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This is Par t  VII of a seven par t  Final  Report on work under contract  

No. NAS8-21143 between the George Cn Marshall Space Fl ight  Center and the 

University of Alabama. The purpose o f  t h i s  pro jec t  has been t o  perform 

ana ly t i ca l  s tud ies  and laboratory tests re l a t ed  t o  designing an -h r th -  

o r b i t a l  experiment t o  study two-?base flow and heat  t r ans fe r  i n  porous 

beds i n  a reduced gravi ty environment. 

Part  I explain8 the  motivation f o r  t h e  pro jec t  with reference t o  

expected fundamental r c i e n t i f i c  achievement8 and a deecript ion of appli-  

cations r e l a t i n g  t o  apace-f l i g h t  and ground-b eed devices. 

Pa r t  I1 i e  primarily an experimental atudy of the  factoro influencing 

two-phase flow. The r e s u l t s  are obtained and expreesed i n  such a manner 

t h a t  they allow extrapolat ion t o  reduce.d gravi ty  s i t u a t i o n s  . This pro- 

vides a hypothesis f o r  a descr ipt ion of the  e f f e c t  of reduced gravity.  

The primary purpose of the  f l i g h t  experiment w i l l  be t o  t e s t  t h i s  hypothe- 

sis 

Par t  I11 is an a n l y t i c a l  and computer-based study conducted on an 

ideal ized model of two-phase flow i n  porous mater ial .  It c l a r i f i e s  the  

r e l a t ions  among pressure gradlent ,  sur face  t e ~ i s i o n ,  i n e r t i a  and gravi ty 

forces . 
Par t  I V  is a systems analys is  of the  t r ans ien t s  occurring i n  m 

assumed model of t h e  proposed f l i g h t  experiment f o r  boi l ing  and vapor- 

bubble s tudies .  The technique of d i g i t a l  simulation was employed i n  the  

analysis.  



P a r t  V i e  an account of t he  develo2ment of t h e  experimental f ea s i -  

b i l i t y  of a two-phaee maes flow meter. Af te r  c a l i b r a t i o n  the  only meaeure- 

mente which are required t o  determine t h e  mase flow of the  l i q u i d  and gas 

separa te ly  are the  pressure  drop across  each ca r t r i dge ,  t h e  abeolute  press-  

u re  and t h e  absolute  temperature, Thie meter contains  no moving p a r t s  

and require8 only a emall p ressure  drop. 

P a r t  V I  deecribee t h e  development of t h e  bread board including t e a t  

models of two experimental flow channele wi th  pumpe, motors, ins t rumentat ion 

and per iphera l  e q u i p e n t  f o r  power and da t a  recording. Also included i s  

an acccunt of b a s i c  experiments on t h e  vapor-bubble breadboard channel, 

P a r t  V I I  i e  an Experiment Implementation Plan.  It d e t a i l e  t h e  eelec-  

+ion of poroue materials, l i q u i d s  and gases ,  It a l eo  includea t h e  para- 

meters necessary f o r  t h e  design and development of a f l i g h t  experimental 

system. It i d e n t i f i e s ,  def ines  and e s t a b l i s h e s  t h e  general  s p e c i f i c a t i o n s  

f o r  system elements r equ i r ing  f u r t h e r  d+velopment. 

This Experiment .Implementation Plan i s  as complete a s  it can be a t  t h e  

present  s t a g e  of development of t h e  p r o j e c t ,  There are some po r t i ons ,  p a r t i c -  

u l a r l y  i n  Section I, t h e  Experiment Summary, Sect ion V ,  Experiment Develop- 

ment Approach, Sect ion V I ,  Experiment In t eg ra t ion  Approach, and Sect ion V I I ,  

Experiment Programmatic Information which r equ i r e  inppt by NASA personnel. 

These s ec t ions  lack  t h e  information which should be  eventual ly  suppl ied  by 

NASA. 

The format f o r  t h e  presen ta t ion  of t h e  Experiment Implementation Plan 

is  t h a t  contained i n  NASA Form 1347 of December 1967. 
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SECTION I1 - TECHNICAL INFORMATION 

1, OGJECTIVES 

The o v e r a l l  o b j e c t i v e  of  t h i s  exper ioen t  i s  t o  determine t h e  be- 

havior  of two-phase vapor-l iquid and gae- l iquid  flow through porous beds ,  

i n  low g r a v i t y  environments.  Th i s  s p e c i f i c a l l y  e n t a i l s  t h e  t e e t i n g  of t h e  

hypothes is ,  a l ready  developed ae a  p a r t  of t h i s  s t udy ,  f o r  t h e  deoc r ip t i on  

of t h e  e f f e c t s  of  reduced g r a v i t y  upon two-phase flow i n  porous beds. Ic 

a l s o  inc ludes  t h e  t e s t i n g  of t h e  two-phase maee flow meter ,  t h e  f e a s i b i l i t y  

of which has  been e s t a b l i s h e d  as a  p a r t  of t h i s  s tudy ,  i n  low g r a v i t y  envi- 

ronments. Fur the r  d e t a i l e d  o b j e c t i v e s  a r e  l i s t e d  below, 

1, An important  p a r t  of t h e  experiment w i l l  be t o  o b t a i n  d a t a  u s e f u l  

in developing fundamenttrl. r e l a t i o n s  among c a p i l l a r y  fo r ce s ,  v iscous  f o r c e s ,  

p ressure  g rad ien t  f o r c e s ,  i n e r t i a  f o r c e s ,  g r e v i t y  f o r c e s ,  and hea t  t r an s -  

f e r  c m s i d e r a t i o n s .  Varying chz body f o r c e  i s  necessary  t o  ob t a in  d a t a  

f o r  t h e  compiete range of parameters involved.  

2 .  Since t h e r e  a r e  p r a c t i c a l  a p p l i c a t i o n s  i n  space t r a v e l  which con- 

cern two-phase phenomena i n  porous mediz, a  major o b j e c t i v e  of t h i s  ex- 

periment is  t o  accumulate s p e c i f i c  d a t a  which w i l l  be u s e f u l  i n  t o l v i n g  

t h e s ?  problems. E x u p l e e  of t h e s e  are phase s epa ra t i on  us!ng c a p i l l a r y  

e f f e c t s ,  vo r t ex  e l im ina t i on ,  water p u r i f i c a t i o n  schemes u t i l i z i n g  porous 

beds,  packed bed nuc l ea r  r e a c t o r s ,  h e s t  p ipes ,  and porods e l e c t r o d e  f u e l  

c e l l s .  

3 .  A very important  o b j e c t i v e  is  t h e  ob t a in ing  o f  d a t a  which  ill be  

u se fu i  i n  non-space r e l a t e d  app l i c a t i ono .  Examples are wate r  p u r i f i c a t i o n  

schemes using poroub beds,  o i l  and n a t u r a l  gas flow through porouti forma- 

t i o n s ,  d i sposa l  of contaminants i n  ground wate r  formations,  and flow 

through packed beds i n  chemical eng ineer ing  processes .  



2. SIGNIFICANCE 

(a)  Fundamental Aspect 

When one considers r a t i o s  among t h e  p r inc ipa l  forcee involvzd, namely 

c a p i l l a r y  forces ,  viecouo forcee,  preeeurc grad ien t  forcze ,  g rav i ty  forcee 

and buoyancy forcee,  t h e  following dimensionlees parameterr may be formed: 

Inertia' I Reynolds number 
Siecour For see 

Gravity Forcee , Bond 
Capi l lary  Forces 

Pressure Gradient Forces 
Viscous Forces = Pressure  c o e f f i c i e n t  o r  Darcy number 

I n e r t i a  F ~ r c e s  
& p i l l a r y  Forces = weber number 

Body Force and I n e r t i a l  E f f e c t s  
Viscous E f fec t s  = Grashof number 

Ground-based tests can be  run i n  which each fo rce  except g rav i ty  can 

be var ied from a very smal l  value t o  a very l a r g e  value by changing proper- 

t i e s  of t he  f l u i d  o r  t h e  porous medium o r  by changing t h e  flow character-  

i s t i c s .  

