ullage thruster system

c. LH 2 tank anti-slosh baffle

d. LH 2 tank liquid deflector

e. LOX tank anti-slosh baffle

f. Television systems

g. Manhole cover (redesigned)

h. Instrumentation sensors

i0

j.

k0

iI

m.

Instrumentation probe

support structure

Helium repressurization

sphere (ambient)

Aluminized mylar insulation

on forward dome

Additional batteries

Anti-vortex assembly with

movable top

n. LH Z tank grid system

O. Deflector baffle cloth

streamers

Purpose

Provide longitudinal acceleration during orbital

coast to maintain LH 2 in settled condition.

Provide ullage thrust to simulate the Saturn V

S-IVB 70 ibf ullage control engines.

Minimize LH 2 sloshing during powered flight,

orbital insertion, and orbital coast.

Deflect LH 2 away from forward end of tank.

Minimize LOX sloshing during powered flight.

Provide real time visual monitoring of LH2
behavior.

Provide mounting area for television systems.

Provide additional data on vehicle condition

and various fluid phenomena.

Mounting area for measurement sensors in

LH Z tank.

Provide LH 2 tank repressurization for simu-

lated engine restart.

Tempe rature regulation.

Increase power capacity to satisfy television

system and additional instrumentation

requirements.

Reduce suction duct blowback at J-2 cutoff,

release trapped vapor in fuel suction duct.

Provide reference markings on tank wall to

assist in visual observations.

Assist in visual observations.
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SECTION III. LIQUID DYNAMICS

Simple analyses and drop tower experiments have shown that following a

sudden reduction of acceleration forces, liquid motions will be amplified.

That is, any motion developed in the liquid mass under conditions of high ac-

celeration will persist with increased amplitude when the acceleration is sud-

denly reduced. In addition, energy inputs to the liquid from various sources

at J-2 engine shutdown may contribute to the resulting motion under the re-

duced gravity conditions. Prior to the AS-Z03 flight, it was suspected that

one of the most severe low gravity propellant behavior problems would be

controlling the liquid during the sudden decrease in vehicle acceleration at

orbital insertion. Possible sources of liquid motion or energy input to the

liquid during ascent and/or at J-2 shutdown are:

i. Propellant sloshing (major source)

2. Thermal convective patterns

3. Valve closure (back flow through suction duct)

4. Structural relaxation

5. Liquid compression

6. APS operation to correct for shutdown disturbances

Certain of the modifications described in section II and shown in figure

II-2 were made to the S-IVB stage specifically for the purpose of minimizing

and controlling the liquid motions arising from these energy sources.

A. BOOST FLIGHT

The propellant sloshing and thermal convection patterns developed in

the liquid during powered flight represent potentially significant sources of

motion within the liquid. Although this evaluation was primarily concerned

with the orbital phase of the AS-203 flight, it is of interest to briefly review

the propellant dynamics during powered flight since they establish the con-

ditions contributing to the liquid dynamics at insertion.

At insertion into orbit the liquid hydrogen level was about ten inches

below the slosh baffle attachment point (STA 448). Large amplitude propellant

sloshing occurred during powered flight, but as the liquid drained past the

III- 1



baffle (at about 270 seconds) the sloshing amplitude was damped as can be

seen from the amplitude histories shown in figure III-l. However, in the 18

seconds of powered flight during which the liquid level was below the baffle,

the slosh amplitude again increased. Immediately prior to J-2 engine cut-

off, the first mode sloshing had a peak-to-peak amplitude of approximately

three inches and a frequency of 0.80 cps. The LH Z sloshing frequency

during S-IVB powered flight is shown by figure III-Z. The measured values

of liquid frequency and amplitude at J-Z engine cutoff represent a maximum

liquid velocity at the tank wall at that time of approximately 7.5 in. /sec.

The additional instrumentation added to the LH 2 tank included three tem-

perature rakes for the purpose of measuring sidewall boundary layer profiles

under low gravity conditions. The presence of a temperature profile would

indicate liquid motion toward the surface within the boundary layer. As

shown by figure II-3, there was a three-inch gap between the tank wall and

the first temperature sensor on the rakes. During powered flight, the tem-

perature rakes did not indicate a significant radial temperature gradient in

the liquid. Calculations show that under the combined conditions of heat

flux and acceleration experienced during powered fl_ght, the maximum ex-

pected boundary layer thickness would be approximately three inches. On the

basis of the data from the temperature rakes, no specific conclusions can be

made as to the nature of the sidewall boundary layer or that a boundary layer

even existed. However, there are other indications that a boundary layer of

some form was present. There was a general heating of the liquid bulk and

the gradual development of a warmer layer near the liquid surface (see

figure VII-l). The presence of the surface stratification, the fact that the

liquid bulk temperature increased with time, and the absence of detectable

radial temperature gradients all substantiate the presence of convective cur-

rents in the liquid during powered flight.

B. ORBITAL INSERTION

i. Fuel Tank

At insertion into orbit the longitudinal acceleration of the vehicle

decreased from 3. 6 gls to 6. 1 x 10 -4 gts. Immediately after insertion into

orbit the television picture showed two separate flow patterns developing in

the liquid hydrogen. Using the television picture, with verification from the

associated telemetry data, a graphical reconstruction of the flow patterns is

possible (see figure 111-31. The major flow pattern, as viewed from above,

appeared to be a movement of the entire liquid surface from right to left

in the TV picture. It is believed that this flow, as determined by the surface

light reflections, was a large amplitude slosh wave which had transverse

motion and was moving up the left side of the tank. This wave was produced
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from the boost slosh wave whose amplitude was magnified by the sudden

reduction in body forces. In the television picture the surface tilted and

sloshed to the left, where it remained for a short duration. A column of

liquid was then observed to enter the field of view from the left. The column

of liquid was moving at an angle toward the top of the tank at an average

velocity of between 1.0 and 1.5 feet per second. The liquid was evidently

part of the slosh wave that had been deflected by the slosh baffle. Similar

liquid behavior has been observed in model testing in the Marshall Space

Flight Center Drop Tower Facility. Portions of the liquid column continued

past the deflector and then broke into pieces that fell back to the bottom of
the tank.

The second major flow pattern observed at insertion into orbit was

liquid flow up the tank wall. This flow hit the baffle and spilled around it in

the form of many individual particles and columns. Most of these liquid

fragments continued vertically at an average velocity of one-half foot per

second and hit the underside of the deflector where they were stopped. Since

this flow was detected only by the television, it is uncertain whether the flow

pattern was annular or local in nature. If the flow pattern was local, it was

probably caused by a flow surge from the fuel suction duct (located directly

in view of the TV camera) at J-2 engine cutoff. The prevalve in the fuel

suction duct closed 0.5 sec after the engine main fuel valve closed. The data

sampling rate (one data point per second) was insufficient to determine if the

suction line pressure rose high enough to cause a flow surge back into the

tank before the prevalve could close. If the flow pattern was annular, this

disturbance could have been caused by either thermal boundary layer ampli-

fication, structural relaxation of the tank walls, or both.

The following specific events associated with the flow patterns were

observed from the video tape and fuel tank instrumentation at the times

indicated. The times are referenced from J-2 engine cutoff signal (432.7

seconds after liftoff).

a. The baffle was wetted by liquid flowing up near the wall at

approximately 6 seconds. The baffle area within the field of

view appeared to be uniformly wetted.

be Asymmetrical movement of the propellant surface was detected

at approximately 14 seconds. The direction of motion appeared

to be toward the side of the tank out of the field of view (between

positions II and III).

C. A small portion of the liquid, independent of this asymmetrical

movement, wetted the underside of the nylon cloth deflector at

approximately Zl seconds. This wetting was a result of liquid

III- 3



III- 4

do

e.

fo

g.
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fragments hitting the underside of the deflector and consisted

only of spotting.

The asymmetrical movement of the propellant, apparently

deflected by the baffle, came back into view of the TV camera

at approximately 23 seconds after J-Z engine cutoff. At this

time, a significant volume of liquid appeared to pass through

the center opening of the deflector in a direction opposite to

that previously noted on the free surface of the liquid below the

baffle. Because of the angular relationship of the instrumenta-

tion probes with respect to one another and the uncertainty as

to the exact direction of the deflected wave with respect to the

probes, it is impossible to describe the deflected wave accu-

rately on the basis of instrumentation. Figure III-3 shows a

sketch of the deflected wave based on the television observation.

The television further indicated that the forward motion of the

deflected liquid ceased at approximately 61 seconds.

The liquid began to settle at 73 seconds and gradually receded

over the top of the deflector. A large quantity of liquid was

distributed between the baffle and the deflector at this time. No

further disturbances of the liquid were noted when the vehicle

acceleration level was reduced further to Z. 5 x 10 -4 g's by

closing of the LOX ullage thrusting system at 77 seconds.

The portion of the deflector within the field of vision was clear

of liquid at approximately 91 seconds.

At 145 seconds after J-2 engine cutoff, all of the liquid was

apparently positioned below the baffle where it remained.

The liquid surface was relatively quiescent until the warmer

liquid at the surface became saturated and began boiling at 166

seconds. A vapor fog began to appear in the ullage at 191 seconds.

The instrumentation indicated the following significant events.

The ullage temperature sensor (C346) at station 455, indicated

the presence of liquid from about 20 seconds until 40 seconds

after J-2 engine cutoff which confirms the TV observation that

liquid was above the baffle. The temperature sensor (C347)

and liquid vapor sensors (N048, N05Z) at STA 479 all indicated

wetting at approximately the same time and for the same dura-

tion as C346. The 70 percent ullage temperature measurement

(C037) at STA 535.6 (near the center clearance of the deflector)
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indicated cooling beginning at about 50 seconds, probably due to

the proximity of the deflected liquid. It appears that C037 was

not actually contacted by liquid because it did not experience the

sudden drop to liquid temperature characteristic of wetted sen-

sors. The 50 percent ullage sensor (C036) at STA 474.6 began

cooling at about 55 seconds and dropped sharply to liquid temper-

ature at about 70 seconds. The sensor continued to indicate liq-

uid temperature until loss of telemetry signal by Bermuda. This

is not consistent with the television observation (see item h) and

may represent trapping of liquid by the instrument (see Section

VIII-6). No temperature measurements or liquid vapor sensors

forward of, and including N050 (station 570), indicated wetting

by liquid hydrogen. Measurement number C345 at station 432

(below the quiescent liquid level) showed the presence of ullage

gas from 47 seconds until 76 seconds. The inside wall tempera-

ture measurements C325 and C326 located at station 548 (attach

plane of the deflector) indicated liquid temperatures from 27

seconds until 97 seconds and from 37 seconds until 252 seconds,

respectively.

The orbital insertion phase of the AS-203 experiment indicated that

the position of the liquid hydrogen was successfully controlled by the particular

combination of propellant control devices employed. Though some liquid hy-

drogen was deflected into the ullage region, the quantity was extremely small

relative to the bulk of liquid in the tank. The mass of the deflected liquid is

estimated to be only 50 ibm, with the major portion of the liquid propellant

(19, 100 ibm) being maintained in a settled condition. No problems concerning

the control of the propellant at orbital insertion were indicated that could im-

pair the success of the Saturn V mission.

Z. Sequencing of Longitudinal Accelerations

A second factor that may have contributed to the successful control

of the liquid at orbital insertion is the timing of the reductions in applied

thrust. To lessen the severity of the liquid disturbances at insertion into

orbit, the magnitude of thrust changes should be minimized. However, the

liquid disturbance can also be reduced, theoretically, by properly timing

the thrust changes. The thrust changes on AS-203 were timed to minimize

liquid disturbances.

The engineering reasoning that determined the specific sequencing

of the longitudinal thrust on AS-203 was first proposed in reference 3. Since

the exact position of the slosh wave cannot be precisely determined or con-

trolled, it was concluded that the J-Z engine cutoff could not be timed to

minimize slosh amplification. Therefore, it was assumed that the slosh

wave would be in the worst position for amplification (horizontal wave, which
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gives maximum vertical velocities), and all subsequent thrusts were se-

quenced to produce minimum amplification. If the wave was in a position

other than that for maximum amplification at J-g engine cutoff, the subse-

quent thrust timings would not be correct, but the resulting amplification

would still be less than the worst case.

Since it had been decided that the vehicle would be positively accel-

erated in the longitudinal direction at all times, the applied thrustings must

overlap. To minimize amplification, any increase in longitudinal accelera-

tion caused by the overlapping thrust should occur when the slosh wave is

horizontal, to avoid increasing the potential energy of the fluid. All thrust

decreases should occur when the slosh wave has its maximum wail displace-

rnent and, therefore, minimum vertical velocity. To determine the quarter

and hail cycIe multiples for timing, a simple first mode slosh model was

postuIated using the natural frequency of a liquid coIumn without considering

coupling with the control system, vehicle, etc. At insertion into orbit, the

boost sIosh wave amplified as previously described. However, no amplifica-

tion could be detected when the thrust level was further reduced to the con-

tinuous venting leveI. During the orbital coast phase of the mission, the

timing of the thrust increases and decreases were based on similar reasoning.

No amplifications were apparent due to changes in the longitudinal acceIera-

tion levels during orbitaI coast, although it is possible that there were

changes not large enough to be detected by the TV and the instrumentation.

Data from full-scale flights using different timing philosophies will be re-

quired before a complete evaluation of sequencing methods can be made.

3. Oxygen Tank

Due to the relatively small amount of instrumentation in the oxidizer

tank, the liquid oxygen dynamics at insertion into orbit could not be defined

as well as in the fueI tank. A rapid pressure decay detected in the oxidizer

feed line (D003) indicated that liquid had surged back into the tank after the

main engine oxidizer vaIve was closed. This surge was detected immediately

after engine cutoff by two temperature sensors (C04Z and C043) located 20

and 39 inches above the mean liquid level. The flow into the tank was stopped

by the closing of the prevalve one-half second after J-Z engine cutoff. Ap-

proximately 80 seconds after engine cutoff, liquid was again detected as high

as 39 inches above the mean liquid leveI by three temperature sensors (C041,

C042, C043) and one Iiquid-vapor sensor (L005). It is felt that the last

Iiquid detected was caused by a slosh wave. However, telemetry was lost

before a slosh frequency could be established.
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C. ORBITAL COAST

Limited data on sloshing in orbit was obtained from the temperature

measurements in the hydrogen tank. These measurements showed regular

fluctuations such as might be expected if they were being intermittently

wetted. This behavior could be detected only when the fuel tank was closed

and the liquid was subcooled. During those times, the vehicle was being

accelerated by the LOX ullage thrust system. Whenever the continuous vent

system was open, the hydrogen tank was saturated and no temperature

fluctuations could be detected. Also, the period of oscillation at the con-

tinuous venting acceleration level was so long that a continuous data record

of approximately I000 seconds would have been required to detect the oscilla-

tions and such data were not available.

