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1. SUMMARY 

GAS Payload No. 6-025, which flew on Shuttle Mission No. 51-6, examined the 
behaviour of a liquid in a tank under micro-gravity conditions. The experi- 
ment is representative of phenomena occurring in satellite tanks with liquid 
propellants. A reference fluid in a hemispherical model tank will be sub- 
jected to 1 inear acceleration inputs of known levels and frequencies, and 
the dynamic response of the tank liquid system was recorded. 

Preliminary analysis of the flight data indicates that the experiment 
functioned perfectly. The results will validate and refine mathematical 
models describing the dynamic characteristics o f  tank-fluid systems. This 
will in turn support the development of future spacecraft tanks, in parti- 
cular the design of propellant management devices for surface tension tanks. 

The experiment was mounted on a Payload Support System (PASS) flight unit, 
identical to the system designed and developed by MBB/ERNO for the Federal 
German materials science project MAUS. PASS is a standardized structure, 
power supply, and data processing unit available commercially to GAS users. 
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2. INTRODUCTION AND OBJECTIVES 

The trend to  increased use of surface tension as a mechanism fo r  control of 
liquid propellants i n  spacecraft has stimulated development of mathematical 
models which can adequately describe the behaviour o f  the propellant under a 
variety o f  environmental conditions. O f  special in te res t  are  the behavioural 
character is t ics  of f lu ids  under micro-gravity conditions, and the e f fec t  of 
operationally induced disturbances on propellant management. GAS Payload No. 
G-025 uti l ized the opportunities of the Get Away Special program t o  the 
f u l l ,  t o  make a real contribution t o  product research and development being 
carried out by MBB/ERNO. 

The purpose of this experiment was t o  generate d a t a  regarding l iquid slosh- 
i n g  i n  par t ia l ly  f i l l e d  tanks under micro-gravity conditions, A transparent, 
hemispherical tank was subjected t o  oscil latory disturbances corresponding 
to  i n p u t s  used fo r  theoretical simulation and analysis. The val idi ty  of such 
mathematical models will be significantly reinforced by comparison w i t h  
empirical data, and areas not amenable t o  modelling will benefit from a 
review o f  t he i r  behaviour under r ea l i s t i c  conditions, 

The overall objectives consisted therefore of two parts: 

1) investigation of the dynamic behaviour o f  the tank f l u i d  system, 
and subsequent correlation w i t h  mathematical models, and 

2 )  investigation of the orientation and s tabi l izat ion o f  the f lu id  
(propel 1 ant)  under the influence o f  a propel 1 ant management device 
(PMD) especially w i t h  respect t o  outflow cases. 

Specific aims were: 

o definit ion of a l l  significant natural frequencies and damping of 
the f luid i n  the low frequency range to  6 Hz; 
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o determination of the generalized propellant mass, to facilitate 
necessary analysis assumptions; 

o determination of sloshing forces and the pressure distribution in 
the fluid and tank; 

o observation of the dynamic behaviour of the propellant under 
quasi zero-gravity conditions; 

o observation of the fluid orientation stability effect, including 
the shape of flow during critical operational phases. 

3 .  PAYLOAD CONFIGURATION 

This GAS payload is of modular construction. A standardized support system 
provides physical accommodation, electrical power, experiment command and 
control functions, and data recording. Space is assigned, in the form of two 
horizontal mounting platforms , for the integration o f  experiment hardware. 
The volume so provided is about half that of the standard 5 cu.ft, GAS 
container. 

3.1 Payload Support System 

The tank experiment assembly is mounted on a standard payload support system 
(PASS) which meets NASA requirements for payloads flying in Get Away Special 
containers. PASS can accommodate a wide variety o f  GAS-type experiments, and 
offers a range of services to experimenters within a framework of standard- 
ized interfaces. 