The fundamental reason f o r  t h e  f l i g h t  experiment l i e s  i n  t h e  f a c t  

t ha t  t h e r e  a r e  cclrtain combinations of parameter s i z e s  which a r e  v i r t u a l i y  

impossible t o  ob ta in  on the  ground. 

Small Bond number, l a r g e  Reynolds number, and small Pressure  coet- 

f i c i e n t  a r e  impossible t o  ob ta in  without reducing grav i ty .  This i s  

because i n  t he  normal g rav i ty  f i e l d ,  a smal l  Bond number r equ i r e s  extremely 

smali POL-es t o  give  a high c a p i l l a r y  force;  t he se  small pores a l s o  cause 

the  viscous Eorce t o  be  l d rge  and thus  Reynolds number is  small un less  t h e  



v e l o c i t i e s  are high;  t h e  pressure  c o e f f i c i e n t  cannot be low unless  t h e  

ve loc i ty  and Reynolds number a r e  low; thus  t h i s  combination cannot be 

achieved on t h e  ground. 

Also low Bond numbers with t h e  necessary small pores i n  ground-based 

experiments r e e u l t  i n  low Weber numbers. The combination of l a r g e  Weber 

numbers and emall Bond numbero can be obtained only by drcreaoing g rav i ty .  

One major s ign i f i cance  of t h i s  experiment is t h a t  L t  w i l l  be  used t o  

test a hypothesis ,  developed i n  P a r t  I1 of the  F ina l  Report of NASA cont rac t  

NAS8-21143, concerning r e l a t i o n s h i p s  which should e x i s t  i n  a g r a v i t a t i o n a l  

f i e l d  of any s t r eng th .  

For ground-baeed tesre, described i n  P a r t  11, t h e  most important 

dimensionless parameters were found t o  be  as follows and were expressed 

i n  t h e  following func t iona l  form f o r  flow containing n i t rogen  bubbles i n  

a Ca rg i l l e  l iqu id :  

D a  = f (Sg, Ree, D/d, Gr) (1) 

where Da is t h e  Darcy number, Sg is  t h e  volumetric gaseous q u a l i t y ,  Reg is 

t h e  l i q u i d  Reynolds number based on average ve loc i ty  and bead diameter,  

D/d i s  bed t o  bead r a t i o ,  and G r  is t h e  l i q u i d  Grashof number. An order ly  

co r r e l a t i on  of fami l ies  of curves f o r  s p e c i f i c  values  of G r  and D/d were 

obtained when D a  w a s  p l o t t e d  aga ins t  Reg wi th  Sg as curve parameter. 

Figule 1 presents  t h e  d a t a  f o r  G r  - 202,000 and Did - 8. It i s  noted t h a t  

t h e  single-phase l i q l i d  flow da t a  def ine  a curve which sepa ra t e s  t h e  

two-phase flow da t a  i n t o  two f ami l i e s  of curves. Those f o r  v e r t i c a l l y  

upward flow f a l l  below t h e  single-phase curve and those  f o r  v e r t i c a l l y  

downward flow f a l l  above t h e  single-phase curve. The parameter i den t i fy ing  

a s p e c i f i c  curve is  Sg, t h e  volumetric gaseous q u a l i t y ,  and t h e  l a r g e r  t h e  
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q u a l i t y ,  t h e  f u r t h e r  from the  single-phase curve do t h e  two-phase curve8 l i e ,  

A phenomenological analyeie  f o r  t he  t o t a l  d r iv ing  force  and drag f o t c e  

on t h e  l i q u i d ,  p r e re r t ed  i n  Par t  I1 of t h e  f i n a l  r epo r t ,  tusk i n t o  account 

t h e  drag force  of t h e  moving gar  bubbler on t h e  l i q u i d n  A8 a  r e r u l t  of 

t h i r  a n a l y r i r  equa t i  !n (1) i r  modiflad a s  rhown below: 

Da(ltKSg) + - ASs& - F(S8, 8.1, D/d,  Or) ( 2  

I n  equation (2 )  Gv ,<a t5e r a t i o  of l i q u i d  body forcee t o  vi rcour  fo rcer  and 

K i e  an empir ical  constant  depending cn the  shape of t he  bubbleo. The 

plus  s ign  i s  used f o r  tpward flow and t h e  minus s ign  f o r  downward flow. 

When t h e  l e f t  s i d e  of equation (2) is  p l c +  t e d  n s ~ t n s t  ReR the  r e s u l t  f o r  

Sg = 0.12 is ind ica ted  i n  Figure 2  fo r  t h r e e  values  of G r  and D/d, 

The remarkable coalescence of t he  curves f o r  upward and downward flow 

i n d i c a t e  t h a t  t h e  d i f f e r ence  i n  e f f e c t s  of pos i t i ve  and nega t ive  body 

forzes  have been taken i n t o  account by t h e  form of t h e  l e f t  s i d e  of equa- 

t f o r  ( 2 ) ,  

After  t he  app l i ca t ion  of a  cc r r e c t i o n  f o r  t h e  d i f f e r ence  i n  Did r a t i o  

t o  e l imina t e  t h e  d i s c o n t i n u i t i e s  evidenced i n  Figure 2, t h e  average curves 

f o r  upward and downward flow a r e  shown i n  Figure  3 f o r  single-phase flow 

and four  values of S The discrepancies  between t h e  curves f o r  upward 
8'  

flow and those  f o r  downward flow a r e  wi th in  t he  l i m i t s  of experimental 

e r r o r  f o r  t h e  i nves t iga t ion .  

Therefore, t h e  hypothe~ib :  is pr t sen t7  ' t h a t  t h e  r e l a t i o n s  i nd i ca t ed  

i n  Figure 3 w i l l  apply L O  two--3hase flow ifi a g r a v i t a t i o n a l  f i e l d  of any 

s t r eng th  including a zero g rav i ty  environment. I n  order  t o  test t h i s  

hypothesis  i t  is  necessary t h a t  experiments be  run i n  an env i romen t  y i e l d i n g  

combinations of values  of pe r t i nen t  dimensionless parameters which, a s  
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discussed above, cannot b2 ubtained on the  ground, 

A second major s ign i f i cance  of t h i s  experiment is t h a t  i t  w i l l  be  

used t o  t e s t  t h e  operat ion i n  var ious  g rav i ty  environmente of a  two-phase 

maes flow meter developed under cont rac t  NAS8-21143 and described i n  P a r t  V 

of t h e  f i n a l  r epo r t .  Because of the  d i f f i c u l t y  i n  s epa ra t ing  gases and 

l iqu id8  i n  t h e  absence of g rav i ty ,  t he  metering of &a-phara f low i s  a 

problem aeeocia t  ed wi th  reduced grav i ty  environmente . 
A porous material w i l l  e x h i b i t  a s e l e c t i v e  r e l a t i v e  permeabi l i ty  t o  

each of two f l u i d  phases simultaneously flowing through it. I n  addi t ion ,  

when two-phase flow occurs through two porous ca r t r i dges ,  wi th  g r e a t l y  

d i f f e r e n t  pore s i z e s ,  placed near  each o the r  i n  a  pipe ,  t h e  c h a r a c t e r i s t i c s  

of t h e  f lcw through each w i l :  be extremely d i f f e r e n t  wi th  t h e  proport ion 

of t h e  pressure  drop caused by each phase d i f f e r i n g  markedly i n  the  two 

c a r t r i d g e s o  

A s  described i n  P a r t  V ,  t he se  f a c t s  were explo i ted  i n  e s t a b l i s h i n g  

t h e  f e a s i b i l i t y  of making a two--phase mass flow meter from two porous 

car t r idges .  After  c a l i b r a t i o n  of t h e  meter, t he  measurements necessary 

t o  determine t h e  mass flow of each phase a r e  p ressure  drop across  each 

ca r t r i dge  and abso lu te  p ressure  and temperature downstream of t h e  meter, 

It is assumed t h a t  p rope r t i e s  of t h e  gas and l i q u i d  a r e  known. A c a l i -  

b ra t ion  char t  f o r  an experimental meter is  shown i n  Figure  4 where t h e  press-  

u re  gradient  H divided by t h e  l i q u i d  v i s c o s i t y  p across  one porous c a r t r i d g e  

is p lo t t ed  aga ins t  t h e  same r a t i o  f o r  t h e  o ther  ca r t r i dge .  Note t h a t  t h e r e  

a r e  two f ami l i e s  of curves c ross ing  each o the r .  The parameLer spec i fy ing  a 

p a r t i c u l a r  curve i n  one family is t h e  l i q u i d  flow rate pL and i n  t h e  o the r  

family is t h e  gaseous flow r a t e  q . In  order  t o  ob ta in  t h e  flow r a t e s  from 
8 

a  given s e t  of pressure  and temperature readings,  one p l o t s  t h e  point  corre-  





lponding t o  t h e  p ressure  d r o p  ac ross  each channel and i n t e r p o l a t e s  

between zurvas f o r  va lues  of  qL and q  . Rather s imple c o r r e c t i o n s  can be 
8 

app l ied  f o r  v a r i a t i o n s  i n  temperature and abso lu t e  g reesure .  