Figure III-5 shows the periods of oscillation that were obtained from the

temperature measurements and gives a comparison with the first mode

natural frequency predicted by the methods of reference 4. The data scatter

at the higher acceleration is believed to be due to the fact that the response

times of some of the temperature sensors were apparently large compared

to the slosh period. Since the temperature measurements were not located

ideally for slosh detection, it is difficult to determine the exact slosh ampli-

tudes. Approximate maximum and minimum amplitudes have been evaluated

by the Aero-Astrodynamics Laboratory of MSFC. These amplitudes are

given in Table III-l.

There was not sufficient liquid oxygen in the tank during orbit to sustain

any large amplitude sloshing, and the smaller amplitudes could not be

detected.

TABLE III- 1

HYDROGEN SLOSH AMPLITUDE

I
I

I
I
I

I

Tracking

Station

KSC

Orbit 1

Guaymas

Orbit 4

Acceleration

(g's)

4x 10 -4

-5
8x10

Maximum

Amplitude

(in.)

34

89

Minimum

Amplitude

(in.)

21
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SECTION IV. PROPELLANT CONTROL DURING ORBITAL FLIGHT

A. VENT SYSTEM DESCRIPTIONS

Propellant control during the orbital phase of the experiment was

achieved by maintaining a continuous low-level acceleration on the vehicle.

This acceleration was produced by venting ullage gases through the hydrogen

continuous vent (CV) system and/or the LOX ullage thruster (LUT) system.

The CV system is not a standard system on the Saturn IB/S-IVB stage, but

was added to the S-IVB-Z03 to perform the same general function as its

intended function on the Saturn V/S-IVB stage. The continuous vent system

contains a variable area regulator valve that was opened and closed on com-

mand according to the programmed sequence of events. The valve has a

fixed maximum flow area at inlet pressures greater than 20.5 psia and a

fixed minimum flow area at inlet pressures less than 20.0 psia. Ideally, the

flow area varies smoothly between the maximum and minimum area when

the inlet pressure is between 20.5 and 20.0 psia. The purpose of the regula-

tor valve is to maintain the hydrogen saturation pressure at approximately

20 psia while still providing adequate axial thrust for continuous propellant

control. The ullage gas flow from the fuel tank is split between two branches

and then discharged through two nozzles directed aft at an angle of 76.5 °

from the vehicle longitudinal axis (see figures IV-I and IV-2}. This nozzle

cant angle was selected to produce the same net acceleration as designed for

the Saturn V/S-IVB continuous vent system. Except for the overboard nozzle

cant angle, the system is identical to the Saturn V system.

The LUT system provided a means of controlling the propellants at main

engine cutoff to minimize the effects of various liquid dynamics phenomena

that might result in excessive control disturbances or venting of liquid. It

also served to maintain the propellants in a settled condition during the J-2

engine chilldown sequence. This system is unique with the AS-Z03 vehicle.

It was designed to perform the same function as the two 70-1b thrust ullage

motors of the Saturn V/S-IVB auxiliary propulsion system. The nominal

design acceleration level of the LUT system is approximately 5 x 10 -4 g's.

The system consists of a shutoff valve and two discharge nozzles directed aft

at an angle of 13.5 ° with respect to the vehicle longitudinal axis (see figures

IV-l and IV-Z}.

Both the fuel and oxidizer tanks on the S-IVB stage are equipped with a

pressure relief vent system. The relief valves will open and close automati-

cally to prevent the fuel and oxidizer tank pressures from exceeding 42 and

44 psia, respectively. The relief valves may also be opened and closed on

IV-I



command to obtain a rapid depressurization of the tanks. The vent flow
through the fuel tank relief system is directed through two discharge orifices,
diametrically opposed, at the vehicle outer skin such that the thrust produced
is theoretically n0n-propulsive. The fuel tank relief valve acted on pressure
demand during S-IVB powered flight (154 to 225 seconds after liftoff) and on
command during the rapid fuel tank depressurization tests (Section VI-B).
The vent flow through the LOX tank relief system is discharged through a
single port. The thrust produced from the LOX tank relief system is directed
through the vehicle center of gravity thereby creating no torques on the
vehicle. The LOX tank relief valve was not required to function during the
flight.

B. LOX ULLAGE THRUSTER SYSTEM PERFORMANCE

The LUT system was employed five times during the experiment. The
system was opened for 77.0 seconds at orbital insertion, for 409.0 seconds
during the J-2 engine chilldown experiment, for 119. 7 seconds at the end of
the free coast experiment, for 187.0 seconds during the first fuel tank rapid
depressurization test, and for 1.5 hours during the closed fuel tank experi-
ment. The LUT system performed exceptionally well throughout the flight.

The LOX tank pressure history during orbit is shown in figure IV-3.
Throughout most of the first orbit the measured LOX tank pressure was
slightly lower than predicted. During the initial ullaging sequence (432 sec-
onds to 509 seconds after liftoff) the tank pressure decreased approximately
at the predicted rate. The measured initial ullage pressure was lower than
the predicted pressure at insertion, thereby resulting in a lower than pre-
dicted ullage pressure when the initial sequence was terminated. At the
initiation of the second ullaging sequence, which occurred concurrently with
the first J-g engine chilldown, the LOX recirculation pump added gaseous
oxygen to the tank, resulting in a significant amount of repressurization.
Consequently, the ullage pressure was approximately 3 psi higher than pre-
dicted at the termination of ullaging and remained higher thereafter. Although
the actual pressure level was slightly higher than predicted during most of
the flight, the slope of the predicted curve generally agrees well with the
data. Because conditions in the LOX tank were particularly suited to the
establishment of convective currents (cold common bulkhead and uninsulated
lower bulkhead), ullage heating effects were considered in the preflight pre-
dictions. Estimates of the heating rates were based upon commonly accepted
heat transfer correlations evaluated at the reduced gravity levels. The
results indicate that this approach was reasonably valid.

The mass flow rate and thrust produced by the LUT system was calculated
using the measured temperatures (C307 and C308) and pressures (D212 and
D213) immediately upstream of the LUT system discharge nozzles. The

IV-2

|

I
I

I
I
I

I
I

I
I

I
I

I

I
I
I
I
I

I



I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

critical flow parameter and thrust coefficient were calculated using the pro-

cedure described in reference 5 and assuming that shifting equilibrium flow

conditions existed. To simplify the calculations, it was further assumed

that the helium in the LOX tank at orbital insertion was completely vented

before any GOX was discharged. This assumption could cause a significant

error in the calculated vent flow rates. However, the calculated thrust will

not vary more than+ 5 percent regardless of whether helium or GOX is being

vented. Figures IV-4 and IV-5 show the calculated mass flow and thrust

from the LUT system during the AS-203 flight.

C. CONTINUOUS VENT SYSTEM PERFORMANCE

The CV system was functioning continually during the first three orbits

of the flight except for relatively short time intervals immediately following

insertion, during the first J-2 engine chilldown, and during the free coast

experiment. At the end of the third orbit the continuous vent valve was closed

and remained closed thereafter. The measured fuel tank pressure history

(figure IV-6} indicates that the regulator valve maintained the fuel tank at

approximately 20 psia until near the end of the third orbit when the blowdown

sequence reduced the pressure below the 20 psia level. The regulator valve

began operating in a regulating mode for the first time at approximately 800

seconds after liftoff. When operating in a regulating mode, the valve os-

cillated with frequencies ranging from Z to 30 cycles per minute. Although,

undesirable, the oscillation did not produce any noticeably adverse conditions

during the flight. However, the problem should be investigated and corrected

to insure that this type of operation will not be prejudicial to the performance

of subsequent vehicles. The regulator valve oscillation problem is discussed

in greater detail in Section VIII-C.

The pressure rise shown by the flight data at approximately 5900 seconds

resulted from the combined effects of repressurization and ullage heating

with the tank vents closed. The effect of this pressure rise on the CV system

performance is apparent for only a short duration after the system is again

opened. The second pressure rise, occurring at approximately II,200 sec-

onds, is a result of ullage heating during the time that the tank was closed

for the free liquid experiment. The rapid pressure rise from approximately

17,200 seconds to 22,500 seconds occurred while the tank was closed during

the fourth orbit and is also primarily a result of ullage heating. The pressure

rise rate and ullage heating rate during the fourth orbit are discussed in

greater detail in Sections VI-C and VII of this report.

The mass flow rate and thrust from the CV system were calculated using

the measured temperatures (C256 and C257) and pressure (DI81) (D182

failed) upstream of the discharge nozzles. Typical plots of pressure and

temperature upstream of the continuous vent discharge nozzles at various

IV- 3



times during the flight are shown in figures IV-7, IV-8, and IV-9. The
fluctuations of the pressure and temperature are a result of the regulator
valve oscillation. These plots were taken at times when the tank thermo-
dynamic conditions were quasi-steady state. To obtain the average vent
flow and thrust during the time the regulator valve was oscillating, integrated
averaged values (over i00 to 300 seconds) of nozzle upstream pressure and
temperature were employed in the calculations. Due to a calibration error
in the nozzle upstream pressure measurement (DI81), it was necessary to
reduce all measured values by 0.5 psi before calculating mass flow and
thrust. Figures IV-10 and IV-f1 give the calculated average values of con-
tinuous vent mass flow rate and thrust during the orbital period. Also shown
on these figures are the various assumptions and equations used in making
the calculations.

D. ORBITAL VEHICLE ACCELERATION

The transient acceleration of the AS-203 vehicle was calculated by
dividing the total axial force applied to the stage at any time by the vehicle
mass. The mass of the vehicle at any time was obtained by subtracting the
accumulated vented mass (other mass losses were negligible) from the mass
of the vehicle at insertion (58, 700 ibm). The accumulated vented mass was
obtained by integrating the continuous vent, LOX ullage thrust system, and
the non-propulsive vent system mass flow rates (see figures IV-4, IV-10,
and VI-4). The accumulated vented mass from the various vent systems is
shown in Figure IV-12. The total axial force applied to the stage is the
summation of the axial thrust from the continuous vent and LOX ullage thrust
systems minus the drag force. The total axial thrust of the LUT and CV
systems is 97. Za/0and ?3.3% of the thrust values shown by figures IV-5 and

IV-If, respectively. A constant drag force of 0. Ii Ibf was used in the

vehicle acceleration calculations. Figure IV-13 shows the AS-203 calculated

acceleration for the entire orbital period. Figures IV-14 and IV-15 show

the vehicle acceleration on an expanded scale at orbital insertion, during

first J-2 engine chilldown, at the end of the free coast experiment, and during

the first fuel tank blowdown. The vehicle acceleration, as measured by a

low gravity longitudinal accelerometer (measurement A008) during the first

pass over the Canary Islands is also shown on figure IV-13. The measured

acceleration values at the Canary Islands compare favorably with those based

on the calculated vent thrust. However, the accelerometer failed before

reaching Tananarive on the first orbit, and no further measured acceleration

values were available throughout the remainder of the flight.

The vehicle acceleration level during the various experiment events was

of the same approximate magnitude as expected during similar events on the

Saturn V/S-IVB mission. The television coverage visibly indicated that the

CV system thrust was adequate to maintain control of the liquid hydrogen
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during the orbital coast period. Temperature and pressure data substantiated

this fact. It is concluded that the CV system successfully demonstrated its

ability to perform as required on the Saturn V/S-IVB stage. In addition, the

LUT system demonstrated the capability of the Saturn V/S-IVB 70 ibf ullage

motors to perform as required with respect to the control of the propellants.
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SECTION V. J-Z ENGINE ORBITALCHILLDOWN

One of the primary objectives of the AS-Z03 flight was to determine the

ability of the S-IVB stage design to thermally condition the J-2 engine for

orbital restart. The purpose of the engine chilldown is to remove heat from

the propellant feed systems so that the cryogenic propellants are in the sub-

cooled liquid state at the pump inlet when the engine is ignited. Figure V-I

is a schematic of the S-IVB chilldown systems and the associated instrumen-

tation for the AS-203 flight. The system is chilled by pumping cryogenic

liquid from the propellant tank through the suction duct, the engine pump, a

bleed valve on the pump discharge, and into a line that returns the fluid to the

lower portion of the propellant tank. One oxidizer and two fuel system chill-

down experiments were conducted during the AS-Z03 flight. These experiments

were successful and demonstrated techniques for thermally conditioning the

J-2 engine in the orbital environment.

A. FIRST FUEL CHILLDOWN

The first hydrogen system chilldown was conducted during the final min-

utes of the first orbit, approximately 90 minutes after liftoff. During the first

orbit, the liquid hydrogen had been maintained in the bottom of the fuel tank by

the low-level acceleration produced by the continuous vent system. The chill-

down experiment began when the LOX ullage thrusting (LUT) system was

activated 5518. Z seconds after liftoff. The LUT system provided an average

acceleration of approximately 4.4 x 10-4 gls during the chilldown experiment.

The events that followed were:

]. 5539. Z seconds, continuous vent system closed.

3.

.

1

.

5540. 3 seconds, fuel tank repressurization initiated.

5564.3 seconds, fuel recirculation pump started (suction line pre-

valve was open I.

5574.3 seconds, suction line prevalve closed (beginning recirculation

flow through engine).

5864. 3 seconds, suction line prevalve opened (stopping recirculation

flow through engine).

5886.3 seconds, fuel recirculation pump stopped.

V-I



7. 5892.5 seconds, main fuel shut-off valve opened {fuel lead).

8. 5903.8 seconds, continuous vent system opened.

9. 5905.0 seconds, main fuel shut-off valve closed.

10. 5927. Z seconds, LOX ullage thrusting system closed, ending the
chilldown experiment.

The fuel tank repressurization began I. 1 seconds after the continuous vent
system was closed. The fuel tank was repressurized with helium that had been
stored at ambient temperature in a 4.5 ft 3 sphere at 3000 psia (reference 7).
The helium pressure and temperature in the sphere during repressurization
are shown in figures V-Z & V-3. The 7.9 ibm of helium used for repressur-
ization in combination with the ullage heating increased the fuel tank pressure
from the initial value of 19. 6 psia to 23 psia at the completion of the repressur-
ization {figure V-4). Only about 0.5 psi is attributable to ullage heating. The
liquid boiloff and ullage heating caused the tank pressure to continue to rise
after the helium repressurization was completed. By the end of the chilldown
experiment the tank pressure had risen to Z5.8 psia. When the recirculation
pump started the tank pressure was Zl. 6 psia, giving the recirculation pump
an initial NPSH of 2.0 psid. The increasing tank pressure resulted in an

NPSH of 6.2 psid at the conclusion of the chilldown. For the first i0 seconds,

the recirculation pump operated with the prevalve open. This allowed the LH 2

to chilldown the by-pass line, and then flow back through the prevalve into the

fuel tank, thus preventing severe initial pressure oscillations. When the pre-

valve closed, the fluid was forced through the suction duct, fuel pump, and the

return line back into the tank.