A unitary structure provides primary physical location and support for 
experiments. Within this structure are provisions for an electrical power 
supply, in the form of batteries, and electronic assemblies which regulate 
the operation of the experiment and record the data produced. 
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The structure i s  attached to  the GAS container experiment mounting 
an adapter r ing .  S i x  longitudinal posts are located equidistant 
other around the adapter r i n g  and carry two fur ther  platforms for 
and experiments. 

plate via 
from each 
equipment 

The battery assembly i s  also attached to  the adapter ring, and contains 
80 silver-zinc ce l l s  providing 1.8 kWh o f  energy a t  30 V m i n .  Main power 
supplied to  the experiment i s  unregulated b u t  limited by fuses. A power 
conditioning u n i t  provides regulated outputs a t  + - 15 V and + 5 V ,  100 mA, 
which can be u t i l i zed ,  fo r  example, for  sensor operation and command 
signals. 

Experiment control arid data management is  performed by a centralized 
electronic assembly, mounted on the underside of the lower experiment 
platform. The overall function o f  this assembly i s  carried o u t  by two 
subassemblies: the experiment command u n i t ,  and the d a t a  acquisition unit .  

The command u n i t  produces software-controlled on/off commands fo r  u p  t o  
12 experiment-dedicated channels , acts as a function generator ( 4  analog 
channels ava i  1 able) , surveys experiment-generated parameters and i n i t i a t e s  
ongoing incremental changes t o  the experiment as required. 

The experiment run is  executed and controlled by the sequential switching of 
pre-selected command channels. Besides this pre-programmed switching 
function, certain events can be in i t ia ted  i f  , for example, pre-determined 
boundary conditions are exceeded. 

The control sequences can r u n  f o r  up to  200 hours. The program operates on 
an 'action point'  basis,  i n  which the data s ta tus  is  reviewed and the 
appropriate commands are issued. The shortest  time interval between action 
p o i n t s  i s  1 second, and the total  sequence can handle u p  t o  599 action 
p o i n t s ,  w i t h  a corresponding command storage capacity of 4 Kbytes. If  a 
particularly complex program i s  required, the memory available can be best 
ut i l ized by g r o u p i n g  as many control ac t iv i t i e s  together as possible a t  the 
same action p o i n t .  



The data a c q u i s i t i o n  u n i t  cons is ts  o f  a microprocessor-contro l led m u l t i -  
p lexer  u n i t  w i t h  d i g i t a l  and analog inputs .  The analog s igna ls  a re  converted 
i n t e r n a l l y  i n t o  d i g i t a l  data w i t h  a 1 0 - b i t  word format f o r  subsequent 
processing and storage. O f  t he  32 analog inputs ,  16 are  a v a i l a b l e  f o r  t h e  
experiment. An add i t i ona l  t h i  r t y  d i g i t a l  s ta tus  channel s are  avai 1 ab le  f o r  
s u i t a b l e  data inputs .  

The data a c q u i s i t i o n  u n i t  a l s o  c a r r i e s  ou t  t he  s e l e c t i o n  o f  measurement data 
f o r  spec ia l  con t ro l  a c t i v i t i e s ,  together  w i t h  the  su rve i l l ance  o f  l i m i t -  
s e n s i t i v e  data. Where necessary, data i s  t rans fe r red  t o  the  command u n i t ,  
which then issues the  appropr ia te con t ro l  s igna ls  t o  t h e  experiment. 

Data which i s  t o  be re ta ined  i s  coded i n t o  PCM format and assembled t o  the  
channel designation, making a complete word o f  16 b i t s .  It i s  then fed  i n t o  
a b u f f e r  and h e l d  there,  together  w i t h  a t ime s igna l ,  u n t i l  t h e  bu f fe r  i s  
f u l l .  A t  t h a t  t ime t h e  bu f fe r  contents a re  read i n t o  a s e r i a l i z e r ,  which i n  
t u r n  t r i g g e r s  a tape recorder  and feeds t h e  s e r i a l i z e d  data stream t o  the 
record ing head a t  2.5 kHz. The b u f f e r  continues t o  r e - f i l l  i t s e l f  w i t h  
incoming data. 