A given combination of c a r t r i d g e s  c o n s t i t u t e s  a good meter f o r  a 

s p e c i f i c  range of l i q u i d  and gaseous flows. Outs ide  t h i s  range t h e  cal i -  

b r a t i o n  curves f o r  va r ious  f low r a t e s  cga lesce  eo t h a t  they cannot be 

d i s t i ngu i shed  f rcm each o t h e r ,  

The ground based tests were run wi th  v e r t i c a l  f low both  upward and 

downward wi th  t h e  be s t  r e s u l t s  f c r  upward f low,  It is  hypothesized t h a t  

t h e  meter would func t i on  i n  t h e  same manner i n  a ze ro  g r a v i t y  f i e l d  a s  i n  

t he  grcund based tests, Th is  experiment wculd provide  t h e  oppor tun i ty  f o r  

t e s t i c g  t h i s  hypo thes i s .  

Other p o s s i b l e  space  a p p l i c a t i o n s  f o r  d a t a  obta ined from the  exper i -  

ment a r e  as fo l lows,  

Phase Separa t ion  

When a  porcus m a t e r i a l  i s  subrcexged i n  a  we.tting f l i l i d  which con ta ins  

bubbles of a  non-wetting f l u i d ,  t h e  pores w i l l  be occupied by t h e  we t t i ng  

f l u i d  and non-wetting f l u i d  w i l l  move i n t o  t h e  m a t e r i a l  only  when t h e  

d r i v i n g  p ressure  d i f f e r e n t i a l  is g r e a t e r  than  t h e  c a p i l l a r y  p r e s s u r e  

d i f f e r e n c e .  When a  mixture  c o n s i s t i n g  of l i q u i d  and gaseoue phases is 

passed over a  sc reen  or t h i n  porous bed, t h e  we t t i ng  f l u i d  w i l l  t end t o  

move t h r ~ u g h  t h e  bed and t h e  non-wetting f l u i d  w i l l  not  i f  t h e  p r e s su re  

d i f f e r e n t i a l  is less than t h e  c a p i l l a r y  p r e s su re  d i f f e r e n c e .  

Vortex El iminat ion  

Porous b a f f l e s  have been found e f f e c t i v e  i n  reducing vo r t ex ing  

tendencies  and l a r g e  edd ies  i n  t h e  en t rance  t o  feed  !.ines from p r o p e l l a n t  

t anks ,  I f  t h e r e  is vapo r i za t i on ,  a s  w i l l  be t h e  case  wi th  cryogenic  



Siquide ,  vapor bubbles w i l l  tend t o  c o l l e c t  a t  t h e  b a f f l e s  and, 

because of c a p i l l a r y  fo r ce s ,  w i l l  a c t  as obstruc.tioris t o  t h e  move- 

ment of l i q u i d .  Some s t u d i e s  have sought t o  p r e d i c t  a n a l y t i c a l l y  t h e  

e f f e c t  of  abeence of g r a v i t y  o r  ze ro  Bond number f o r  e t a t i c  cond i t ionr  

wi th  extremely s imple  c a p i l l a r y  geometry. However, theoe  rek;ulte can- 

no t  be  ex t r apo l a t ed  t o  t h e  complex c a p i l l a r y  geometry of poroue flow 

s t r a i g h t e n e r s  under dynamic cond i t ions  i n  a low g r a v i t y  environment. 

Water P u r i f i c a t i o n  Schemes 

Almost every  scheme recommended f o r  t h e  rec lamat ion of  waste  water 

i n  t h e  c losed environment of space  t r a v e l  invo lves  flow through membranes 

and porous beds such a s  a c t i v a t e d  cha rc sa l  o r  c a t a l y s t  beds f o r  t h e  

removal of impur i t i e s .  Usual ly ,  r ega rd l e s s  of t h e  p r i n c i p a l  method of 

removing wastes ,  a  f i n a l  f i l t e r  is recommended. 

I n  some cases  i t  i s  d i f f i c u l t  t o  mainta in  flow i n  t h e  system with-  

out  t h e  i n g e s t i n g  of some gas i n t o  t h e  l i q u i d  flow scheme. However, 

even i f  t h e r e  is  none of  t h e  gaseous phase prespnt  i n  t h e  en t r ance  t o  t h e  

t rea tment  appara tus ,  t h e  p r e s su re  drop r equ i r ed  f o r  f low through t h e  

porous beds may cause cons ide rab le  d i s so lved  gas  t o  come o u t  of s o l u t i o n .  

I n  some cases  t h e  pe rmeab i l i ty  of t h e  porous bed may be decreased by as 

much as 30% by t h e  presence  of a s  l i t t l e  a s  10% gas by volume. Moreover, 

t h e  pu r i fy ing  o r  exchange func t ion  of t h e  porous bed i r  e f f i c i e n t  only 

when t h e r e  is a maximum l i qu id - so l i d  a r e a  of con tac t .  Th i s  is obviouely 

reduced when vapor o r  gas bubbles a r e  p resen t .  

Packed Bed Nuclear Reactors  

The packed bed is  of cons ide rab le  i n t e r e s t  a s  a  n u c l e a r  r e a c t o r  

conf igura t ion  f o r  space  a p p l i c a t i o n s .  Nuclear f u e l  p e l l e t s  are immersed 



i n  a  f lowing l i q u i d  which s e rve s  to t r a n s f e r  t he  hea t  genera ted  t o  some 

s i n k  f e r  use  and t o  s imultaneously coc l  t h e  bed t o  accep tab le  ope ra t i ng  

temperatures ,  For space  app l i c a t i ons  c2nsiderable  weight r educ t ion  

i n  l i q u i d  requ i red  f o r  a given hea t  t r a n s f e r  r a t e  could b e  accomplished 

by al lowing l o c a l  b o i l i n g  i n s i d e  t h e  r e a c t o r ,  thus  us ing  t h e  h e a t  of  

vapor iza t ion  such as a h e a t  p ipe  does" Since  any s t agnan t  vapor pocket 

would cause a  d i s ae t roue  reduc t ion  i n  Pocai hea t  t - anefe r  rate, i t  i s  

e e e e n t i a l  t o  underetand t h e  mechanica r f vapor-l iquid flow i n  packed 

beds i n  low g rav i t y  environments. 

The Heat P ipe  

The hea t  p ipe  is  a  s imple  inexpensive device  t h a t  can t r a n s f e r  a s  

much as 500 timee ae much h e a t  p e r  u n i t  weight a s  a  s o l i d  thermal con- 

duc to r .  The usua l  gcGmetry c o n e i s t ~  of  a  s t r a i g h t ,  eea led  tube  conta in-  

i ng  a poroue wick which extends  t h e  l eng th  of t h e  tube  and i e  s a t u r a t e d  

wi th  a s u i t a b l e  l i q u i d .  The l i q u i d  i s  evaporated a t  t h e  hea t  adclit ion end 

and condensed a t  t h e  h e a t  s i n k  end. Vapor bubbles form a t  t h e  p ipe  w a l l  

i n  t h e  hea t  add i t i on  a r e a  and must be sub jec ted  t o  a l a r g e  enough p r e s su re  

g rad ien t  r o  sweep the% through t h e  wick i n t o  t h e  r e t u r n  vapor chansel .  For 

spacec r a f t  a p p l i c a t i o n s ,  i t  is  e s s e n t i a l  t h a t  t h e  o p e r a t i o n a l  mechanics and 

thermo-dynamics of  t h e  h e a t  p ipe  i n  a  low g r a v i t y  environment be  completely 

understood. 