The performance of the recirculation pump (figure V-5) during the first

chilldown was very good. Except for a few points during the initial period of

chilldown the pump operated above the pump characteristic (design) curve.

During the initial period of chilldown the flowrate and pressure rise through

the recirculation pump oscillated for 60 seconds before quasi-steady state

conditions were obtained {figures V-6 and V-7). After the initial transient

period the recirculation pump flowrate gradually increased until 60 seconds

before the prevalve was opened, at which time the flowrate leveled off to 145 gpm.

The initial pressure rise of the recirculation pump {which is also the re-

circulation system pressure loss) reached II psid. As the boiling subsided and

the fluid quality decreased, the pressure losses decreased to only 7. 6 psid at

the end of the chilldown. The fluid at the recirculation pump discharge was

subcooled from l°R when the prevalve closed to 2.9°R when the prevalve

reopened {figure V-8).
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During the fuel tank repressurization, the fluid in the fuel duct downstream

of the prevalve was saturated {figure V-91. As the pressure in the suction line

increased, the temperature increased, thereby indicating a predominately

gaseous fluid. When the prevalve closed, the temperature continued to follow

the pressure rise for approximately 4 seconds, after which the fluid began

subcooling, indicating the presence of liquid hydrogen. When the recirculating

flow through the engine was terminated by reopening the prevalve, the liquid

had subcooled 3°R, and the heat absorbed by the fluid in passing through the

prevalve bypass line was 0.54 Btu/sec.

The fluid at the fuel pump inlet was initially superheated {figures V-10

and V-ll). However, the saturated fluid in the suction duct reached the fuel

pump inlet only 5 seconds after the prevalve closed, and the fluid began sub-

cooling 25 seconds later. After the liquid became subcooled, the fluid temper-

ature at the fuel pump inlet decreased slowly until the recirculation flow was

stopped. At that time the liquid was I. 8°R subcooled, and the heat absorbed

by the fluid in passing through the suction line was Z.72 Btu/sec.

Downstream of the fuel pump the fluid was routed from the pump discharge

line into the recirculation return line by the gas generator {G.G.) fuel bleed

valve. At the end of the pump discharge line, where the main fuel shut-off

valve was closed, there was no flow. A temperature sensor here showed

saturated fluid for a short time at the start of chilldown, and then again just

before the fuel lead near the end of the experiment {figure V-I2). The fluid

flowing through the G. G. fuel bleed valve became saturated 18 seconds after

the prevalve closed, and began subcooling about 150 seconds later {figure V-13).

The G.G. fuel bleed valve temperature measurement (C01g) appears to be

about 0.9°R too low. When the recirculation flow stopped, the liquid had sub-

cooled I. 2°R, and the heat being absorbed by the fluid in passing through the

fuel pump was I. 09 Btu/sec.

The fluid in the recirculation return line became saturated about 20 seconds

after the prevalve closed and was saturated for the remainder of the chilldown.

{See figures V-14, V-15, V-16 & V-17.)

The recirculating flow through the engine was terminated by the opening

of the prevalve 290 seconds after it had been closed. This caused the re-

circulation flow to short circuit back through the prevalve and anti-vortex

screen thereby chilling and removing any trapped vapor located within this

region. The fluid immediately under the anti-vortex screen remained sub-

cooled during the chilldown. However, when the prevalve opened the warmer

fluid above the prevalve passed through, increasing the temperature at the anti-

vortex screen to saturation. The wall temperature of the suction duct upstream

of the prevalve was lowered 0.9°R {figure V-181 by the introduction of the cooler

LH 2 from below the prevalve.
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The fluid in the engine became saturated when the recirculation flow was
terminated. Twenty seconds after the prevalve was opened, the recirculation
pump was turned off and 10 seconds later the fuel lead was initiated. The fuel
lead was accomplished by opening the main fuel shut-off valve and allowing the
LH Z to flow through the engine tubes and injector, and out of the bell for 12.5
seconds. The fuel lead is necessary for thermal conditioning of the thrust
chamber in order to prevent pump stall during the start transients. The fuel
lead replaced the saturated fluid in the fuel pump with subcooled liquid from
the suction line and propellant tank (figures V-10 and V-12). An indication of
the effect of the fuel lead was obtained from the thrust chamber nozzle temp-
erature {C199). The nozzle temperature decreased from 440°R to 300°R after
8 seconds of fuel lead, and to Z45°R after iZ.5 seconds. For the 8 second
fuel lead used on engines which will restart in orbit, the nozzle temperatures
were within the allowable temperature range of 260°R to 3Z0°R.

When the fuel lead ended the continuous vent was opened. Twenty-four
seconds later the LOX ullage thrusting system was deactivated ending the first
hydrogen chilldown experiment. A review of television pictures received
during the chilldown indicated that very little surface disturbance was caused
by the return flow into the fuel tank from the chilldown system. The fluid
surface appeared to be rippled, but large gas bubbles were not observed break-
ing the surface. Calculations indicate that if all of the vapor produced during
chilldown had remained below the liquid surface, the surface would have been
displaced less than 4 inches. With the LH Z completely bottomed, the mean
fluid surface was estimated to be Z4 inches below the top of the slosh baffle
and no liquid was observed to rise above the baffle during the chilldown. This
is verified by various temperature measurements. Temperature measurement
C345, located Z1 inches below the baffle, alternated between saturated and
subcooled temperatures. Temperature measurement C346, located 3 inches
above the baffle, responded instantaneously to tank pressure changes, indicating
that it was above the liquid surface.

The results of ground test chilldowns conducted prior to the AS-Z03 flight,
as well as the flight chilldowns, are shown in table V-l. The data shown in
the table are compiled from references 8, 9, i0, and II. Comparison of the
flight chilldowns with the ground tests indicates that the ground environment
was more severe on the operation of the chilldown system. As can be seen
from a comparison of flowrates (figure V-19), the flow oscillations during the
initial phases of the orbital chilldown were less severe than during a typical
ground test. The more severe oscillations during the ground test were caused
by the gravity feed of LH2 into the suction ducts, whereas in the AS-Z03 flight
the very low acceleration did not induce any significant velocity to the more dense
liquid. The flowrate during the first orbital chilldown was more than was
measured during any of the hot duct ground tests (figure V-20). This was
primarily because much of the suction duct had already been chilled before
the experiment began.
V-4
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A comparison of the fuel pump discharge line wall temperature during the

first orbital chilldown with the ground chilldowns {figure V-Z1) indicates that

not only were the initial hardware temperatures lower for the orbital chill-

down but the final temperatures were also lower. During the ground tests the

final temperature was maintained relatively high by the formation of solid air

on the external surfaces of the hardware. This condition was, of course, not

experienced during the orbital chilldown. Although the ground chilldowns were

conducted in an environment different from that of the orbital chilldown, the

tests still provided a good estimate of the orbital results, a useful stan-

dard for comparison and an operational familiarization with the chilldown

system.

The results of the first hydrogen chilldown experiment indicate that it was

a complete success. The condition of the hydrogen at the fuel pump inlet, as

well as the envelope of conditions required for engine start, is shown in

figure V-ZZ. Prior to the opening of the prevalve, engine start conditions

were met. The opening of the prevalve reduced the local pressure at the fuel

pump inlet and caused the fluid to become saturated. However, when the fuel

lead was activated the fluid became subcooled almost immediately. The higher

tank pressure planned for vehicles requiring actual engine restart will provide

fuel pump inlet conditions well within the engine start requirements.

There are several other indications that the chilldown of the system was

complete before the prevalve was opened. The flowrate through the system

reached 145 gpm and leveled off 60 seconds before the prevalve opened. This

flowrate was higher than measured during most ground chilldowns. For ex-

ample, ground test Z5X was well within engine start conditions, but the flow-

rate reached only IZ0 gpm {figure V-19) and the system pressure loss was 8.7

psid. Immediately prior to the first burn during the 203 acceptance test the

flowrate was 143 gprn with subcooled liquid throughout the completely chilled

system. Because the flowrate exceeded this value and leveled off during the

orbital chilldown, the system appears to have been completely chilled.

Although the hardware was completely chilled, the system did not contain

subcooled liquid throughout at the end of the first orbital chilldown {figure V-23).

This saturated condition of the fluid in some parts of the system was caused by

the small degree of liquid subcooling in the fuel tank and not by an excessive

heating rate. The tank pressure achieved by the repressurization was less

than will be produced on Saturn V vehicles. Therefore, the degree of sub-

cooling was less than normal. The tank repressurization provided some sub-

cooling, and the recirculation pump produced additional subcooling of the

liquid. As the fluid passed through the chilldown system, the increase in

fluid temperature due to heating and the decrease in saturation temperature

due to the system pressure losses were sufficient to overcome the small

amount of liquid subcooling and subsequently, caused the fluid to become
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saturated downstream of the G.G. fuel bleed valve. After saturation con-
ditions were reached the fluid temperature varied as a function of the local
static pressure and not the heat input to the fluid. Although the fluid con-
tained vapor, its quality was probably quite low as determined by the system
pressure loss and the recirculation pump flowrate. The higher tank pressure
of vehicles requiring engine restart will allow subcooled liquid to exist through-
out the entire system.

When the propellant feed system is completely chilled, the flowrate will
be a maximum and the pressure losses will be a minimum. Therefore, the flow
parameter (&P/w Z) was used as an additional measure of the state of chill.
Although the characteristic curve of individual pumps and other such variables
can influence the results, the flow parameter gives a good measure of the state
of chill. Figure V-Z4 shows the flow parameter for the flight chilldowns as

well as for the ground test chilldowns. The lower curve is from the 203

acceptance test, first burn, in which the system was completely chilled. The

upper curve is the approximate boundary below which the system, although

not completely chilled, is chilled sufficiently for engine start conditions to be

met if the local pressure is of sufficient magnitude. As can be seen from

figure V-Z4, the first orbital chilldown was complete, lacking only the proper

tank pressure for engine start conditions.

B. LOX SYSTEM CHILLDOWN

Concurrent with the first hydrogen chilldown, a LOX chilldown experiment

was also conducted. The chilldown experiment was initiated by the activation

of the LOX ullage thrusting system 5518. Z seconds after liftoff. The events

which followed were:

I. 5539. Z seconds, continuous vent thruster system closed

Z. 556g. 3 seconds, LOX recirculation pump started (LOX prevalve open)

o 5574. 3 seconds, LOX prevalve closed (beginning recirculation flow

through engine)

4. 5864. 3 seconds, LOX prevalve opened (stopping flow through engine)

5. 5886.5 seconds, LOX recirculation pump stopped

6. 5903.8 seconds, continuous vent thruster system opened

o 59Z7.2 seconds, LOX ullage thruster system closed {end of chilldown

experiment)
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During this particular flight abnormally severe operating conditions were im-

posed on the LOX chilldown system. However, the system operated satisfac-

torily, and no problems are anticipated during the orbital chilldown on vehicles

requiring engine restart.

The abnormal conditions imposed during the AS-Z03 flight were the large

LOX tank pressure decay during chilldown and the small quantity of LOX on

board. Because propellant control was being maintained by the LOX ullage

thruster system, the initial LOX tank ullage pressure of 35.2 psia decreased

to 33.3 psia when the recirculation pump was started, and decreased further

to 24.0 psia by the time the recirculation pump was stopped (figure V-25).

The bulk temperature of the LOX in the tank was about 171°R, giving the LOX

recirculation pump an initial NPSH of II.6 psi. The pump NPSH decayed to

a final value of only 0.7 psi. This condition will not exist on Saturn V vehicles.

The recirculation pump operated properly during the initial phases of the

chilldown (5570 to 5630 seconds) as illustrated by the pump performance data

shown on figure V-Z6. Near the end of the chilldown (5777 to 5830 seconds)

the recirculation pump flowrate became unstable (figure V-Z7) and the pump

performance became poor. This is not surprising because the small quantity

of LOX in the tank resulted in a nominal liquid level only 7 inches above the

recirculation pump impeller. The poor pump performance can be attributed

to gas ingestion caused by either liquid vortexing or an uncovering of the pump

inlet by a slosh wave. The theoretical period of LOX sloshing corresponds to

the apparent period, and sloshing probably caused the gas ingestion. This

problem will not exist on vehicles requiring engine restart since a much larger

quantity of LOX will be on board.

During the chilldown, the recirculation pump provided flowrates up to 42

gpm (figure V-Z7} and a pressure rise of up to 14 psid (figure V-Z8}. The LOX

at the recirculation pump discharge was subcooled I7°R about 20 seconds after

the prevalve closed (figure V-Z9}. However, because of the decaying tank

pressure, it was only 5°R subcooledwhen the prevalve opened ending the flow

through the engine.

The upper limit of the LOX pump inlet temperature measurement was g°R

below the LOX bulk temperature. Therefore, LOX pump inlet temperature

data were not obtained. Instead, the G.G. LOX bleed valve temperature,

measured downstream of the LOX pump, was used to indicate the state of chill

(figure V-30). The saturation temperature based on the pressure at the G.G.

LOX bleed valve (figure V-31) was derived from the LOX pump inlet pressure

as discussed in reference IZ. The LOX at the bleed valve reached a maximum

of 6. Z°R subcooled; but, because of the LOX tank ullage pressure decay, the

fluid was subcooled only Z. 8°1% when the prevalve opened. The heat absorbed

by the LOX between the recirculation pump discharge and the G.G. LOX bleed
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valve was I. 9 Btu/sec at the end of the chilldown. The LOX pump discharge
temperature was quite similar to the G.G. LOX bleed valve temperature
(figure V-33) although the LOX was bled from the discharge line upstream of
the LOX pump discharge measurement.

The fluid at the tank inlet of the recirculation return line became saturated
15 seconds after the prevalve closed (figure V-33 and V-34). It reached a
maximum of 2.7°R subcooled, but by the time the prevalve opened it was only
slightly subcooled (about 0.8°R). The heat absorbed in the recirculation
return line at the end of chilldown was about 1.7 Btu/sec. The total heat leak
into the LOX at the end of chilldown was 3. 6 Btu/sec.

The LOX flow through the engine was stopped after 290 seconds by the
opening of the prevalve. With the prevalve open, the LOX flows back through
the prevalve into the LOX tank, chilling the volume above the prevalve and
clearing it of vapor. Twenty seconds after the prevalve opened the recircu-
lation pump was turned off.

The fluid conditions required at the LOX pump inlet for engine start are
shown by figure V-35. Fluid conditions at both the recirculation pump dis-
charge and the gas generator LOX bleed valve immediately prior to prevalve
opening are shown. The fluid condition at the LOX pump inlet is between these
points. This indicates that although the start conditions did not exist, the LOX
was subcooled and a higher tank pressure would have produced start conditions.

On vehicles requiring an engine restart the higher tank pressures planned
plus the lower LOX bulk temperature (due to the larger quantity of LOX) will
produce fluid conditions well within the J-2 engine start requirements.