The payload support system a1 so provides a housekeeping subsystem, which 
monitors a range of s igna ls  r e l a t i n g  t o  t he  we l l -be ing  o f  t he  system i t s e l f  
and bas ic  services. 

The s igna ls  cover 

o a l l  b a t t e r y  vo l tage,  10 channels 
o 
o 

o 
o 

pressure i n  the  GAS conta iner  
pressures i n  the  S i l ve r -Z inc  b a t t e r y  housings, 2 channels 
temperature w i t h i n  t h e  GAS conta iner  
3-axi s acce le ra t i on  1 eve1 s on the  upper experiment p l  atform. 

The accelerometer range i s  5 x lom3 g, w i t h  a r e s o l u t i o n  o f  l om5  g. 

169 



The acquisition rate  for  housekeeping data i s  variable. Typical values are  
1 measurement per 10 seconds for  voltage and temperature, 1 measurement per 
second fo r  pressure and acceleration. High-rate bursts u p  to  30 Hz are  
possible over short ,  pre-determined periods. However, a balance has t o  be 
struck between the experiment data requirements and the need fo r  housekeep- 
i n g  d a t a .  

Changes o f  acquisition rates  for selected channels can o f  course be pre-pro- 
grammed t o  occur a t  selected phases i n  the experiment r u n .  

The physical space available for experiments i s  related t o  the position of 
the experiment platforms. A maximum height of 8.5 inches (218 mm) i s  a v a i l -  
able between the platforms; the corresponding height above the upper plat-  
form i s  then 6.7 inches (170 m m ) .  In this position the upper f l o o r  i s  not 
obstructed by the support posts, and the f u l l  dynamic envelope i s  available, 
t h a t  i s  19.75 inches (501 mm) diameter. Due t o  clearance requirements, 
however, the allowable hardware diameter i s  limited t o  18.8 inches (478 mm). 

, 

The upper experiment platform height is  adjustable, t o  provide the optimum 
accommodation for i n d i v i d u a l  experiments. The adjustment range i s  nearly 
four  inches i n  1-inch increments. When the upper floor i s  lowered, the 
envelope i s  additionally limited by the support posts projecting above the 
plane o f  the platform. Cut-outs can be made i n  the upper platform t o  accom- 
modate experiments w i t h  particular height requirements, provided t h a t  the 
approach i s  s t ructual ly  feasible.  

3 . 2  Experimen t Assembly 

The central feature of the experiment i s  a hemisperical Plexiglas tank 
suspended i n  a rocking mechanism such that  purely l inear ,  nearly f r ic t ion-  
less  osci l la t ion can be induced w i t h i n  a limited displacement range. 
Mechanical motion i s  in i t ia ted  by a stepping motor and crankshaft connected 
via a p i v o t  assembly t o  a transmission coupling system. The speed of the 
motor and hence the osci l la t ion frequency can be varied dur ing  operation of 
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the experiment. Similarly, the moment arm of the pivot assembly and hence 
the linear displacement can be varied. 

The transmission coupling system, which transfers the linear oscillation 
generated by the drive train to the tank, comprises a concentric rod and 
helical spring assembly. One end of the rod is permanently attached to the 
tank, but the other end can either be held fast or left free. This is 
achieved by an electro-magnetic clutch. For continuous operation (i .e. 
sinusoidal oscillation) , the clutch is engaged; for pulsed operation, the 
clutch is released following the pulsed input allowing the tank oscillations 
to decay. 

The hemispherical Plexiglas tank and the transmission coupling system are 
supported by rocking assemblies which assure that a one-dimensional oscilla- 
tion is experienced by the tank and contents, with negligible transverse 
components. The foot of each rocker has a cylindrical profile which pro- 
vides a translation amplitude of + - 20 mm to the tank. Each rocker is held 
in place on the support system experiment platform by tangential leaf- 
spring yoke fittings. The rockers are additonally held down to the platform 
with helical springs, which also serve to give the assembly a neutral bias. 
The tension in one pair o f  these springs can be adjusted during the experi- 
ment to change the natural frequency of the moving assembly. 