The Fuel. : . a l l  .- 

The hydrogen-oxygen c e l l  c o n s i s t s  of a porous anode bathed i n  

hydrogen, a  poroue cathode bathed i n  oxygen and an e l e c t r o l y t e  s e p a r a t i n g  

t h e  anode and t h e  cathode.  Water is formed as a  by-product i n  ba th  porous 

e l e c t r o d e s  and ma3t be  f lushed  frgm t h e  system t o  avoid l i q u i d  s a t u r a t i c n .  

C e l l  power genera t ion  is d i r e c t l y  p ropo r t i ona l  t o  t h e  q u a n t i t y  o f  f u e l  



u t i l i z e d ,  and with an abundant supply cf f u e l ,  power genera t ion  i s  l ~ m i t e d  

by t h e  pore s u r f a c e  a r ea  i n  contac t  w i t h  f u e l  gases ,  Thus t h e  maximum 

output  is  l i m i t e d  by t h e  n a t u r e  of t h e  twc-phase f low through t h e  poroue 

e l e c t r o d e s  and t h e  need f o r  r e l i a b l e  flow p r e d i c t i o n  of both  f u e l  ,om- 

ponrnts  is ev iden t ,  

3. DISCIPLINARY RELATIONSHlP 

(a)  Br ie f  His to ry  of Rela ted  Work 

Much fundamental work i n  t h e  f i e l d  of flow i n  porolle media has  

been done by chemical engineere ,  geophysicists and petroleum engineers .  

A l a r g e  body of l i t e r a t u r e  con ta in ing  fuiidamental s t u d i e s  of mass d i s -  

pe re ion ,  inc lud ing  t h e  e f f e c t  of d e n o i ~ y  g r a d i e n t s  and twa phase flow i n  

porous media,has been d i r e c t e d  toward a p p l i c a t i o n s  t o  flow i n  water  

bea r ing  a q u i f e r s  ( i . e  , porous gec log i ca l  f o m a t i o n s ) ,  t o  flow jn o i l  

bea r ing  and gas bear ing  sands ,  and t c  i-ow through c a t a l y s t  beds. 

The p r i n c i p a l  i n v e s t i g a t o r  ha s  provided d i r e c t i  on f o r  s e v e r a l  t he se s  

which have been w r i t t ? n  r e c e n t l y  i n  t h i s  and e; ; 2 - . a r e a s  (Lin,  1964; 

Adams, 1965; Mller ,  1966; Toth,  1966; French, 1967; Evcrs, 1959; French, 

1969; P ipe r ,  1969; McDonald, 1970).  He has  a l s o  r ecen t l y  completed a  

researcl i  p r o j e c t  c o n s i s t i n g  o f  an a n a l y t i c a l  and l abo ra to ry  s tudy of t h e  

e f f e c t s  of thermal and dens i t y  g r ad i en t s  i n  s a t u r a t e d  p o r ~ u s  ~ 2 d i . a  

(Henry, 1967). 

One of t h e  most s i g n i f i c a n t  r e s u l t s  of t h i s  r e c e n t l y  completed s t udy  

is t h a t  t h e  e f f e c t i v e  thermal d i f f u s i o n  c o e f f i c i e n t  i n  flow through porous 

media :.s shown t o  b e  an o rde r  of  magnitude l a r g e r  than t h e  usua l  mole- 

c u l a r  d i z fu s ion  c o e f f i c i e n t .  Th i s  is s i m i l a r  t o  r e ~ u l t e  obta ined by t h e  

p r i n c i p a l  i n v e s t i g a t o r  and o t h e r s  concerning mass d i f f u s i o n  i n  porous 



media- This l a r g e  heat  d i f fu s ion  coe f f i c i en t  i s  of ucmost importance i n  

cbta ining i n t e r n a l  energy balances f o r  t h e  determination of whether o r  

not t h e  l i q u i d  w i l l  vaporize l o c a l l y .  

Becauee of i t s  importance i n  many f i e l d s  of engineering and espe- 

c i ~ l l y  i n  ground water technology, chemical engineering,  and petroleum 

reservo i r  tzchnology, t h e  phenomenon of d i spers ion  accompanying miscible  

displacement i n  s a tu ra t ed  porous material has received much at terrr ion 

i n  recent  years .  As a n a t u r a l  consequence of t h e  complexity of t h e  

~ u b j e c t ,  mst i n ~ ~ ~ s t i g a t i o n s  have been concerned with  t h e  case where 

t h e  twc f l u i d s  have s imi l a r  mechanical and the-ma1 p rope r t i e s ,  Such 

s tud ie s  are exemplified by t h e  follcwing recent  papers:  ( A d a s ,  1955; 

Banks and A l i ,  1964; Bear, 1961; G o ~ t s c h l i c h ,  1963; Foreh, 1965; 

Schiedegger, 1958). 

Recent s t u d i e s  have a l so  been made on flow with  dens i ty  g rad ien t s ,  

i , e , ,  t he  mixing of two miscible  f l u i d s  of d i f f e r e n t  dens i ty .  They f a l l  

i n t o  two categor ies ;  namely, those  t h a t  assume a s t e p  change i n  densi ty  

a t  a sharp i n t e r f a c e  and those  t h a t  consider a zone of d i spers ion  where 

t he  d i spers ion  equation and t h e  equation of motion are coupled because 

of t h e  bwyancy change assoc ia ted  wi th  t h e  change i n  concentra t ion of 

the  s o l u t e ,  Representat ive recent  papers which f a l l  i n  t h e  f i r e t  ca te-  

gory are: (De J o s s e l i n  de Jong, 1960; Dewiest, 1961; Hmry, 1959, 1962, 

1964b; Lin, 1964). Some recent  papers which t r e a t  t h e  region of disper-  

s i ~ n  wherein t h e r e  is  a dens i ty  g rad ien t  and assoc ia ted  buoyancy forces  

are: (Henry, 1961, 1464a). 

Much of t h e  i nves t iga t iona l  work on two-phase flow of immiscible 

f l u i d s  i n  porous media may be divided i n t o  t h r e e  ca tegor ies .  The f i r s t  

category t r e a t s  a "mixture" of t he  two f l u i d s  i n  which small bubbles of 



one phase e x i s t  uniformly embedded i n  che second phase and flow of both 

cccurs simultaneously, This  i s  t h e  type :f flow t h a t  has received pr in -  

cipa; considerat ion under cont rac t  WAS8-21143 a t  t h e  Univers i ty  of 

Alabama, This type of flow i e  discueeed i n  each of t he  eeven p a r t s  of 

t h s  F ina l  Report which forms t h e  b a s i s  f o r  t h e  prepara t ion  of t h i s  

Experiment Implementation Plan. 

In  flow with  low Reynolds numbere t h e  concept of r e l a t i v e  permea- 

b i l i t y  becomes important (Wyckof f and Botset  , 1936) . It has  been ehown 

experimentally t h a t  ae t h e  s a t u r a t i o n  of t h e  p a r o w  material by t h e  

second phase increases  from zero,  t he  permeabil i ty of t h e  n i s t e r i a l  t o  

t he  f i r s t  f l u i d  decreases sharp ly ,  This is  shown q u a l i t a t i v e l y  i n  

Figure 5 ,  This phenomenon is  imporcant i n  water  p u r i f i c a t i o n  schemes 

where t h e  pressure  drop i n  t h e  system allows a i r  o r  o the r  gases t o  come 

out of so lu t ion  i n  small bubbles slpstream of o r  wi th in  porom beds. 

h example of i nves t iga t ions  af flow thrsugh c a t a l y s t  beds is t h e  wgrk 

by Weekman a d  Myers (1965) i n  which they crbserved t h a t  t h e  presence cf 

e g ~ s  phase g r e a t l y  increases  t he  ef f e  ct!.v~ thermal conduct ivi ty  over 

t h a t  f o r  single-phase l i q u i d  flow, They noted t h a t  t h e r e  is a lack  of 

information pe r t a in ing  t o  h e a t  t r a n s f e r  i n  packed beds wi th  gae-l iquid 

flow 0 

The second category is t h e  displacement of one phase by a second 

phase- This  type of flow has been a sub jec t  of m ~ c h  i n t e r e s  t o  t he  

yertoleum re se rvo i r  engineers.  I l l u s t r a t i v e  of investigatioxis wi th  

t h i s  app l i ca t ion  are those  by Hassler. e t  dl. (1936) and Levere t t  (1939). 