C. SECOND FUEL CHILLDOWN

A contingency hydrogen chilldown was conducted near the end of the

second orbit (about 3 hours after liftoff). The primary purpose of the experi-

ment was to determine if the recirculation pump would operate under the low

acceleration level of the continuous vent system (5.5 x 10 -5 g's), with zero

pump NPSH. The operation of the recirculation pump under these conditions

would permit the propellant feed system to be chilled without requiring an

auxiliary setting system during the chilldown sequence (such as the LUT system

employed during the first orbital chilldown or the 70-1b settling engines

employed on the Saturn V/S-IVB). The second fuel chilldown experiment was

successful, and provided a contingency technique for thermally conditioning

the J-2 engine in the orbital environment.

During the second hydrogen chilldown, the fuel tank was not repressurized.

The continuous vent system operated during the entire experiment, and the
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hydrogen in the tank remained saturated at 19.5 psia (figure V-36). Except

for the fact that no fuel tank repressurization or fuel lead was used during the

second hydrogen chilldown, the sequence of events was a repeat of the first

hydrogen chilldown.

I. 10884.8 seconds, recirculation pump started (prevalve open)

2. 10894.8 seconds, prevalve closed (flow through engine began)

3. 11184.8 seconds, prevalve opened (ending flow through engine)

4. IIZ06.8 seconds, recirculation pump stopped (end of experiment)

When the recirculation pump started, the prevalve was open. The fluid

at the recirculationpump discharge was initially superheated, but became

saturated as soon as the pump was activated (figure V-37). The initial flow

through the recirculation pump chilled down the bypass line and flowed back

through the prevalve and anti-vortex screen into the tank. Ten seconds after

the recirculation pump was activiated the prevalve closed directing the flow

through the suction duct to the engine. The recirculation pump provided al-

ternately saturated and subcooled fluid throughout the remainder of the chill-

down experiment. Initially, the recirculation pump pressure rise varied

between 3 and I0 psi (figure V-38), with large flow oscillations between 5 and

140 gpm (figure V-39). During the last 35 seconds before the prevalve opened,

however, both the pressure rise and the flowrate appeared to become more

stable. The pressure rise leveled off at about 7.9 psid with spikes down to

6.5 and up to 8.7 psid, and the flowrate leveled off at an average value of about

I18 gpm with oscillations down to 75 and up to 130 gpm.

The fluid in the upper portion of the suction duct, which was saturated at

the initiation of chilldown, become subcooled 60 seconds after the prevalve

closed (figure V-40). Thereafter, it did not remain subcooled, but varied

from saturated to subcooled because of the pressure oscillations from the

recirculation pump.

The fuel pump inlet, which was initially superheated, became saturated

Z seconds after the prevalve closed (figures V-41 and V-4Z}. Unlike the upper

portion of the suction duct, the fluid at the fuel pump inlet did not become sub-

cooled during the contingency chilldown.

The fluid passing through the G.G. fuel bleed valve became saturated 17

seconds after the prevalve opened and was saturated for the remainder of the

chilldown (figure V-43). The fluid at the recirculation return line (tank inlet)

became saturated 27 seconds after the prevalve opened (figures V-44 and V-45).
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Because subcooled liquid was present only in the upper portion of the suction
duct and quality throughout the system was unknown, the heat absorbed by the
fluid could not be determined.

Although subcooled liquid was present only in the upper portion of the suction
duct during the chilldown, all indications are that the propellant feed system
hardware was sufficiently chilled such that a higher tank pressure would have
provided engine start conditions. At the end of the chilldown the flow para-
meter (figure V-24) indicated that the system was almost completely chilled.
The chilldown of the fuel pump discharge line was similar to the first orbital
chilldown and indicated the same final temperature as obtained during the
first chilldown (figure V-21).

The recirculation pump operated successfully under the low acceleration,
zero NPSH, conditions. Although its performance was substantially reduced
(figure V-5), it provided sufficient flow for the chilldown process. The
accumulated flow during the second chilldown was less than during the first
chilldown. However, the accumulated flow was still greater than was achieved
during a typical ground chilldown (S-IVB-Z5X) (figure V-46).

Although the contingency chilldown successfully chilled the propellant
feed system hardware, the cryogen itself must also be properly conditioned
to meet engine start requirements. On vehicles requiring an engine restart,
the removal of the saturated cryogen from the propellant feed system could be
accomplished within a 50-second time interval during the propellant tank re-
pressurization prior to engine ignition.

D. HARDWARE HEATING CONDITIONS DURING ORBIT

At the beginning of the chilldown experiments, the propellant feed system
hardware temperatures were lower than had been anticipated. Two conditions
contributed to these low temperatures. The first was a recirculation of pro-
pellants through the engine pumps that occurred just after main engine cutoff
(MECO) at insertion. The prevalves closed 0.5 seconds after MECO, trapping
liquid propellants in the suction ducts and the engine. Heat from the turbines
was conducted through the pumps and into the liquid. The heat input to the
liquid in the suction ducts caused it to expand through the engine pumps and
through the recirculation return line back into the propellant tank. The fail-
ure of the shutoff valve on the fuel recirculation pump allowed an additional
Z6.6 ibm of LH Z to enter the suction duct after MECO (figures V-47 & V-48).
The prevalves were opened 60 seconds after MECO. However, enough liquid
was present at the fuel pump inlet to maintain saturation conditions until loss
of telemetry signal Z25 seconds after engine shutdown (figure V-49). The
fuel pump discharge line wall temperature remained low (46°R) for 135 seconds
after engine shutdown (figure V-50). When the first chilldown was conducted at
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the end of the first orbit the fluid at the fuel pump inlet was superheated, but
the fuel pump discharge line wall temperature had risen to only 280°R which
was the maximum value measured during the flight. If the chilldown had not
been conducted until the end of the third orbit as is the normal case, it is
expected that the temperature would have been about 400°R based on extra-
polation of the pre-chilldown temperature slope. This is still approximately
50°R to 100°R less than originally estimated for the hardware temperatures
at the initiation of chilldown.

Following MECO, the fluid in the LOX suction duct remained subcooled
for 90 seconds. The LOX pump discharge temperature was still saturated
when the telemetry signal was lost. The shutoff valve on the LOX recircu-
lation pump was closed at MECO, and no additional LOX was supplied to the
system. The artificial circulation of propellants through the chilldown system
immediately after insertion removed a significant quantity of heat from the
warm turbines, thereby reducing the heat soak through during orbital coast
and subsequently the chilldown requirements.

The second condition that contributed to lower hardware temperatures
was the presence of saturated fluid in the suction ducts throughout the entire
orbital period. Heating during the orbital period was expected to produce a
vapor filled duct, resulting in relatively high hardware temperatures. However,
the unexpected presence of saturated fluid maintained the hardware temper-
atures lower than anticipated. The top of the anti-vortex screen in the suction
duct had been redesigned to open in a low-gravity environment to reduce its
tendency to trap vapor. Analyses conducted prior to the flight indicated that
a large bubble could form in the line as a result of the coalescence of hydrogen
bubbles formed by boiling in the duct. Such a single large bubble could not be
removed from the duct by the continuous vent acceleration. Thus, even with
the redesigned anti-vortex screen, there was a possibility that vapor could be
trapped in the suction duct. Apparently the prevailing environmental conditions
were such that the formation of a large bubble did not occur and liquid remained
in the fuel suction duct.

The fluid under the anti-vortex screen in the fuel tank (figure V-51) was
saturated or subcooled throughout the entire flight. The saturated fluid main-
tained the low hardware temperatures as indicated by the LH Z duct inner wall
temperature measurement (figure V-52) and the LH 2 prevalve by-pass line
outer wall temperature (figure V-53), both of which decreased during the flight.
These temperatures indicate that the first chilldown was more severe than the
second. The fluid temperature just downstream of the prevalve is shown by
figure V-54. Except during the final two blowdowns at the end of the third orbit,
saturated or subcooled fluid was present during the entire flight. Although no
temperature sensors were in the LOX suction duct, there are indications (from
C004) that saturated fluid also remained in this duct throughout the flight.
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The relatively low hardware temperatures at the initiation of the chill-

down sequence reduced the orbital chilldown requirements and contributed to

the success of the chilldown experiments. These low initial temperatures are

also expected to reduce the chilldown requirements on vehicles requiring

engine restart.
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TABLE V-I

(continued)

Definition of Symbols Used

PFR PI

PFPI

TFR PI

TFR PO

TFPIS

TFPI

Wc

Q

TFTS

NPSH

PRPA P

TGGFBV

GGFBV

MFSOV

Pressure - Fuel Recirculation Pump Inlet

Pressure - Fuel Pump Inlet

Temperature - Fuel Recirculation Pump Inlet

- Temperature - Fuel Recirculation Pump Outlet

- Saturation Temperature-Fuel Pump Inlet

- Temperature - Fuel Pump Inlet

- Recirculation Flowrate

- Heat Absorbed by Fluid

- Saturation Temp. in Fuel Tank

- Net Positive Suction Pressure

- Fuel Recirculation Pump Pressure Rise

- Temperature - Gas Generator Fuel Bleed Valve

- Gas Generator Fuel Bleed Valve

- Main Fuel Shutoff Valve
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F005,

C155

ClZ6

C363

FUEL

PREVALVE

FUEL

PUMP

C372

C130

L"2TA_

(ULLAGE- DOZI) -_"_I

LOX TANK

(ULLAGE - D0Zg)
/

161 ,,
/SAT V LEVEL D062 /

N LINEI/
/

l

[LOX ,RECIRCULATION PUMP]

C159

-D061

C127

FUEL PUMP

[G.G. FUEL BLEED VA

C144

PR EVA LVE

G 309

_F004

--IRE TURN LINE]

C004

D00 3

LOX PUMP[

G. LOX BLEED VALVE]

MEASUREMENT CODE

C - TEMPERATURE

D - PRESSURE

F - MASS FLOW

C013

MAIN FUEL VALVE1
J

367

FIGURE V-I SCHEMATIC OF J-Z ENGINE CHILLDOWN SYSTEM
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NOTE: DATA POINTS AT i0 SECOND INTERVALS DURING CHILLDOWN
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SECTION VI. NON-SATURN V RELATED EXPERIMENTS

The second hydrogen system chilldown experiment concluded the Saturn

V related experiments. The remainder of the flight was utilized to obtain

data applicable to other types of vent systems and to the design of future

cryogenic stages. The tests conducted during the final two orbits included

the free coast experiment, rapid depressurization of the fuel tank, and the

closed tank pressure rise experiment.

A. FREE COAST EXPERIMENT

Near the end of the second orbit, immediately following the second fuel

system chilldown, the continuous vent valve was closed (ii,237 seconds)

allowing the vehicle to go into a free coast so that the only accelerations

experienced by the vehicle were those resulting from the prevailing environ-

ment. The objective of this sequence was to observe the liquid behavior in

the presence of a very low adverse acceleration. Aerodynamic drag on the

vehicle produced a deceleration of approximately I. 9 x 10 -6 g's with the

liquid above the vapor with respect to the acceleration vector. This accelera-

tion corresponds to a Bond number of approximately 7. According to

theoretical analyses and drop tower experiments concerned with the liquid-

vapor interface stability, the critical Bond number (based on tank radius) is

well defined as 0.84. In the case of the S-IVB hydrogen tank, any negative

acceleration greater than approximately 10 -7 g's should unseat the propellant

causing it to move to the forward end of the tank. The TV indicated that after

the continuous vent valve was closed, the liquid began to flow forward along

the tank wails. The average velocity of the liquid moving along the tank

wall was approximately 0.04 ft/sec. The flow apparently advanced somewhat

faster on the side of the tank next to the earth (position I). After approxi-

mately 3 minutes of coast the deflector near position I became wetted. Wetting

of the deflector continued slowly toward position IV until the end of the coast

period. A temperature sensor (C325), located just below the deflector

attachment plane and near position III, showed a sharp drop in wall tempera-

ture near the end of the coast period, indicating that liquid had also risen to

the deflector on the upper side (position III) of the tank.

The favoritism of the liquid motion toward one side of the tank may be

explained by the fact that the vehicle was in a slightly nose-up attitude and

the orbital drag was therefore greater on the side of the vehicle toward the

earth. Bowman (reference 13) has shown that if the deceleration vector is

not aligned with the axis of symmetry of the fluid container, the liquid will

tend to flow up one side of the tank, as would be expected. The TV did not
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reveal the formation of a liquid spike in the center of the tank (Helmholtz
instability) as the liquid moved toward the forward dome. For the prevailing
Bond number this observation is also consistent with Bowman's findings.

The forward motion of the liquid was arrested after five minutes (at
Ii, 540 seconds) by the resumption of thrusting from the LOX ullage thruster
system which applied a positive acceleration to the vehicle of about 4 x 10-4
g's. The liquid could be seen flowing back down the walls toward the bottom
of the tank. The majority of the liquid had settled below the baffle within 90
seconds after resumption of thrusting. The continuous vent system was
opened 99 seconds after initiation of settling and the LOX system was closed
21 seconds later. The prevailing acceleration following the closing of the
LOX thrust system was Z x 10-4 g's.

Thirty seconds after the LOX ullage thrust system was closed, several
particles of liquid were observed moving forward near the center of the tank.
A portion of this liquid passed the deflector before going out of view of the
TV camera. It is believed that the motion of these particles was a result
of (i) an amplification phenomenon when the thrust level was decreased to
the continuous venting level and/or (2) a redirection of liquid momentum
during the resettling process. The particles hit the internal surfaces of the
forward dome and were vaporized. This vaporization, plus the passage of
the liquid particles through the superheated ullage vapor, created a signifi-
cant thermal gradient in the ullage which caused a wavy pattern (similar to
that observed with a full tank of liquid) to appear on the TV picture. As the
thermal gradient in the ullage subsequently decreased, the wavy pattern on
the TV disappeared. This optical phenomenon is discussed further in Section
VIII-A.

B. RAPID DEPRESSURIZATION OF FUEL TANK

Three separate blowdowns of the hydrogen tank were performed to ob-
serve the behavior of liquid hydrogen under the combined conditions of low
gravity and rapid tank depressurization. The first blowdown occurred over
Carnarvon, Australia, and lasted for a period of three minutes (14, 34Z -
14,5Z2 seconds). The second and third blowdowns were each ninety seconds
in duration (16,723 - 16,813 seconds and 17,023 - 17, 113 seconds) and
occurred during the third pass over the United States. All blowdowns were
accomplished by venting fuel tank ullage gases through the non-propulsive
vent (NPV) system.

The NPV system contains a vent valve that may be actuated either on
command or by pressure demand. This valve acted on pressure demand
during powered flight (154 to 225 seconds) and on command only during or-

bital flight. The system flow is directed through two discharge orifices,
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diametrically opposed, at the vehicle outer skin such that the thrust produced

is theoretically non-propulsive. Figures IV-I and IV-2 show the location of

the vent system with respect to the vehicle.