Besides the hemispherical test tank, initially 50 % filled with fluid, a 
second evacuated aluminum container is provided, connected to the test tank 
by a tube and solenoid valve. Outflow of propellant from the test tank is 
achieved by opening the valve at specific times. 

A high-speed camera is used t o  make a visual record o f  the fluid behaviour 
at critical phases. The camera is mounted on the propellant transfer tank 
and views the test tank and contents via a mirror. A source of diffuse 
light is provided for illumination o f  the fluid. 
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Generation of the necessary data i s  accomplished by a variety of sensors 
located at strategic points on the experiment assembly. The instrumentation 
consists of the following sensors: 

Parameter Sensor 

Output force of the transmission 
coupl ing system 

Input force to the tank 

force transducer 

force transducer 

Acceleration of the transmission accelerometer 
coupl ing sys tem 

Acceleration of the tank accel erometer 

Pressure within the tank 
(4 locations) 

piezzo resistive 
transducer 

Temperature of the fluid the rmoc ou p 1 e 

In addition to the basic program control and data processing facilities 
provided by the PASS flight unit, an experiment dedicated electronics unit 
is used for control o f  the three electric motors, the camera and illumina- 
tion source, the electro-magnetic transmission cohpling actuator, the 
solenoid fluid transfer valve, the instrumentation sensors and position 
switches. This unit is driven by the pre-programmed commands issued by the 
PASS control unit, and data signals generated by the instrumentation sensors 
are conditioned and relayed back to the support system for processing and 
storage. The assembly is mounted on the lower experiment platform. 

4. EXPERIMENT OPERATION 

In-flight operation of the experiment was controlled by a program in the 
PASS command module. The experiment run was divided into five distinct 
phases each with specific operating modes and objectives, as mentioned in 
the introduction. An important requirement for the experiment is the condi- 
tion that the fluid in the tank be in a state of equilibrium, and stationary 
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a t  the s t a r t  of vibration i n p u t s .  Therefore time was included between opera- 
tions for  the f l u i d  t o  reach this condition. O f  the total  r u n  time of just 
over 3 hours, 60 % was occupied by active operations, the r e s t  being 
reserved fo r  f l u i d  s tab i l iza t ion  requirements. 

The f ive  operation phases were of course designed t o  provide an overview of 
the natural behaviour of the tank/fluid system i n  micro-gravity, and t o  
enable a systematic examination of the f l u i d  dynamics under the combination 
of several variable parameters. The variables were: 

o oscillation/pul se frequency 
o oscil lation/pulse amplitude 
o t a n k  vibration s t i f fness  
o f l u i d  quantity 

The major p o r t i o n  of the active operations was assigned t o  data production 
by transducers and sensors. The time allowed fo r  f i l m i n g  was very limited, 
because the h i g h  speed employed rapidly used u p  the film; hence only 
c r i t i ca l  phases were filmed, where sensor data could no t  provide an adequate 
picture .,of the f l u i d  behaviour. 

Al though  the film returned i s  therefore of limited duration, the opportunity 
t o  view the f l u i d  character is t ics  i s  a valuable supplement t o  the consider- 
able amount of sensor data generated. 

5. CONCLUSIONS 

The operation operated perfectly, and generated a considerable quantity of 
data which has s t i l l  t o  be analysed i n  depth. In principal, the underlying 
mathematical models developed by MBB/ERNO for the design of surface tension 
tanks have been supported by the experiment results, and the val idi ty  of 
current product design features has been confirmed. The  resul ts  will provide 
additional insight i n t o  the e f fec t  of f l u i d  sloshing on spacecraft a t t i tude  
control systems. 
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The considerable investment represented by this experiment has been amply 
rewarded by these f l i g h t  resul ts .  A t  l eas t  one re-f l ight  i s  planned, w i t h  a 
modified experiment r u n  prof i le ,  t o  examine certain aspects i n  more 
detai l .  
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Figure 1. Experiment Basic Mechanical Assembly 
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Figure 2. Complete Experiment Assembly 
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Figure 3. Complete Payload Assembly 
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