Col l ins  (1961) and Blackwell (1959) d i scuss  t h i s  type of flow and po in t  

cut t h a t  t h e r e  is  a c r i t i c a l  ve loc i ty  below which t h e  l i n e  between t h e  



Fraction of pores filled by gas 

Figure 5 .  Relative Permeability va. Saturation ( m l i t y )  

(After Wyckoff and Botaet, 1933) 



advancing f l u i d  and receding f l u i d  i e  very uniform. For 

valocitirr g r r a t r r  than tho c r i t i c a l  value, rxtrame v i r c o w  

fineating ary occur. Thir i c  i l l u r t t a t r a  Ln Pigura 4. 

Figure 6. Formation of Vi8cour F i n ~ e r r  . (After Blackwell, 1959) 

The t h i r d  category t r e a t s  the  movement of l a r g e  individual  

bubble formations. through the  porous mater ials .  gstergaard 

(1965) s tudied  experimentally t h e  dynamics of a gas bubble as i t  

moved upward through a porous bed f lu id ized  by a l iqu id .  Gorinc 

and Katz (1962) s tudied bubble rise i n  a packed bed sa tu ra ted  

with l i q u i d s  f o r  t h e  primary purpose of determining drag coe- 

f f i c i e n t s  f o r  t h e  bubbles, 

(b) S t a t e  of Present De,velopment i n  F ie ld  

The above discussion and t h e  referenced publ icat ions descr ibe  

the state of t h e  present development i n  t h e  f i e l d .  There has been 

mach work done on t h e  flow of  homogeneous f l u i d s  i n  porous media 

and r e l a t i v e l y  l i t t l e  work on two-phase flow. There is a l ack  of 

in fomat ion  per ta in ing  t o  two-phase heat  t r a n s f e r  and pressure drop 



in  packed beds. 

It appears that there has been no work on twc-phase flow i n  porous 

media under reduced or increased gravity conditions. This csnclusicn i s  

baaed lipon a thorough l i terature  search, information received from the 

Science Information exchange and information received from colleagues 

who are working i n  related f i e l d s ,  
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4, EXPERIMENT APPROACH - 
(a )  Experiment Concept 

The main i d e a  i n  t h i s  experiment i s  t3 t e s t  hypotheses t h a t  have 

been developed by w i n g  ana lyses  and ground-based experimenteo The two 

p r i n c i p a l  hypotheses are desc r ibed  i n  Part 11 and P a r t  V of  t h e  Final 

Report f o r  c o n t r a c t  NAS8-21143 arld are summa-tzed a s  fol lowe:  

(1) By a phenomenological a n a l y s i s  of a l l  d rag  f o r c e e  and d r i v i n g  

fo rcee  on t h e  bubbles,  a method f o r  p l ; - + i n g  exper imenta l  d a t a  is 

suggested t h a t  y i e l d s  i d e n t i c a i  curves fcr  l ~ p w ~ r d  and downward f lows ,  

i , e r ,  f o r  p o s i t i v e  and n e g a t l v e  ya lues  5f bady f o r c e ,  It i s  hypothes ized  

t h a t  t h e  r e l a t i o n s h i p s  i n d i c a t e d  5y t h e s e  :iJx-Jee (shown i n  F igure  3) 

w i l l  apply t=, two-phase flow i n  s g r a . v i t z t i o n a 1  f i e l d  cf any s t r e n g t h ,  

( 2 )  A twc-phase mass f l ~ w  meter h a s  been d e v e l q e d  from ground- 

based l a b o r a t o r y  t e s t s  ( t h e  c i i l i b r ~ t i ~ r .  c h a x  far an exper imenta l  meter 

is  shown i n  F igure  4)  u s i n g  two po: ;~s  cartridges i n  sequence.  It is 

hyp2thesized t h a t  t h e  meter  would functlcn j.n t h e  same manner i n  a 

zero g r a v i t y  environment a s  i n  t h e  ground based tests. 

The t e s t i n g  of t h e s e  hypotheses w i l l  b e  done by caus ing two-phase 

flow t o  occur  through two porous beds i n  s low g r a v i t y  environment w h i l e  

c a r e f u l l y  measuring c e r t a i n  mechanical. and t;lermcdynamical v a r i a b l e s  s o  

t h a s  i n t e r r e l a t i o n s h i p s  among t h e  v a r i a b l e s  can be  determined. Use of 

two beds, i n  a d d i t i o n  t o  a l l ~ w i n g  two pore  s i z e s ,  w i l l  a l s o  make p o s s i b l e  

t h e  t e s t i n g  of t h e  meter hypothesis wi th  t h e  one s e t u p ,  Photographs 

taken through t h e  t r a n s p a r e n t  w a l l s  cf t h e  channels  c o n t a i n i n g  t h e  porous 

beds w i l l  a l s o  y i e l d  important  d a t a  and be used i n  i n t e r p r e t i n g  o t h e r  

d a t a ,  



The porous beds w i l l  be  l a c a t e d  i n  eequence in a s e l f  conta ined 

f l u i d  c i r c u i t .  Some t e s t s  w i l ? ,  be  conducted us ing  l i q u i d  vapor a s  t h e  

gaseous phase and some us ing  a f o r e i g n  g a s <  

The range of  parametere w i l l  be c c n t r o l l e d  i n  o r d e r  (1) t c  c b t a i n  

a wide range of v a l u e s  of t h e  dimensionleee groups which cannot be  

obta ined on t h e  ground and (2 )  t o  o b t a i n  a few cond i t ions  t h a t  can be 

e s s e n t i a l l y  d u p l i c a t e d  on t h e  ground eo t h a t  ground-base6 ~ o n t r o l  d a t a  

can b e  used t o  determine t h e  i n t e g r i t y  of t h e  f l i g h t  d a t a .  

In  a previous  s e c t i o n  i t  i e  poin ted  c u t  t h a t  c e r t a i n  ranges of 

dimeneionlese parametere can n c t  be  ob ta ined  i n  ground-baeed experimer ; e ,  

These very ranges can be  expected  i n  epaLe a p p l i c a t i o n s .  Only j.:r a 

reduced g r a v i t y  environment can (1) csmbinat ions of  smal l  Bond numbere 

a ~ d  large Weber numbers, o r  ( 2 )  smal l  a:.nd numbers, l a r g e  ~ e y n o l d s  

numbers and s m a l l  Darcy numbers be  s b t a i n e d  

Many impor tant  c a s e s  of fl,?w i n  pcrcue media occur wi th  very  low 

\ ' e l -gc i t ies .  Thus, i n  a bed 1 5  inches  i s n g ,  which i s  a n t 5 c i p a t e d  f o r  

t h i s  experiment ,  s e v e r a l  minutes i n  2 reduced g r a v i t y  environment 

could b e  r e q u i r e d  f o r  t h e  completion ~f an exper iment ,  Th i s  i s  cons ider-  

ably longer  t h a ~  can be ob ta ined  by any method o t h e r  than  an Earth-  

o r b i t a l  f l i g h t ,  

Inccmplete d a t a  could be ob ta ined  frcm a drop tower o r  a i r p l a n e  

f l i g h t  experiment ,  However, bubble format icn  and removal (which a r e  

t h e  phenomena of i n t e r e s t )  would not be e t a b i l i z e d  w i t h i n  t h e  t i m e  
*% .% \* 

r"*' 

a v a l i a b l e  usir.g e i t h e r  of  t h e s e  methods - WG' bubble c o n f i g u r a t i o n s  
,4+ 