1. First Blowdown

During the first blowdown sequence, a positive acceleration of

approximately 3.7 x l0 -4 gts was maintained by thrusting from both the con-

tinuous vent system and the LOX ullage thruster system. The LOX ullage

thruster system was opened at 14, 341 seconds and remained open for i87

seconds. The rapid depressurization was initiated by opening the NPV system
at 14, 342 seconds.

Before the NPV system was opened the TV picture showed that the

liquid was compIetely settIed in the bottom of the tank. The Iiquid was

saturated at about 20 psia. ThermocoupIes throughout the uIIage (C038,

C039, and C348), together with the continuous vent system Iine temperatures

(C0256 and C0257), indicated that the ulIage gas was superheated and under

nearIy steady-state continuous venting conditions. When the NPV system

was opened, a white fog formed above the liquid obscuring the surface. This

fog was caused by the recondensation of the gases above the liquid as the tank

pressure dropped. The fog continued to develop and rise in the tank so that

the entire tank interior was obscured within about one minute. Therefore,

it was not possibIe to visualIy locate the liquid surface during this test. As

the venting continued, the fog could be seen streaming past the TV lens to-
ward the direction of the vent outlet. Two minutes and fifteen seconds after

venting was initiated, nearly spherical liquid particles ranging in size from

about one to six inches in diameter were observed moving past the TV lens,

with estimated velocities as great as 1.5 ft/sec. This flow of liquid particles

continued until the end of the depressurization test. The tank pressure at

the end of the first blowdown was I4.2 psia. When the NPV system was

dosed, the fog began to cIear and the Iiquid particles couId be seen moving

randomly about in the uilage above the liquid which had apparently remained

settled. These conditions were virtually unchanged until the time of loss of

the TV signal by Carnarvon approximateIy one minute iater. Corpus Christi,

Texas, acquired the vehicIe one-half hour later and the liquid particles had

resettled in the tank.

The existance of the liquid particles in the top of the tank as well as

their relatively high velocity has not been conclusively expiained. Three

sources of particIe energy were investigated in an attempt to explain this

phenomenon.
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a. Entrainment by flowing gas

b. Breakup of slosh waves

c. Boiling

A simplified analysis equating the gaseous drag forces and buoyancy

forces to the gravity forces on a liquid particle indicates that under the

prevailing fuel tank conditions, the maximum particle size that could have

been entrained in the ullage stream was approximately one inch in diameter.

The results of this analysis for the S-IVB fuel tank are shown by figure

VI-I. The results show the maximum particle radius (assuming spherical

particles) as a function of vehicle acceleration for various vent flow rates.

The minimum acceleration experienced by the AS-Z03 vehicle during the

blowdown sequences is also indicated on the figure. It is concluded that

particles of the size actually observed could not have been entrained by the

gas.

I

I
I
i

l
l

It is doubtful that the particles were formed by the breakup of slosh

waves at the tank sidewall and baffles. No particles were formed under the

low acceleration level just prior to the blowdown, and although there was

increased attitude control system activity during the blowdown, the higher

acceleration level provided by the LOX ullage thruster system should have

reduced the slosh wave amplitude. The particles observed in the ullage at

orbital insertion, which were almost certainly a result of slosh wave break-

up, did not achieve either amplitudes or velocities as great as those ob-

served during the blowdown sequences. In addition, the particles observed

at orbital insertion moved in a much more orderly pattern than those ob-

served during the blowdown. For these reasons it is doubtful that the

particles originated from the breakup of slosh waves.

Since the movement of the observed liquid droplets was apparently

not caused by either slosh waves or entrainment in the gas stream, it is

believed that liquid boiling phenomena were the major contributing energy

sources in accelerating the liquid particles. As the tank pressure was

rapidly decreased a portion of the initially saturated liquid probably became

superheated. It is likely that only a few nucleation sites were present in

the center of the liquid, so that when the superheated liquid finally began to

vaporize, the bubble growth rate was so rapid that a portion of the liquid

near the surface was thrown into the ullage. The maximum liquid superheat

that could have occurred between the start of the tank depressurization and

the time that the first liquid droplets were observed 130 seconds later is

about i. 7°R. No superheating was recorded on any of the temperature sen-

sors within the liquid during the test. However, this would not be expected

since the sensors represent a very good nucleation site.
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2. Second and Third B1owdowns

Shortly after acquisition by Texas, the NPV system was again opened

(16, 723 seconds). The only vehicle thrusting during both the second and

third blowdown sequences was provided by the continuous vent system. The

acceleration level was approximately Z.0 x 10 -5 g's. The tank pressure at

initiation of the second blowdown was 17. 1 psia, having risen 2.9 psi due to

heat addition since Carnarvon. The TV pictures during the sequence showed

events similar to those observed at Carnarvon; fog immediately obscured

the liquid surface, and completely filled the tank within 60 seconds; and the

first liquid particles were observed 30 seconds later. The fog was not as

dense as had been observed at Carnarvon, but it was still impossible to

determine the exact liquid level. The liquid location could not be determined

by instrumentation, because the ullage gases were nearly saturated and

temperature sensors were not effective in distinguishing liquid from vapor.

Since it did not appear that large amounts of liquid were in the ullage, it

was concluded that the major portion of liquid was still in the bottom of the

tank. At the end of the 90 second venting period the NPV was closed and the

tank pressure had decreased 3.8 psi to 13.3 psia.

The NPV remained closed for three minutes and thirty seconds.

The TV viewing port became covered by a liquid film 40 seconds after the

NPV was closed. Occasionally a portion of the viewing port would clear and

the inside of the tank could be seen. During these brief glimpses, it appeared

that liquid droplets were clinging to all of the internal tank surfaces.

When the NPV was again opened, the liquid film was blown off the

TV viewing port. Since all of the gas being vented during this depressuriza-

tion was essentially saturated, the tank pressure decreased by only 2.3 psi,

from 14.5 to 12. Z psia. Kennedy Space Center received the TV picture

until two minutes after the NPV system was closed. During this two minute

interval, the conditions inside the tank remained almost unchanged. When

the contents of the hydrogen tank were again seen at Texas one and one-half

hours later, the liquid was settled below the baffle and calm. All of the

liquid particles and droplets were gone and the internal surfaces of the tank

above the liquid level were dry.

3. Vented Mass

An important objective of this particular experiment was to obtain

an indication of the loss of liquid overboard, if any, as a result of rapid

venting. A quality meter was installed in the continuous vent system to

indicate the quality of the vented fluid. It is felt that the quality meter did

not furnish data of acceptable accuracy. The performance of the quality

meter is discussed in greater detail in Section VIII-D. Although the actual
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vented liquid mass cannot be established, the temperatures in the vent lines

can be used as an indication of the vented fluid conditions.

Figure VI-Z shows the fueI tank pressure (D021) and the pressure

upstream of the NPV orifices (D184) during the blowdown sequences. Figure

VI-3 shows the measured fluid temperature (CZ55) and hydrogen saturation

temperature upstream of the NPV orifices. It can be seen from the latter

figure that the vented fluid temperatures were superheated in the NPV system

throughout all blowdown periods. It is very unlikely that the measured tern-

peratures are in error since both thermocoupIes in the system (C254, CZ55)

were indicating approximately the same temperature. Superheated vapor

was also measured in the continuous vent system. Due to the turbulent flow

conditions in the vent lines and the low incipient boiling temperature differ-

ence for liquid hydrogen, it is very unlikely that a significant amount of liquid

hydrogen was vented overboard through either the NPV or CV system. It

appears that some liquid did enter the CV system after the second blowdown

(sharp decrease in CV fluid temperature). However, this liquid was probably

evaporated by the hotter surrounding gas and vent line walls before reaching

the overboard nozzles.

Figure VI-4 shows the transient mass flow rate from the NPV system

during the three blowdown sequences. The mass flow rate was caIculated

using the measured temperatures (C254, C255) and pressures (D183, D184)

upstream of the discharge orifices. Consistent with the conclusions of the

previous paragraph, it was assumed that the vented fluid was 100% quality.

The total mass vented during the blowdowns was 392 lb m , 166 lb m , and

168 lb m for the first, second, and third tests, respectively. Also shown on

figure VI-4 are the various assumptions and equations used in the caIculations.

These tests indicated that the phenomena observed during the blow-

downs should be further investigated before rapid venting of a cryogenic

container in orbit is employed. During the Saturn V simulated mission the

venting of the boiloff gases from the saturated liquid produced negIigible

disturbance of the liquid. The rapid venting during the blowdowns, in which

the tank pressure dropped well below the initial liquid saturation pressure, pro-

duced rather severe liquid disturbances. No significant difference in the

fluid behavior between the first and second blowdown tests could be detected,

although there was an order of magnitude variation in the acceleration levels

between the tests. The phenomena, therefore, appear to be primarily con-

trolled by either, or both, the depressurization rate and the prevailing fluid

conditions.
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4. Vent System Thrust Unbalance

During the three blowdown sequences, it was observed that the

auxiliary propulsion system engines were excessively active in providing

control about the yaw axis, indicating a significant unbalanced force between

the two sides of the non-propulsive vent system. During the first blowdown

(180 second duration) the number two yaw engine in Module I (I2) fired 29

times and the number two engine in Module III (III2) fired 22 times. During

the second blowdown, 12 and III2 fired 16 and Ii times, respectively, and

during the third blowdown they fired 7 and 4 times, respectively. This

firing frequency represents the highest APS activity during the entire flight,

except at orbital insertion. Other than during the blowdown sequences, these

particular engines were the least active of the APS system. The non-pro-

pulsive vent system AP measurement (D215) fluctuated rapidly and indicated

a significant differential between the vent system branches during all three

tests substantiating the fact that venting from the NPV system had produced

an unbalanced force on the vehicle. The pressure differential during the

blowdowns varied from zero to -0.40, -0.36, and -0.26 psi during the first,

second, and third tests, respectively. Figure VI-5 illustrates the AP fluc-

tuation during the first blowdown. The maximum uribalanced thrust resulting

from the unbalanced pressure during the first blowdown is calculated to be

about 3.85 Ibf.

C. CLOSED FUEL TANK EXPERIMENT

Early in the fourth revolution (at 17, 139.2 sec) the fuel tank continuous

vent system was closed for the remainder of the flight. The LOX ullage

thruster system had been opened (at 17, 119.2 sec) to provide a positive

acceleration on the vehicle thereby maintaining the LH 2 settled during the

experiment. The primary objective of the closed fuel tank experiment was

to determine the pressure rise rate in the closed hydrogen tank in orbit. As

a result of this experiment it was also possible to determine the differential

pressure necessary to collapse the S-IVB stage common bulkhead.

I. Pressure Rise

The primary objective was to determine the rate of pressure increase

in the orbiting S-IVB stage. This also allows the evaluation of the fluid

heating rates in the low gravity environment. When the fuel tank vents were

closed, approximately 16,000 Ibm of LH 2 remained in the tank and the tank

pressure was 12.4 psia. The ullage pressure 5, 360 seconds later (approxi-

mately one orbit) was 37.7 psia which represents a mean pressure rise rate

of 17.0 psi/hr in the closed tank. The vehicle acceleration decreased from

3.7 x 10 -4 g's at the beginning of the time period to 0.8 x 10 -4 g's at the end.
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The calculated pressure rise rate based upon the maximum predicted
liquid heating rate and assuming homogeneous distribution of the heat input
within the liquid bulk was only 3.2 psi/hr. The significantly higher measured
pressure rise rate is attributed primarily to heating of the ullage gases. In
addition, axial temperature gradients of 5°R and 194°R were developed in the
liquid and ullage, respectively, during the 5, 360 second period. These
gradients are necessarily a result of convective boundary layer development
at the tank sidewall. The distribution of the absorbed heat input also con-
tributed to the increased pressure rise rate as compared to the homogeneous
model. For ease of comparison with heat transfer data obtained at other
times during the flight, a detailed analysis and discussion of the change in
thermodynamic conditions in the closed tank is presented in Section VII-A.

A simplified propellant tank thermodynamic model was devised to
predict a pressure rise rate in the closed container based upon measured
initial thermodynamic conditions and experimentally derived liquid and ullage
heating rates. The simplified model assumed a homogeneous liquid and a
homogeneous ullage and allowed mass transfer but not heat transfer across
the liquid-vapor interface. The pressure rise rate predicted in this manner
is shown in figure VI-6 and is compared to the measured pressure rise rate
and the pressure rise rate based upon a homogeneous model with liquid
heating only. As shown, the predicted pressure determined from the simpli-
fied model (including ullage heating), is still not conservative from a design
standpoint, however, it is considerably better than the homogeneous model
with liquid heating only. Any general thermodynamic model having a single
node liquid and a single node ullage will yield conservative pressure if there is
significant ullage heating in comparison to the liquid heating. This is be-
cause the ullage heating alone will cause the tank pressure to increase more
rapidly than the liquid vapor pressure increases thereby suppressing mass
transfer to the ullage. For this reason it becomes obvious that accurate
pressure predictions will require a thermodynamic model capable of treating
stratification as well as ullage heating.

The importance of this particular experiment is that it verified the
theory that very low accelerations are sufficient to support convective motion
in both liquids and gases.

2. Common Bulkhead Rupture

As a result of the closed fuel tank experiment, data were also obtained
on the rupture of the common bulkhead under orbital flight conditions. At
the beginning of the fourth revolution the LOX tank vent was opened and the
continuous vent system was closed for the remainder of the flight. Fluid
heating caused the fuel tank pressure to rise, but the pressure was to be
maintained below 42 psia by the fuel tank pressure relief system. The
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hydrogen and LOE tank pressures were approximately 39.9 psia and 5 psia,

respectively, at the time KSC lost the telemetry signal at the beginning of

the fifth revolution. The loss of signal was a normal below the horizon

signal loss. At this time, the data showed that the vehicle was intact and

functioning normally. Approximately two minutes after loss of signal at

KSC, the vehicle was acquired by radar at the Trinidad tracking station.

The radar showed a number of pieces and indicated that the vehicle had ex-

ploded during the two-minute period between KSC and Trinidad. The most

probable explanation of this occurrence is that the common bulkhead ruptured

and a spark or impact detonated the propellants. This conclusion is supported

by the conditions existing in the propellant tanks at the time of rupture.

Ground tests at the Douglas Aircraft Company, Sacramento Test Operation

Facility, had resulted in a collapse of the Ground Test Common Bulkhead at a

ZIP of 34.7 psi. The /xp across the AS-203 common bulkhead at the time

of rupture was approximately 34.9 psi. Figure VI-7 summarizes the common

bulkhead pressure and temperature conditions at rupture for both the ground

and flight test conditions and illustrates the approximate point of rupture during

the ground tests. The exact point of failure during the flight could not be
dete rmined.
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SECTION VII. PROPELLANT TANK HEATING CONDITIONS

The heat transferred to the fluid in the S-IVB fuel tank during the flight

was determined so that the adequacy of the tank insulation and the effects of

the low gravity environment could be evaluated. Two approaches were em-

ployed in utilizing the flight data to determine the heat transfer characteristics

of the tank. The first approach was to use the measured changes in fluid

conditions in the tank to evaluate heat and mass transfer. The second approach

used the measured temperature differences across the tank walls and the

thermal properties of the wall material for calculating heat transfer into the

tank. The results from the two methods were then compared.