Y' ' 

w h i ~ h  may b e  ob ta ined  a t  ze ro  gravitfl '"are unknown a r  t h e  y r e s e n t .  However, 
, r . 

t h e  ground-based tests which h3-,e a l r eady  been run  i n d i c a t e  t h a t  even 



when t h e  l i q u i d  f l 3 w  r a t e  i s  r e l a t i t l e l y  l a r g e ,  t h e  f zrmation of bubble  

£ 1 3 ~  p a t t e r n s  may t a k e  s e v e r a l  minutes t; became s t a b i l i z e d .  This  l n d i -  

a t e s  a  long t ime requirement i n r c n s i e t e n t  w i t h  anything b u t  an Earth- 

o r b i t a l  f l i g h t "  

( b )  - Methcde ar,d Proceduree f o r  Carrying cut t h e  Experiment 

The f l u i d  c i r c u i t  w i l l  c o n s i e t  of t h e  two porous beds ,  pump, pres-  

eure r e g u l a t o r s ,  accunu la tc r  and necessary p i p i n g c  The f i r s t  t ee t  

channel w i l l  be  1 5  incheo 1038 wi th  a  two inch  equare  test s e c t i o n  and 

w i l l  be f i l1e .d  w i t h  g l a a e  beads a p p r ~ x i m a t e l y  3 mm i n  d iamete r*  The eecond 

channel  w i l l  be 6 inches  long  wi th  & two inch equare  croee  e e c t i o n  and w i l l  be 

f i l i e d  w i t h  g l a s s  beads ~ p p r o x i m a t e l y  0 80 mm i n  d iamete r ,  L iqu id  and 

gas f low meters w i l l  b e  l c c a t e d  ups t re im cf t h e  f i r s t  test  channel .  

I n  one series of t e s t s  metered n i t r o g e n  w i l l  be  in t roduced  i n t o  

t h e  metered l i q u i d  between t h e  Liquid flcw meter and t h e  f i r s t  test  

channel , Data taken in t h e  t e s t  channels  w i l l  be  w a l l  p r e s s u r e s ,  volu- 

m e t r i c  q u a l i t y  ( o r  gas  saturat i .cn of p c r e s )  and photographso 

I n  t h e  o t h e r  s e r i e s  of t e s t s  t h e  second phase w i l l  b e  vapor pro- 

duced by b o i l i n g  by use  of an immersion h e a t e r  w i t h i n  t h e  f i r s t  channel ,  

Data taken w i l l  b e  t h e  same a s  those  i n  t h e  f i r s t  s e r i e s  wi th  t h e  addi-  

t i o n  of c e n t e r l i n e  and w a l l  temperatures and pcwer i n p u t  t o  t h e  h e a t e r .  

The experiment w i l l  be designed s o  t h a t  i t  can b e  i n i t i a t e d  by 

c l o s i n g  a swi tcn  and s topped by opening a s w i t c h ,  Various pre-determined 

test cond i t ions  w i l l  be ob ta ined  by t h e  a s t r o n a u t  s e t t i n g  t h e  l i q u i d  flow 

valve  and t h e  gas  f low v a l v e  ( o r  t h e  h e a t e r  power c o n t r o l )  t o  pre-  

determined p o s i t i o n s ,  The d a t a  recording o r  t r ansmiss ion  w i l l  be  initlal . :ed 

when the experiment h a s  reached a s t eady  s t a t e  o r  a  predetermined t r a n s i e n t  

s t a t e ,  



The va lue  of t h e  spac  . c r a f t  a c c e l e r a t i o n  . \r  t h e  apparent  l e v e l  

of g r a v i t y  car1 be any a r b i t r a r y  va lue .  However, i t  must be  p r e c i e e l g  

tcaaeured and recorded,  T e r t r  a t  two g r a v i t y  .Level@ are r e q u i r e d  and 

i t  would ba d e r i r a b l e  t o  hake tartn a t  more than two g l rva l r .  If 

t e r t i n g  of t h i r  exparimant can be accompliahed dur ing  pe r iodr  wLen 

t h e  r p a c a c r a f t  i r  a c c r l r r r t r d  f o r  o t h e r  purpore r ,  i c  w i l l  n o t  b e  

n e c a r r a r y  t o  r r q u i r r  pra-drtarmined g l r v e l s ,  I f  t h i r  18 not ;ha care, 

t e s t i n g  w i l l  be performed dur ing  l e v c l e  cf 10-3 and log6 g ' ~  s p e c i f i c a l l y  

produced f o r  t h i s  experiment.  

i c )  Measurements t o  b e  Made and Range a f  Numerical Values 

The measurements t o  h e  made i n  o r d e r  t o  accomplish t h e  o b j e c t i v e s  

of  t h e  experiment w i t h i n  t h e  procedures desc r ibed  abovc are l l s t e d  below, 

Number of  Frequency 
Me asu. r emen t - Transducers RangeIAccuracy Response 

Pressure  drop 
i n  beds 5 0 - 20 2 .,lo p s i d  100 cps 

P r e s s u r e  N2 Storage  1 0 - 500 2 10 p s i a  2 cps  

P r e s s u r e  N2 reg .  
o u t l e t  1 0 - 50 f .50 p s i a  2 cps 

Liquid  f low r a t e  1 0 - 5 * .025 gal /min  20 cps 

Gas f low r a t e  1 r - -  5 f .025 scfm 20 cps 

Film cameras 1 8 - 1000 frames!sec 

Temperature 5 420 - 920 f 1°R 2 cps  

Voltage t o  pump 
motor 1 0 - 2 8 f  . 1 V  20 cps 

Power t o  h e a t e r  1 0 - 2 0 0 f  l Y  2,O cps 

Volumetric q u a l i t y  3 0 - 20 * 1% 20 cps  

Linear  a c c e l e r a t i o n s  S u f f i c i e n t  t o  determine magnitude and  d i r e c t i o n  (*2%) 

Angular a c c e l e r a t i o n 8  S u f f i c i e n t  t o  determine magnitude and axis (f 2%) 



(d)  Method f o r  Analvsis  and I n t e r ~ r e t a t i o n  of Uara 

The experimental  d a t a  w i l l  b e  used t c  compute t h e  va lues  of  t h e  

appropr ia te  d inens ion less  groups der ived from dimensional a n a l y s i s  and 

t h e  d i f f e r e n t i a l  equat ions .  The empi r i ca l  f unc t i ona l  r e l a t i o n s h i p  ex i s -  

t i n g  ammg the se  dimeneionless parameters  w i l l  be determined by p l o t t i n g .  

lnbof ar as is  pos s ib l e ,  t h e  d a t a  w i l l  be f i t t e d  i n t o  t h e  framework pro- 

vided by t h e  combination of t h e  c n a l y t i c a l  t rea tment  and experimental  

c c r r e l a t i o n  of  ground-based d a t a  obta ined dur ing  work on con t r ac t  NAS8- 

21143. The d a t a  w i l l  be i n t e r p r e t e d  i n  terms of t h e  hypctheeee desc r ibed  

i n  an e a r l i e r  s ec t i on .  I f  t h e  hypctheses a r e  confirmed, t h i s  w i l l  b e  

coneidered adequate i c t e r p r e t a t i o n  3f t h e  data.. I f  d i sc repanc ies  a r i s e  

between t h e  f l i g h t  d a t a  and t h e  hypotheses.  exp lana t ions  and i n t e r p r e -  

c a t i ons  w i l l  b e  sought by 2esor t ing  t o  t h e  b a s i c  equa t ions  of  motion, 

c an t i nu i t y ,  and energy f o r  each phase,  togecher  wi th  t h e  i n t e r f a c e  ccn- 

d i t i o n s  and t o  t h e  phenomenological type  of i n t e r p r e t a t i o n  descr ibed i n  

P a r t  I1 of t h e  F ina l  Report of NAS8-21143. 

The f i l m  d a t a  w i l l  b e  c o r r e l z t e d  wi th  t h e  s imultaneous p r e s su re  

and temperature d a t a  s o  t h a t  t h e  e f f e c t  of tile geometr ica l  form and 

movement of  t h e  bubbles may b e  evaluated  and used i n  cons t ruc t i ng  t h e  

mathematical model f o r  ana lys f  s , 

( e l  Prime Obstac les  o r  Unce r t a in t i e s  

The succe s s fu l  performance of  t h ~ s  experiment w i l l  r e q u i r e  t h e  

following: 

(1)  High q u a l i t y  measuring systems which w i l l  perform wi th in  t h e  

range and accurac ies  s p e s i f i e d -  

(2)  competent observers  who are a b l e  t o  make dec i s i ons  regard ing  

modif ica t ions  of procedure when necessary ,  



(3)  An experimental  sec-up which w i l l  a l low any of a set of a l t e r -  

n a t i ~ e  procedures t o  be foliowed acccrdlng t o  r he  p a r t i c u l a r  outcome of 

a previouely  unpredictabl  e r e s u l t .  

One problem which murt be  consldered i n  t h e  deaign and auccese fu l  

opera t ion  of t h e  experiment i e  t h e  problem of s e p a r a t i n g  and ven t ing  

t h e  n i t r ogen  from t h e  r e c i r c u l a t i n g  system dur ing  t h e  foreign-gas a r r i a a  

of t e s t s ,  P h u e  r e p a r a t e r a  m u a t  b e  deoigned i n r o  t h e  ryatem. There i s  

some queat ion  about ob t a in ing  a phare s e p a r a t o r  which w i l l  be e f f e c t i v e  

t? t h e  degree necessary  f o r  t h e s e  experiments.  However, proper  ven t ing  

of t h e  gas from t h e  accumulator should t a k e  ce - e  o f  t h i e  problem. 

C ~ n s i d e r a b l e  f i l m  w i l l  be used i n  t h i s  experiment and f i l m  r e t r i e v a l  

and s t o r a g e  may be  a prablem. A l ~ o  t h  des ign of t h e  experiment s o  t h a t  t h e  

l i q u i d  used h a s  no oppor tun i ty  t o  l e ak  o r  be d i scharges  i n t o  t h e  v e h i c l e  

cr i n t o  space  is  a c o n s i i e r a t i o n  which must be  accomp;ished. 

A f law i n s t a b i l i t y  is exh ib i t ed  i n  some ground-based experiments a s  

l a r g e  s l u g s  of  gas  and l i q u i d  a l t e r n a t e  i n  pass ing  through t h e  p ipes  o r  

t e s t  channel ,  I n  such a case ,  t h e  a s t r onau t  is needed t o  monitor t h e  

experiment and a d j u s t  flow rates and p ressures  s o  t h a t  t h e  i n t e g r i t y  of 

t h e  experiment may b e  mainta ined,  

Af te r  assuming t h a t  t h e  above problems are overcome, measurements 

of p ressures ,  temperatures ,  vapor/gas q u a l i t y ,  flow r a t e s ,  and acce l -  

e r a t i o n s ;  t h e  ob t a in ing  of good photographs o f  bubble t r a v e l ;  and t h e  

a b i l i t y  t o  c o n t r o l  f low rates of gas  and 1-quid w i l l  determine. t h e  

success  of t h e  experiment.  The requirements  f o r  t h e s e  measurements are 

a l l  w i t h i n  t h e  p r e sen t  s t a te -o f - the -a r t  and p r e sen t  no s p e c i f i c  d i f f i -  

c u l t i e s ,  



The obtaining of a meaningful phct3graphic record w i l l  r equ i r e  chan- 

n e l s  with t ransparen t  walls and w i l l  be f ~ c i l i ~ a ~ e d  by forming t h e  porous 

mater ia l  from g l a s s  beads which have an index of r e f r a c t i o n  near t h a t  of 

t he  l i q u i d  uced. Thus when the  poroua ma te r i a l  i s  f i l l e d  wi th  t he  l i q u i d ,  

i t  w i l l  be t rans lucen t  and t h e  presence cf  bubbles can be more e a s i l y  

de tec ted  v i sua l ly .  

( f )  The s ign i f i cance  of t h e  Astronaut i n  Performing t h e  Experiment 

The presence of as t ronautf  t a  change parameters f o r  d i f f e r e n t  t e s t  

r7ndit ione w i l l  mean t h a t  t e s t i n g  can be  performed f o r  a meaningful 

range of parameters wi th  much l e s s  hardwar 2, weight, and power than would 

etherwise be necessary. This  is e s p e c i a l l y  t r u e  i f  t h e  experiment i e  

loca ted  s o  t h e  as t ronaut  has  physical  access  t o  it. 

I n  a zero grav i ty  environment unstable  flow condi t ions  may be 

exhib i ted  i n  c e r t r i n  parametric ranges which cannot be  previously pre- 

d i c t ed .  As mentioned above, an i n s  t a b i i i t y  assoc ia ted  wi th  g r a v i t a t i o n a l  

fo rce  is exhib i ted  i n  some ground-based experiments &s l a r g e  s lugs  of 

gas and l i q u i d  a l t e r n a t e  i n  pass ing through t h e  pipe  o r  t e s t  channel. 

In such a case  of i n s t a b i l i t y ,  t h e  as t ronaut  is needed t o  monitor t h e  

experiment, ad jus t  flow rates and pressures  s o  t h a t  ;he i n t e g r i t y  of 

t h e  experiment may be maintained- 

A very important por t ion  of t h e  f l i g h t  da t a  w i l l  be photographic 

records of bubble movemens. A l a r g e  quan t i t y  of f i l m  w i l l  be  reqa i red  

It is planned t h a t  t h e  as t ronaut  change f i lm  as  required and t h a t  t h e  

f i l m  be s to red  on board and re turned with  t h e  as t ronaut .  

A s  p a r t  of t he  experiment development p lan ,  a l t e r n a t i v e  ope ra t iona l  

schemes w i l l  be devised f o r  use i n  case some minor f a i l u r e  would other-  

wise cause a l o s s  of t h e  experiment, The as t ronaut  is needed t o  ca r ry  



out the  a l t e r n a t i v e  scheme i n  t he  t znt ~t is required.  

T5e as t ronaut  w i l l  not  be required ~ ~ n t i n u o u s l y  over long per iods  

of time. .;he experiments may be run i n t e r m i t t e n t l y  with each t i n e  

i n t e r v a l  f o r  a run equal t o  c r  r e s s  than f i v e  minutee. 

A t e n t a t i v e  expe-:imental procedure w i l l  be a s  followe a f t e r  o 

p a r t i c u l a r  11 -r acce l e ra t i on  has been obtained,  The aotronaut a c t i v i t y  

may be reduced 5 ;il ding 

Event - 
I n i t i a t i o n  of experiment 

automat 1 c program opera t ion ,  

Ae t ronaut Act iv i ty  

Close ewitch,  

Occurrence of d e s i r e 8  i i q u i d  flow Adjust t h e  l i q u i d  va lve  t o  y i e l d  
predstermined flow r a t e .  

Occurrence of des i red  gas flow Adjust t he  gas va lve  t o  y i e l d  
predetermined gas flow rate. 

Heating i n i t i a t e d  

*EvStlucltion of experiment 
c peration 

Obtain da t a  

Obtain photographic record 

Set  hea t ing  power a t  predeter-  
mined l e v e l .  

Observe flow through each porous 
bed and system pressure  valve on 
an i n d i c a t i n g  gage. 

S t a r t  da t a  acqu i s i t i on  system. 
Check and v e r i f y  opera t ion  of system. 

S e t  camera a t  predetermined speed. 
S t a r t  and Stop camera. 

End of run Stop da t a  acqu i s i t i on  system, 

Stop gas flow Close gas valves .  

Reduce pressure  on system 

Stop l i q u i d  flow o r  begin 
next run by s t a r t i n g  new 
l i q u i d  flow r a t e s  

Depressurize system by opening vent  
on accumulator. 

A d ~ u s t  each l i q u i d  valve t o  y i e l d  
predetermined flow r a t e .  

*A b u i l t  i n  redundancy o r  a l t e r n a t i v e  scheme is  needed h e r e  i n  case  a 
minor f a i l u r e  is observed. 