A. CHANGES IN FLUID CONDITIONS

The heat entering the liquid hydrogen during the time interval from 40

seconds before liftoff until S-IB cutoff, 184 seconds later, was calculated from

the change in the liquid temperature and the heat of vaporization of the liquid

boiloff.

Qf = CpMf AT m+Mbo hfg (vii- 1)

where:

Qf -Total heat entering liquid hydrogen - 13tu

Cp
-Specific heat of liquid hydrogen (Z. 6) - Btu/lb m OR

Mf -Mass of liquid hydrogen (42, 300) - ibm

AT m -Mean liquid temperature rise during time interval - OR

Mbo -Mass addition to ullage by evaporation during time interval - Ibm

hfg -Heat of vaporization - Btu/ib m

A mass balance on the ullage gas using initial and final gas temperatures

and pressures indicates that there was no significant mass transfer between

the liquid and ullage during this particular 184 second time period. Therefore,

the mass transfer term (Mbo hfg) in equation VII-I becomes zero. It should

be noted that both the temperature difference between the wall and liquid bulk,

VII- 1

m



and the estimated heat flux at this time indicate that nucleate boiling was

occurring. Since no mass was being added to the ullage gases, the vapor

apparently recondensed in the subcooled liquid bulk.

Figure VII-1 shows the measured liquid hydrogen temperature versus

S-IVB tank height at 40 seconds before liftoff, at S-IB cutoff, and at S-IVB

cutoff. The thermal boundary layer at the tank sidewall was too thin to be

detected by the temperature sensors. However, a rise in the mean liquid

temperature was obtained. The mean liquid temperature rise during ground

hold and S-IB burn was approximately 0. 35°R. Using this temperature rise

and equation VII-l, the increase in sensible heat of the liquid was calculated

to be 38,500 Btu, or an average of 209 Btu/sec.

In order to determine the actual liquid temperatures, it was necessary

to adjust the temperature measurements. A correction factor was determined

for each temperature sensor beneath the liquid surface by comparing the

indicated temperature of each sensor to the liquid hydrogen saturation temper-

ature at times during the flight when the liquid was known to be saturated at

tank pressure. The measured fluid temperatures employed in the heat and

mass transfer analyses were corrected by the values shown in table VII-I.

Ullage temperature sensors could not be corrected and it was necessary to

use the actual readout values. This is not a particularly critical fact since

relatively small sensor inaccuracies do not introduce the magnitude of error

in calculating the ullage conditions that they would in the case of the liquid.

Because of the varying liquid hydrogen level and rapidly changing ullage

gas conditions in the fuel tank during S-IVB burn, considerable error could be

introduced in calculating liquid or ullage heating rates. Therefore, heating

values were not calculated for this time interval.

The heat input to the liquid hydrogen during orbital coast was determined

by evaluating the heat required to vaporize the mass of hydrogen being vented

overboard through the continuous vent system (see figure IV-10) during

periods when quasi-steady state thermodynamic conditions existed in the fuel

tank. Figure VII-2 shows the calculated total liquid hydrogen heating rate

during the first three orbits. In addition to heating of the liquid, it was deter-

mined that there was also a considerable degree of ullage heating throughout

the orbital period. The rate of ullage heating with time is plotted in figure

VII-3. The ullage heating rate was determined from the enthalpy change of

the vaporized hydrogen gas between the liquid surface (saturated vapor) and

the overboard nozzle. This method of analysis is valid only when the tank

has reached quasi-steady thermodynamic conditions. The data points shown

are for such conditions. This method assumes no heating of the vapor in the

vent lines. The ullage temperature data and a radiation heat balance on the

continuous vent lines were both used to substantiate the validity of this

assumption.
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TABLE VII - 1

LIQUID HYDROGEN TEMPERATURE MEASUREMENT CORRECTION FACTORS

Meas.

No.

C01_

C052

C053

C054

C092

C093

C094

C095

C096

C330

Correction

Factor (C)

+0.90

+0.02

-0.05

-0.07

-0.22

-0.22

-0. 17

-0.07

-0.02

-0. 15

Meas.

No.

C331

C332

C333

C 334

C335

C339

C 341

C 342

C343

C 344

C 345

Correction

Factor (C)

+0. l0

+0.08

+0.05

-0.05

+0. 35

-l. 12

-0.02

+0. 34

+0.28

+0.22

-0.22

I

i

I

I

I

I

NOTE: T actual = T measured + C

Because steady state conditions did not exist between the first and second

blowdown experiments, the total heat addition to both the liquid and ullage

masses was calculated by combining the heat input determined from the con-

tinuous vent flow with that calculated from changes in fluid conditions in the

tank. The calculated mean liquid and ullage heating rates during this period

were 21.0 and 6.6 Btu/sec, respectively.

Since no fluid was being vented from the tank during the closed tank ex-

periment, the liquid and ullage heating rates were calculated entirely on the

bases of changes in internal fluid conditions. When the tank was closed (17, 138

seconds after liftoff) the liquid was saturated throughout at 12.4 psia (35.5°R)

and the ullage gas was superheated approximately 5°R. The temperature

variation in the liquid hydrogen at the end of the closed tank experiment was
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established by correcting (see table VII-I) all liquid temperature sensors and
assuming no circumferential variation within the liquid. The isotherms in the
liquid at the end of the fourth orbit are shown in figure VII-4. Because the
temperature of the liquid in the boundary layer was varying erratically (see
figure VII-5), it was necessary to average the temperature values over a 200-

300 second time interval in order to obtain a mean value for use in construct-

ing the liquid temperature map. The temperature differential between the

liquid hydrogen and the tank walls was greater than the critical value, so that

nucleate boiling at the walls occurred throughout the closed fuel tank experi-

ment. Since there were insufficient temperature sensors in the ullage to

establish a boundary layer profile, it was necessary to assume that the only

temperature variations were in the axial direction and boundary layer gra-

dients were neglected. Figure VII-6 shows the initial and final ullage gas tem-

peratures. By employing the data in figures VII-4 and VII-6 a complete

thermal map of the fluid in the tank at the end of the closed tank experiment

was constructed and is shown in figure VII-7.

Knowing the initial and final temperature gradients along with initial and

final tank pressures it was possible to calculate the mean liquid and ullage

gas heating rates during the closed tank experiment, The heat input to the

ullage gas was calculated by considering the general energy equation for the

ullage.

Qg = (Mg F Ug F - Mg i Ug i) - (Mg F - Mgi) hfg (VII-Z)

where:

Qg

Mg

Ug

hfg

Subscripts

F

- Heat added to ullage gas

- Mass of ullage gas

- Internal energy of gas

- Heat of vaporization

- Btu

- lb m

- Btu/lb m

- Btu/lb m

- Final condition (at Z2,498 seconds)

- Initial condition (at 17, 138 seconds)

The mass and internal energy terms were determined by dividing the

ullage volume into nodes or layers having finite thickness as measured along

the tank centerline. The specific volume and internal energy of each node

were evaluated at the tank pressure and the average temperature of each node

as determined from the temperature profiles shown in figure VII-6. These

were summed to yield the mass and internal energy of the ullage. The results

of this procedure indicate a net liquid evaporation of approximately Z50 Ibm .

This vaporized liquid was assumed to be added to the ullage at saturation

VII-4
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conditions, and the total heat input to the ullage was subsequently determined

to be approximately 31,500 Btu, corresponding to an average heating rate of

5.9 Btu/sec.

The heat added to the liquid during the closed tank experiment was cal-

culated using the following equation.

Mfvf _P x 144 + Mbohfg (VII-3)
Qf = Cp Mf AT m _ 778

where:

Qf

Cp

AT m

vf

- Total heat added to liquid - Btu

- Constant pressure specific heat of liquid (Z. 6) - Btu/ib m OR

- Mean liquid temperature rise during experiment - OR

- Average specific volume of liquid (0.2Z8) - ft3/ibm

AP - Tank pressure rise during experiment (Z5. 3) - psi

Mf - Mass of liquid hydrogen (15, 660) - Ibm

Mbo - Mass of liquid evaporated during experiment - Ibm

hfg - Heat of vaporization - Btu/ib m

A mean liquid temperature rise during the closed tank experiment of

3. g°R was obtained by volumetrically averaging the liquid temperatures from

a thermal map similar to the one shown in figure VII-7. Using equation VII-3,

along with the above data and the previously determined 250 Ibm boiloff, the

total heat added to the liquid during the closed fuel tank experiment was cal-

culated to be 160, 600 Btu, for an average heating rate of 29.9 Btu/sec.

B. WALL TEMPERATURE DIFFERENCE

The heat input to the fuel tank during the flight was calculated from the

steady one-dimensional heat conduction equation using measured internal and

external wall temperatures and a previously established wall thermal con-

ductivity. The fuel tank was instrumented with 40 wall temperature sensors

{see figures II-3 and II-4). There were four fuel side and two LOX side skin

temperature sensors on the common bulkhead; two internal and two external

sensors on both the forward and aft domes, and eight internal and eighteen

external sensors on the cylindrical sidewall.
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Figures VII-8 and VII-9 show the range of measured external sidewall
temperatures for the wetted portion of the fuel tank during boost and orbital
flight respectively. Figures VII-10 and VII-If show typical circumferential
and axial temperature variations during the boost and orbital phase of the
flight. A mean external sidewall temperature was obtained at various times
during the flight by plotting the measured values on graphs similar to figure
VII-If and integrating beneath the curves. The mean external sidewall
temperature is shown on figures VII-8 and VII-9 for boost and orbital flight,
respectively. The range of wetted internal wall temperatures measured
during the flight is shown on figure VII-12. The saturation and bulk liquid
hydrogen temperatures are also shown on this figure.

The wetted sidewall mean heat flux was calculated from the one-dimen-
sional heat conduction equation using the mean wall temperatures from figures
VII-8, VII-9, and VII-I2 along with the nominal effective sidewall thermal
conductivity shown in figure VII-13. These calculated boost and orbital side-
wall heat fluxes are shown in figures VII-14 and VII-15 respectively.

Figure VII-16 shows the measured common bulkhead skin temperatures
on both the fuel and oxidizer tank sides. Using this temperature data along
with an effective common bulkhead heat transfer coefficient of 0.034 Btu/hr-
ftZ-°R, the mean heat flux across the common bulkhead was calculated and is
shown in figure VII-17 versus orbital time. Because of the small number of
temperature sensors on the common bulkhead, the accuracy of the calculated
heat flux is poor. However, since the heating from the common bulkhead was
small compared to total LH 2 heating, no significant error in total LH Z heating
can be introduced from this source.

Figure VII-18 shows both the internal and external fuel tank aft dome skin
temperatures during the flight. Using this temperature data and the effective
wall thermal conductivity shown in figure VII-13, a mean heat flux across the
aft dome was calculated and is shown in figure VII-19.

The heat fluxes determined were used to calculate the liquid heating rates.
In order to calculate the liquid heating rate from the sidewall it was first
necessary to determine the wetted sidewall area. The quantity of liquid hy-
drogen in the tank at given times was calculated by subtracting the accum-
ulated vented mass (see figure IV-IZ) from the liquid mass at orbital insertion
(19, i00 Ibm). The wetted sidewall area was then determined by assuming
that the liquid in the tank remained settled. The area calculated included a
meniscus effect which was calculated by the "ellipsoidal approximation"
method proposed by Satterlee (reference 4). The calculated wetted sidewall
area for the S-IVB-Z03 fuel tank is shown in figure VII-20. Using this wet-
ted sidewall area and the sidewall heat flux from figure VII-15, the liquid
heating rate through the sidewall was calculated and is shown in figure VII-21.

VII- 6
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The heating rates through the common bulkhead and the aft dome were

calculated from the heat flux data shown on figures VII-17 and VII-19 and are

presented in figure VII-22 as a function of the orbital time. Also shown on

this figure are estimated heating rates from the aft flange joint and the various

lines penetrating the tank. These estimated heating rates were based on

analytical calculations and data from reference 15.

The total liquid heating rate, which is shown in figure VII-21, was ob-

tained by summing the heating rates from the common bulkhead, fuel tank aft

dome, aft flange joint, suction duct and recirculation return lines, fill and

drain lines and fuel tank sidewall.

The heat flux into the ullage gas was also determined from the wall tem-

perature difference. Temperature sensors were located at only one station

(545) along the dry portion of the fuel tank sidewall. Therefore, no well

defined dry sidewall temperature profiles could be established. The meas-

ured internal and external skin temperatures obtained for the dry sidewall

portion of the fuel tank are plotted in figure VII-23 versus orbital time.

Figure VII-24 shows the circumferential variation of the dry sidewall external

temperature for times when the vehicle was in the earth's shadow and in the

sun (quasi-steady state vent conditions also existed at the times shown). The

mean external sidewall temperature, also shown in figure VII-Z3, was ob-

tained by circumferentially integrating beneath curves similar to figure VII-24

for each time period that data were available. The calculated heat flux,

based on the temperature data in figure VII-23 and thermal conductivity from

figure VII-13, is shown in figure VII-25.

The fuel tank upper dome had only two skin temperature sensors on each

side of the wall, therefore, only rough estimates can be made as to the wall

temperature difference during the orbital period. The available internal and

external upper dome temperature data are plotted in figure VII-26. Using

this temperature data the upper dome heat flux was calculated and is shown

in figure VII-27.

C. COMPARISON OF CALCULATION METHODS

A comparison of the total liquid hydrogen orbital heating rates calculated

from the change in fluid properties and from the tank wall temperature differ-

ence are shown in figure VII-28. It can be seen from this figure that the

heating rate calculated from the change in fluid properties is approximately

50 percent greater than that from the measured wall temperature difference.

This large difference in calculated liquid heating rates can be explained only

if the effective thermal conductivity of the sidewall is actually greater than

that employed in the temperature difference calculation {see figure VII-13).

Other factors such as measurement errors, calculation of wetted sidewall

VII- 7



area, estimations of heat losses through secondary sources, and heat transfer
between the ullage gas and liquid could have caused some difference in the
results. However, the maximum estimated errors that could be introduced
from these factors could not account for the differences obtained from the two
methods of calculations.

By assuming that the liquid heating calculated from the continuous vent
flow is correct, an effective wall thermal conductivity may be calculated. By
subtracting the secondary heating rates (common bulkhead, flange joint, etc.)
shown on figure VII-22 from the total heating rate given in figure VII-2, the
heating rate through the aft dome and the wetted sidewall was determined.
Since the maximum and minimum orbital heating rates calculated from con-
tinuous vent data occur approximately 600 seconds later than the maximum and
minimum wall temperature differences (see figures VII-9, VII-12, and VII-28),
it was necessary to adjust the continuous vent data by 600 seconds to corre-
spond to the wall temperature data (this 600 seconds is the thermal lag and
includes the time between the heat addition to the tank and its discharge over-
board through the CV system). Using these calculated heating rates and the
prevailing wall temperature differences from figures VII-9, VII-12, and
VII-18 together with the calculated wetted sidewall areas (figure VII-20), the
effective wall thermal conductivity was determined. The values of effective
thermal conductivity obtained in this manner are shown on figure VII-29. Also
shown on this figure are the thermal conductivities of gaseous parahydrogen
and gaseous helium, and the range of effective thermal conductivity of the
internal insulation as determined from DAC's 8 ft scale tank and Banjo tests
[reference 16). Such factors as cracking of insulation, absorption of gaseous
hydrogen or gaseous helium by the insulation material, unaccounted for tank
penetration, and effects of insulation bonding and filler materials could have
caused the effective thermal conductivity of the sidewall to be greater than
expected based on the 8 ft scale and Banjo tests data.

The total ullage gas heating rate based on wall temperature differences
was calculated using the heat flux of the upper dome and dry sidewall (figures
VII-25 and VII-27, respectively) along with the dry sidewall area determined
from figure VII-20. The total ullage heating rate calculated by both the wall
temperature differences and change in fluid properties methods are shown in
figure VII-30. Because of the small number of skin temperature sensors on
the upper portion of the fuel tank and the suspected large axial temperature
gradient along the sidewall, the heating rates claculated by the wall tempera-
ture difference method have questionable accuracy. The total ullage heating
rates calculated from continuous vent data during the first two orbits are
felt to be more accurate than the heating rates claculated by the change in
fluid properties during the third and fourth orbits. However, all heating rates
calculated from the continuous vent data are felt to be more reliable than the
heating rates calculated by the wall temperature difference method.
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FIGURE VII-14 FUEL TANK WETTED SIDEWALL HEAT FLUX DURING BOOST FLIGHT

(TEMPERATURE DIFFERENCE METHOD)

VII-22

I

I
I
I

I
I
I

I
I

I
I

I

I
I
I
I

I
I

I



I

!
I
I

I
|

I

i
I

I
I
i

i

i
I

I
I

I
I

VII-Z 3



VII-24

:L

":7

L

J:I

_44-

*_44

4#'4

!;;i

Ha

-.!!

::U
:;P

Hi;
!i!!
±H;

;i{;

_S4¢

CtH

iifi
4F

444+

_t7_

I

!

I
I

I
!

I
I

I

I

I

i

I

I
I

I

I
I



!

!

I

I

D

I

I

I
I

!

I
|

I

I
i

I

I
I

I
VII-2 5



_Tt

_q:

ii:i

tll
H;

!ii
_Hr

q

;ii
1;I
;11

-_

x'4

H_

ii

Ht

!!!
:li

VII-26

io
i

<
0

k_

<

x

z

x_
O!
c3

<
2_

Mi

!

>

I

!

I

,I

I

I

I

II
il

il
i

i

I
I
l

I
I!
I
I



I

l
I
l

!
!

i

!

!

i

l

I

I

I
I

i
t

I

I
VII-27



VII-28

:::;

!ii

_ u

!-

,5

im
r_H
!!ii
ql:

!!:

:1!;

fill

I:(

t222

[!: ::i

i!_ ::i

:;2 T::

r' I:

!!! ;,
;:x :_I

g_2

,,-t

---I

2_ 0

_z

o

!x

Z
44_s 4-

i ii

h

!rj :'!:
:; F,

H :i
H

:!: _!
;',: t;:

;k

!Hi
ii:

_:4 i!!
fH iil

VT FIt

I

I

I

I

I

I

i

I

I

i

I

I

I

I

I

i

i

I

I



I

!
i

!
I

I
i

I
i

I

Vli-29



VII- 30

!

!

i

il
I

!

t

II

I

I

,!

I
I
I

i

i

!

!

i



I
i

I
I

I

I
i
I

I
i
i

l
I

I
I
I

I
I
I

I, ;

:F

Jt_t

!!rt

Til,

!!I!

lit:

!!';

Fil:
a4.:a

±.2-

ii _,

f ;i

VII- 31



VII-32

<

!L:!ii:i!

i!!-- _

ni .... Z

G
Lq.... ca

<
Z

k_

!;i;::, X

1 .-m [_

D

_'_ 0

J .

tti 12_

Z
:::m M

D
0

0

t_
I

>

_4

IIIIH:



<

VII- 33



0 ! :

VII-34



!
I
I

I!
!

i

I
il
I

I

i

1
I

I

VII- 35



VII-36

.: ! :::;:..i"--7--7--
: I i

: ::! I :i ! i

::. :::! . ':t. '

li] il : :
:-7 "'? ':F' • ;!0 ;:- .; :

;;:ii!H iii!ii ::o:: :: i

i};;:i! }ill!i! ii:_: :i :iii
-,.,....::: _:']:i:, i:.!!: ':i ml

........ T:::i il ,

...._;::i!i,i/im,!_-M<I,......

!:ili[i ;_:';"' *_il_:i....'_'fHf _.,;7._ , htZI-+ ti:irt_tI, _ ,+,,, ....... I_-'_1

Hi- _, :. mt+x_ _HiT!+_hl

- : _-_ I:F ::H :H:I"<
444_ 4_+_...++41:.,; :::;

:;_'_ " :;.Ia.aaa .... _!:21

v4 _ L_s:$.i_ ......_:'t<I
ItZ D _ _t ....

dnl

,a :: rra ;;;.r.:::.:; :i _

:; Q)

::t a r;r+,_.+',',:, ,, ;',:T • .

:i_ -, !ili! :_::,xt

!:Tt ;|_ TIll #,re ::::1 _l

..... 2_ :a.c ::::I -'el

'ii; i!:_

:':iliTLL_ :.::l
:__{iii"' 7_Uii:',I i': T:

i!!i :::: ;r:t ::::i i
,.+- !Eaglgi-+,d ;::: I N:

lIIIMH ..........

::',i ]:}'i!:I];i'il _

++_. i::] ;:_ i:.i; _',i !!it# t:; 5

,,,, i4!_tH(!hl !t

+il

I

i



VII- 3 7



Vll- 38

I



!

SECTION Vlll. INSTRUMENTATION AND SUBSYSTEM

PERFORMANCE ANOMALIES

In addition to low gravity fluid behavior and heat transfer data, the flight

also provided valuable data on the performance of certain types of instru-

mentation in a low gravity cryogenic environment and indicated performance

anomalies of various vehicle subsystems that merit more detailed investi-

gation. The purpose of this section is to discuss the performance of some

of the special measuring instruments and vehicle subsystems.

A. TV PERFORMANCE - LIQUID APPARITIONS

Two television cameras were installed in the hydrogen tank manhole

cover to provide visual monitoring of the liquid hydrogen behavior during the

experiment. TV camera number two performed exceptionally well through-

out the mission. However, camera number one failed prior to liftoff. During

the mission there were two instances when an optical illusion gave the

appearance of liquid hydrogen in the forward end of the tank (above the de-

flector). The first occurrence was over Texas on the first orbit, and the

second was near the end of the third orbit over Bermuda. Although the TV

picture seemed to indicate that the liquid surface was above the deflector,

none of the other instrumentation indicated the presence of liquid in that re-

gion. A careful study of the data showed that large density gradients in the

ullage gas gave the appearance of light reflections from a liquid surface.

The cause of these density gradients during the first orbit was the partial

repressurization of the "cold" hydrogen tank by "hot" gaseous helium. The

helium at an average temperature of approximately 200°R was introduced

into the hydrogen tank ullage region that had an average temperature of ap-

proximately 53°R. The resulting density gradients created a visual image

very similar in appearance to that of a Schlieren photograph. On the third

revolution the density gradients were created when large particles of liquid

were vaporized upon impact with the internal surfaces of the forward dome.

These liquid particles were thrown forward as the liquid was resettled in

the bottom of the tank at the end of the free coast experiment.

B. LEAKAGE FROM COLD HELIUM STORAGE BOTTLES

The S-IVB LOX tank pressurization system consists of eight interconnected

4. 5 cu ft helium storage bottles located in the fuel tank. During S-IVB

powered flight helium is bled from these bottles, heated (by a heater on the

J-2 engine), and injected into the LOX tank to maintain the required pressure.

VIII- 1



On the AS-Z03 flight the system was required only during boost flight. On
Saturn V/S-IVB vehicles the system will be required during boost and for the
second J-2 burn after a 4. 5 hour orbital coast period.

On the S-IVB-Z03 stage the helium storage bottles were instrumented
internally with one pressure and five temperature sensors (D016, C005, C207,
CZ08, CZ09, and CZI0). The recorded temperatures were averaged and em-
ployed with the measured pressure (considering compressibility effects) to
determine the mass of helium in the bottles at various times during the flight.
Measurement C210 was not used in calculating the average temperature be-
cause of its limited accuracy (0 to 560°R range).

The AS-Z03 LOX tank pressurization system functioned normally during
boost flight and was closed at J-Z engine cutoff. The system was program-
med to retain the remaining pressurant throughout the orbital phase of the
flight. The measured helium transient temperatures at J-2 engine cutoff are
shown in figure VIII-I. The helium pressure and average temperature at
this time are given in figure VIII-2. Based on these values the mass in the
helium system was found to decrease from 400 Ibm at engine cutoff to 330 Ibm
IZ0 seconds later. Following this 70 Ibm loss the mass in the system re-
mained essentially constant until the fourth orbit. Figure VIII-3 shows the
average temperature, pressure, and calculated mass in the helium storage
bottles during the orbital coast period following the mass loss at cutoff. The
figure shows that the helium mass remained constant until about 19,000 sec-
onds at which time the system again began losing pressurant. A total of 120
ibm was lost between 19,000 seconds and Z2,400 seconds. No explanation can
be offered as to the specific cause of the pressurant losses.

Since an actual J-2 engine restart was not attempted on AS-203, the loss
of mass from the pressurant system was not critical. Similar losses on a
Saturn V/S-IVB stage could be detrimental to the success of the flight. The
cause of the pressurant loss should be investigated and corrected.

C. CONTINUOUS VENT REGULATOR VALVE OSCILLATIONS

The continuous vent regulator valve is designed to maintain the fuel tank
at a given pressure level by regulating the mass flow discharged through the
continuous vent system. A schematic of the regulator valve is shown in
figure VIII-4. When the fuel tank pressure (PI in the schematic) is above
20. 5 psia, the main poppet should be completely retracted with the vent flow
being controlled by the bypass orifice and the cross-sectional area, A I,
beneath the main poppet. (For valve specifications see DAC Drawing IB56547.)
At tank pressures below Z0.0 psia the main poppet should be completely closed
and the vent flow is then controlled by the bypass orifice. At pressures
between Z0.0 and Z0.5 psia, the main poppet should be partially opened.

VIII- 2
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During the AS-Z03 flight the regulator valve operated properly when the

main poppet was completely opened (PI > Z0.5 psia) or completely closed

(PI < 20.0 psia). However, during the time the tank pressure was in the

regulating region (20.5 > Pl _ 20.0 psia), the main poppet oscillated from

the fully opened to fully closed position at frequencies from 2 to 30 cycles per

minute. Figure VIII-5 shows the continuous vent line pressure, P2, at various

times in the orbital period. The pressure oscillations shown are caused by

the varying flow rates through the regulator valve.

The oscillations occurring in the regulator valve were probably caused

by a pressure feed back between the controller sensing bellows and the con-

tinuous vent line pressure, P2" See figure VIII-4. The controller sensing

bellows is activated by the pressure difference between the fuel tank and the

continuous vent line (PI - P2)" When (PI - P2) becomes great enough to

overcome the spring loading on the controller sensing bellows, the pilot pop-

pet opens, thereby decreasing the pressure behind the main poppet (P3)" As

P3 decreases, the main poppet opens, thereby increasing the flow through

the vent system and, thus, rapidly increasing the vent line pressure, P2.

This increase in P2 decreases the pressure differential across the controller

sensing bellows (PI - P2) thus causing the pilot poppet to close. When the

pilot poppet closes, P3 increases due to the bleed flow through the adjustable

orifice. This increase in P3 causes the main poppet to close, thereby de-

creasing the vent flow rate and the continuous vent line pressure, P2" As P2

decreases, the controller sensing bellows again opens the pilot poppet and

the cycle repeats.

Two approaches may be taken to improve the operation of the continuous

vent regulator valve. First, the frequency of the valve oscillations may be

decreased by reducing the bleed flow through the adjustable orifice. Second,

to completely eliminate the oscillations, it will probably be necessary to

sense a constant pressure on the low pressure side of the controller sensing

bellows. One possible place to sense a constant pressure is in the non-

propulsive vent (NPV) line (see Proposed Modification on figure VIII-4). The

small flow rate through the pilot poppet will not cause any measurable pres-

sure increase in the NPV line, and no force unbalance problems should be

encountered.

D. QUALITY METER PERFORMANCE

A quality meter employing a gamma ray scattering technique was located

in the S-IVB-203 continuous vent line. This meter was designed to measure

the quality of the vented fluid in the range of 50 to 100% with an accuracy of

__+5%. The meter was required to indicate qualities below 50%, however, no

specified accuracy was required in this range. A more complete discussion

on the quality meter operation and meter specifications is given in reference

i and 17, respectively.
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The flight results indicate that it was possible for a two-phase fluid mix-
ture to be present in the continuous vent system at only two time periods dur-
ing the flight. These times occurred in the third revolution during the first
fuel tank blowdown test over Carnarvon, Australia, and over the North
American continent during the second and third tank blowdown tests. At all
other times during the flight the vapor being vented was superheated at least
20°R. Figure VIII-6 shows a typical meter readout during a time when the
fuel tank was under quasi-steady state continuous vent operation. Figure
VIII-7 shows the temperature of the ullage gas in the fuel tank both above and
below the tank vent outlet, as well as the fluid temperature in the vent line
during the same time interval as the quality meter readings shown by figure
VIII-6. It is apparent from figure VIII-7 that superheated vapor was being
vented, yet the quality meter output indicated values ranging from Z0_/0to I00°_0
fluid quality. This false reading, as explained by the meter manufacturer,
was caused by a readout voltage "loop-over" which resulted when the vapor
entering the vent system was superheated {see reference 18). Figures VIII-8
through VII1-11 show the quality meter readout and vented fluid tenlperatures
at times when nearly saturated vapor was passing through the vent system.
It can be seen from these figures that the quality meter continued to read
values ranging from 15 to i00°_0quality. However, there was a noticeable
change in the quality measurement as the vented fluid temperature approached
the saturation temperature. During the period when nearly saturated fluid
was being vented, the meter indicated a quality ranging from 15°_0to 25_/0. This
reading is felt to be erroneous because the measured fluid temperature {CZ56
and C257) upstream of the continuous vent nozzles was slightly superheated
during this entire time period (see figure VI-3). A heat balance on the vent
line indicates that it would be impossible to completely evaporate all of the
liquid in a fluid mixture of less than 90°7oquality between the vent inlet and
discharge nozzle.

No information that was useful in the evaluation of the fluid quality being
vented from the S-IVB fuel tank was obtained from the quality meter meas-
urement. However, the meter did respond to changes in fluid density and if
the meter can be modified to eliminate the voltage signal "loop-over" problem
occurring with superheated vapor, useful information could possibly be ob-
tained from such a meter.

E. LIQUID-VAPOR SENSORS

Seven liquid-vapor sensors were added in the liquid hydrogen tank. Four
of the sensors {N047, N048, N049, N050) were Douglas Aircraft designed con-
centric ring capacitance type transducers. Two additional sensors (N051 and
N053) were capacitance type transducers of a different design produced by
Transonics. This configuration was designed to minimize the effect on
capacitance of small quantities of liquid that might cling to the sensor under
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low gravity conditions. One sensor (N052) was a variable resistance type

transducer. This unit is basically the same sensor that has been used on the

Centaur vehicle. All units were designed for operation in a reduced gravity

environment. Additional details on the mechanical and operating character-

istics of the instruments are given in reference I. The purpose for using

the various designs was to obtain a relative performance evaluation of the

different types and to assist in descriminating between liquid and vapor at

various locations in the tank. To obtain a relative performance comparison,

a Douglas sensor, an experimental sensor, and a thermocouple were each

mounted at the same location on the instrumentation probe. Three such com-

binations were installed. The fourth Douglas instrument was located on the

existing instrumentation probe. The following table indicates the specific

sensor locations.

TABLE VIII- 1

LIQUID-VAPOR SENSOR LOCATIONS

Douglas

Sensor

N047

N048

N050

N049

Expe rimental

Sensor

N051

N052

N053

Tempe rature

Sensor

C344

C347

C348

S-IVB

Station

410. 3

479

570

65O

i. Performance During Powered Flight and Orbital Insertion

During S-IVB powered flight, all three sensors at any given location

gave the same indication, i.e., wet or dry, at any given time. The combina-

tion of sensors at STA 650 indicated dry and the combination at STA 410.3

indicated wet throughout powered flight. N050 and all sensors at STA 479

responded sharply from wet to dry as the liquid level drained past them.

Following orbital insertion, all sensors at STA 479 indicated contact

with the deflected slosh wave (figure III-3) at about 450 seconds after liftoff.

At 470 seconds the temperature sensor (C347) again indicated gas, and at

about 475 seconds N05Z indicated gas. Instrument N048 (Douglas design)

continued to indicate liquid until Bermuda lost telemetry signal at approxi-

mately 700 seconds. The response of C347, N048, and N05Z from liftoff

until the loss of telemetry signal at Bermuda is shown by figure VIII-IZ.

The output of N052 has been erroneously processed and presented as degrees

Rankine instead of volts. However, the use of the output to indicate wet or

dry appears valid. From the data shown by figure VIII-12, it appears that

N048 and N052 both responded rapidly fx'orn wet to dry during powered flight

VIII- 5



(acceleration greater than one "g"). In the low gravity environment following
orbital insertion, both responded rapidly from dry to wet as substantiated by
comparison with the temperature sensor. N052 also responded satisfactorily
from wet to dry as evidenced by comparison with C347. However, N048
apparently trapped liquid and never again indicated dry while in range of the
Bermuda tracking station.

2. End Rev I, Begin Rev Z

Sensor N048 was still indicating liquid when the vehicle was tracked

at Carnarvon, Australia, and continued to indicate liquid over the United

States at the end of the first revolution. N052 was off scale indicating dry.

Until 5, 540 seconds, it was impossible to determine whether C347 was sensing

liquid or gas because the tank was saturated. However, at 5, 540 seconds,

C347 responded instantaneously with a slight temperature increase concurrent

with the fuel tank repressurization indicating that it was definitely in the vapor

region. At approximately 5,800 seconds, N048 finally indicated dry. This

time does not correspond to any particular event. Apparently the higher

acceleration imposed by the LOX ullage thrusting system during the chilldown

sequence, together with the higher ullage gas temperature, was adequate to

vaporize, or otherwise remove, the liquid from the sensing unit. All other

instruments indicated wet or dry at all times consistent with their location

relative to the settled liquid.

3. End Rev Z, Begin Rev 3

When the vehicle was again tracked over Carnarvon and the United

States, N048 was again indicating wet. C347 was obviously Z - 3°R above

saturation temperature and N05Z was off scale indicating dry in both cases.

N048 continued to indicate wet during the entire duration over the United

States and Bermuda.

4. First Fuel Tank Blowdown

When the non-propulsive vent valve was opened at 14, 34Z seconds to

initiate the first fuel tank blowdown sequence, C347 responded immediately

by gradually decreasing from Z°R superheated to saturation temperature.

N048 indicated wet at all times. N05Z was initially dry. However, 40 sec-

onds after initiating the test, N05Z indicated wet and appeared to intermit-

tently wet and dry during the remainder of the blowdown sequence. After the

termination of the blowdown, the sensor continued to alternately wet and dry

with decreasing frequency. In the instrument cluster at STA 650, the tem-

perature sensor (C348) decreased rapidly from 55°R to saturation tempera-

ture at the initiation of the blowdown. Both liquid-vapor sensors indicated

dry throughout the test.
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5. Second and Third Fuel Tank Blowdowns

The second and third blowdown tests provided the first information

on the response characteristics of the Transonics produced instruments.

Figure VIII-13 shows the response of N048, N049, N050, N052, and N053

during and following the second and third blowdowns. Of these, N052 appar-

ently produced the only realistic indication of both wetting and drying. N053

(Transonics) and N050 (Douglas) both indicated wet between the second and

third tests and both remained wet until loss of telemetry signal even though

N05Z finally indicated dry at 17,300 seconds. By the time the vehicle reached

Hawaii on the fourth orbit (2Z,400 seconds), all sensors were indicating dry.

Any trapped liquid was apparently evaporated by the superheated ullage gases

during the fourth orbit.

All of the liquid-vapor sensor designs responded rapidly from wet

to dry during operation in a high gravity environment and from dry to wet in

a low gravity environment. From the data reviewed at various times during

the orbital phase of the flight, it appears that the Douglas and Transonic sen-

sors, once wetted, trap sufficient liquid to continue indicating wet when other

data suggest that the sensors should be dry. Sensor N05Z responded rapidly

from wet to dry and dry to wet and correlated closely with the adjacent tem-

perature sensor at all times during the flight.

F. PRESSURE SENSORS

For the liquid hydrogen orbital experiment, nine additional pressure sen-

sors complemented the normal S-IVB stage R&D pressure measurements.

Three of these nine sensors were unique pressure differential sensors (DZII,

DZI5, and DZI4) installed to determine if any imbalance existed between the

discharge ports of the continuous vent, non-propulsive vent, and EOX ullage

thruster systems. The remaining six sensors were of standard design.

Table VlII-2 identifies the pressure sensors whose performance was not

entirely normal. Three of the sensors (D078, D08Z, and D105) failed prior

to liftoff. The LOX tank inlet pressure (D055) was at an incorrect level and

did not respond correctly to the tank pressure changes. Several other sensors

(see table VIII-Z) were not properly zeroed. A forward skirt external pres-

sure measurement (Dl16) remained at 14.7 psia throughout the entire flight.

The fuel tank inlet pressure (D054) failed 148 seconds after liftoff, and the

LOX ullage thrusting system differential pressure (D214) failed at Z9Z seconds.

The fuel tank continuous vent exit #2 pressure (DI8Z) had a slow response

to pressure changes during the flight. This is shown in a comparison with

the continuous vent exit #I pressure (DI81) when the CV system was opened

after the first orbital chilldown (figure VIII-14). The CV system differential
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pressure measurement (D211) was mounted on the same measurement line
as measurement D182. The differential pressure measurement (D211) was
off scale during transient periods, indicating a large pressure differential
between the exits. Since the existence of a 15 psi pressure differential
(figure VIII-14) was highly unlikely, it is probable that the measurement line
from the transducers to the continuous vent duct was almost completely
blocked, thereby preventing the transducers from measuring the transient
pressure within the vent duct.

The fuel pump inlet pressure (D002) apparently failed only during S-IVB
powered flight, since the reading was an abnormal ii psi below the fuel tank
ullage pressure {see figure V-47}. This measurement did, however, operate

under the higher acceleration levels of the S-IB boost and also throughout

the orbital coast period {see figures V-ll and V-42). A complete explana-

tion of this peculiar failure should be determined since the actual existance of

the lower pressure would violate engine operating requirements.

G. TEMPERATURE SENSORS

Fifty-seven temperature sensors were added to the S-IVB-203 stage in

addition to the normal R&D flight instrumentation. Twenty-three of the added

sensors were of modified designs. Fifteen of the instruments (C3Z2 through

C335, C339 through C344, C346 through C349, and C373) were modified to

reduce the tendency for liquid to cling and thus cause an erroneous signal.

The temperature sensors normally consist of a solid cylindrical rod that is

surrounded by a perforated barrel for protection. Because the barrel could

act as a capillary trap in the low gravity environment, it was removed and

the rod was reinforced for strength. The removal of the perforated barrel

did provide a better sensor in the low gravity environment. Figure VIII-15

compares the insertion transients recorded from a modified sensor (C347)

with those recorded from an unmodified sensor (C036). Under the higher

acceleration of boost flight (about 3 g's) both sensors quickly dried as the liq-

uid level dropped below the sensor (about 375 seconds). This was indicated

by the increase from the subcooled liquid temperature to the ullage gas tem-

perature. Following J-2 engine cutoff (at 432 seconds) both C036 and C347

were wetted by the deflected slosh wave (figure III-3). As determined from

the TV coverage the liquid subsequently settled in the tank. The modified

sensor (C347) indicated liquid for only 18 seconds (from 452 to 470 seconds).

Then, as the liquid settled the sensor became dry and returned to the ullage

gas temperature. The unmodified sensor (C036) indicated the presence of

liquid in the ullage space beginning at 502 seconds. However, liquid was

apparently trapped by the barrel and contrary to the television observation it

still indicated the presence of liquid 185 seconds later when the telemetry

signal was lost.

V III- 8

I

I

I
I

i
I

I

i



i

1
I

I

I

I

I

I

I

i

I

I

!

I

I

ql

I

I
I

P

Another modified sensor, C345, was near the liquid surface during the

first orbital chilldown. As the liquid surface sloshed the sensor was alter-

nately in the ullage gas and beneath the liquid surface. This is shown in

figure VIII-16. When in the ullage gas the sensor indicated the higher tem-

perature of the ullage gas. As the subcooled liquid covered the sensor the

temperature decreased to the temperature of the subcooled liquid. When the

liquid surface again dropped below the sensor, the sensor became dry and

indicated the temperature of the warmer ullage gas. These examples clearly

indicate the favorable performance of the modified sensor in the low gravity

environment and the apparent tendency of the unmodified designs to trap

liquid. Of the remaining modified sensors, six were surface temperature

sensors on the common bulkhead (C352 through C357), and two were combined

as a dual element sensor (C363 and C364) in a single transducer.

Table VIII-3 identifies the temperature measurement anomalies which

occurred. Two of the sensors (C340 and C349) failed prior to liftoff, and

two others (C127 and C154) were never on scale. Four sensors in the LOX

tank and one at the LOX pump inlet had an insufficient measurement range

since the minimum LOX temperature during the flight was above the maxi-

mum of the measurement range. Three fuel tank external measurements

failed during the flight, C078 at 2,390 seconds, C079 between 2,480 and

3,080 seconds, and C310 at 3,330 seconds. The engine LH 2 pump wall tem-

perature (C150) failed at 253 seconds and the APS injector valve wall tempera-

ture (C177) failed during the fourth orbit. Data from the J-2 engine fuel in-

jector temperature measurement (CZ00) were received, however, the data

were erroneously reduced in Btu/ft g second instead of oR.

VIII- 9
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TABLE VIII- 2

S-IVB-;_03 PRESSURE SENSOR PERFORMANCE ANOMALIES

Meas

No,

DOO2

D054

D055

D062

D078

D08Z

.I)087

DI05

DII6

D182

DZll

DZI4

D215

DZI9

Name R emarks

Press. - Fuel Pump Inlet

Press. - LHz Tank Inlet

Press. - LOX Tank Inlet

Press. - LH z Recirc. Return Line Tank Inlet

Press. - Attitude Control Chamber l-I (I.v)

Press. - Attitude Control 2-2 (flip)

Press. - Helium Repress. Sphere

Press. - LOX Tank Press Mod Helium

Press. - Forward Skirt External 8

Press. - Fuel 'rank Continuous Vent Z

Press. - Differential - Cont. Vent Exit

Press. - Diff. - LOX Ullage Thrust System

Press. - Dill - Non-Prop. Vent Exit

Press. - Diff. - LOX Chilldown Pump

Apparent failure during S-IVB Powered

flight.

Failed at 148 sec

Unexpected level, incorrect response

Inoperative 0 to 15 eec and 40 to 100 sec

Failed prior to launch

Failed prior to launch

Dropped below 0 psia at 55b5 sec

Failed prior to launch

Remained at 14.7 psia

Slow R espons¢,

Slow response, excee.ded limits

Faih.d ,it Z9g sec

Reading . 06 paid tot, low

Reading h psi too low

TA B LE Vllr - 3

S-IVB-Z0I TEMPERATURE SENSOR PERFORMANCE ANOMALIES

Mess. Name R ema rks

No.

C004

C040

C041

C042

C043

C078

C079

CIZ7

Cl50

C154

Cl77

C200

C310

C 340

C 349

Temp. - LOX Pump Inlet

Temp. - Oxidizer T; nk Pos I

Temp. - Oxidizer Tank Pos Z

Temp. - Oxidizer Tank Poa 3

Temp. - Oxidizer Tank Pos 4

Insufficient range, off scale high

Insufficient rangc, off scale high

Insufficient range, oft scale high

Insufficient range, off scale high

Insufficient range, off scale high

"letup. - Fuel Tank External-4

Temp. - Fuel Tank External-5

Temp. - Ll/z Duct Z

Temp. - Eng. LHg Pump Wall

Temp. - LOX Prevalve B/P Line Wall

Temp. - APS Inj. Valve Wall Eng 2 & 3

Temp. - Fuel Injector

Temp. - Fuel Tank External

Temp. - LH2 Pos -31

Temp. - LH 2 Ullage Gal 5

Failed at Z 190 sec'

Failed Approx 3700 sec

Never Camt' on S_ale

Failed at 253 sec - off scale high

Never came on scal_

Off scale, high - fourth orbit

Data reduction error

Failed at 3330 sec - off scale,high"

Failed prior to launch

Failed prior to launch
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