5 ,  BASELINE OR CONTROL DATA 

(a)  Support S tud ies  - 
Several  support  s t u d i e s  and concurrent i nves t iga t ions  t h a t  a r e  

necessary t o  augment t h e  f l i g h t  i nves t iga t ions  a r e  as  follows. 

(1) Fur ther  development - of a Two-Phase Mass Flow Meter 

Becauee of t h e  d i f f i c u l t y  i n  eepara t ing  gaeee and l i q u i d e  i n  low 

grav i ty  environments, t he  d e s i r a b i l i t y  of metering two phases is  

encsuntered i n  apace f l i g h t a .  Experiment8 have a l ready been run,  ao 

pa r t  of t h i s  p r o j e c t ,  which demonetaate t he  f e a e i b i l i t y  of w i n g  two 

porous ca r t r i dges  ae the  primary elements i n  a two-phase maes flow 

meter. Twc experimental modele have been ca l ib ra t ed .  The range of 

e r r o r  neede t o  be reduced and t h e  range cf app l icab le  flow r a t e e  neede 

t o  be  increaeed.  The equipment a l eo  neede t o  be  r e f ined  i n  f u r t h e r  

support  s t u d i e s  and labora tory  t e s t s -  The e f f i cacy  of t h i s  method 

should a l s o  be compared wi th  t h a t  of o the r  methods of metering two-phase 

f low- 

(2)  Development of a Phase Separator 

Af te r  the  mixture of two phases is forced through t h e  porous bed, 

t he  phases must be  separa ted  t o  prepare  f o r  another experimental run. 

This requi res  t h e  incorpora t ion  of phase s epa ra to r s  i n  t h e  experimental 

hardware, The development of a s u i t a b l e  phase s epa ra to r  must proceed 

as a support  s tudy p r i o r  t o  f a b r i c a t i o n  of t h e  experiment. Prel iminary 

inves t iga t ion  ind i ca t e s  t h a t  advantage can be  taken of t h e  c s p i l l a r y  

ac t ion  of a screen o r  a porous ma te r i a l  t o  se rve  aa a phase separa tor .  

Fur ther  q u a n t i t a t i v e  i nves t iga t ion  of t h i s  should be  undertaken i n  t h e  

support  s tudy.  



( 3 )  Design Concepts f o r  F l igh t  Hardware 

Fur ther  grcund-based labora tory  t e s t s  on equipment and apparatus 

s imi l a r  t o  t h a t  which w i l l  be flown ~ e n e c e s s a r ;  co determine t h e  exact  

design of t h e  f l i g h t  equipment and a l s o  necessary t o  i n su re  rhe  c o r r e c t  

i n t e r p r e t a t i o n  of t h e  f l i g h t  d a t a .  Studies  have a l ready been conducted 

as  p e r t  of t h i s  p r o j e c t  on t h e  p i l o t  experimental set-up and on the  bread- 

bosrd hardware. The r e s u l t s  have l e d  t o  a considerable  reduct ion i n  

weight and power required when t h e  rezommendations i n  t h i s  Experiment 

Implementation plan a r e  compared with  those  i n  t he  Experiment Proposal  

submitted i n  t h e  F a l l  of 1967, 

( 4 )  F~ndamental  Experimental Studies  

As has  been s t a t e d  i n  a previous s e c t i o n ,  ground-based tests have 

been used t o  e s t a b l i s h  hypotkeses which w i l l  be  t e s t e d  i n  t h e  f l i g h t  

experiment. These t e s t s  were run with  t h e  o r i e n t a t i o n  of t h e  test- 

channel flow e i t h e r  v e r t i c a l l y  up o r  v e r t i c a l l y  down. For a more complete 

range of o r i e n t a t i o n s ,  f u r t h e r  tests should be run with  t h e  channel st 

var ious  i nc l ined  o r i e n t a t i o n s .  Also numerical values  of Da (l+KSg) - + K S ~ G V  

( t he  c o m p o ~ i t e  parameter used as  t h e  o rd ina t e  f o r  d a t a  c o r r e l a t i o n  i n  

Figure 3) which a r e  expected i n  t h e  f l i g h t  experiment should be u t i l i z e d  

i n  ground-based experiments. 

As a mat ter  of neces s i t y  i n  c a l i b r a t i n g  and t e s t i n g  t h e  equipment, 

many t e s t s  w i l l  be run with  parameter values  which cannot be  dupl icated i n  

t h e  f l i g h t  tests. This w i l l  provide use fu l  da t a  which w i l l  complement 

t h e  f l i g h t  da t a  t o  present  a more complete i nves t iga t ion  of t h e  two-phase 

flow problem. 



(5) Analytical and Computer Studies of System Tranqients 

Part IV of the Final Report for NAS8-21143 is a report on the 

beginning of a eyetems analysie of the transients which would occur in an 

aerumed model of the flight experiment under specified initial conditionr. The 

technique of digirrl rimulation wao ured to rolve the rat of ryrtrzn rquationr. 

Much more rnrlytical and computer work nard8 to ba conductrd on rnrlyrir of 

pocrible tranrlrntr for two principal rerronr , Firat, conditionr larding to 

imminent cataetrcphic failure conditione of the experiment. may be predicted 

by the analysis so that procedures can be w0.i';-ed out to save the experiment 

if such conditions actually occur. Second, somz of the .- .=., interesting and 

troublesome phenomena in two-phase flow involve transients (such as f l a s h f ~ g ) ~  

In order to make the flight experiment more complete, some of these conditions 

should be studies by computer simulation as well as by ground-based experi- 

ments and then planned for the flight experiment" 



SECTION 111 - ENGINEERING INFORMATION 
1, EQUIPMENT DESCRIPTION 

(a) Narrative ~ebcript ion of Experiment Hardware 

The experiment hardware will coneist of a self-contained fluid circuit 

with two test channels, pump, motor, and the necessary equipment for instrumentation 

(including lighting and camerao) environmental .protection, mechanical oupport, 

and a contr~lled oupply of liquid,gas, and heat to the channel, A block diagram 

of the hardware lo ohown in Figurs 7, Each channel will be 2 i~~ches square in 

crass section. The upetream channel will be 15 inches long and will be packed 

with glaes beads approximately 3 nrm in diameter, T3e d~~rnstweam channel will be 

6 inches long and will be packed with glass beads approximately 0.8 mm in diameter. 

The walls of each channel will have transparent windows.to allow photographs to 

be taken of the bubble flow pattern- 

The channels and fluid circuit will be constructed and instrumented so that 

cne series of tests will be conducted using the liquid vapor as the gaseous phase 

and another series of testa using nitrogen as the gaseous phase. The liquid for 

both series will be water. The instr~men~atian will be such that the temperature, 

pressure, and quality data taken in both test series will be sufficient to allow 

the evaluation of the operation of the mass flow meter formed by the two channels 

in sequence, 

These requirements will make it necessary for a gas injector and an immersion 

heater to be located in the upstream end of the first channel. The nitrogen in- 

put line rill lead to the gas injector and the water will flow through holes made 

specifically for that purpose. A sketch of the injector is shown in Figure 8. The 

gas will flow out of the short hypodermic tubes. The glass beads will be packed 

to the surface of the injector such that the gas injection tubes will extend into 





Figure 8. NITROGEN INJECTOR 



the po~cus bed. The immersion heater (shown in Figure 9) will be placed in the 

porous bed immediately downstream of the gas injector. The electrical connections 

will pass through one wall of the channel. The struts and bare in heate: hard- 

waro will be the eame diameter ae the glare b~adc- When the heater ie being used 

the gae injector will not be used and vice-versa- 

Individual contxol~alveeand flowmetere for liquid and gao will be located 

immediately upetream of the channel* The nitrogen will flow from a high pressure 

storage tank arid will pass through a pressure regulator into the valve and meter. 

Five presmre transducers will be necessary to determiae pressures in and 

across the test channelso Five thermocouples and three quality meters will be 

required as indicated on the block diagram. 

An accunulator tank which will also serve as a condenser and a phase separator 

will be located between the second test channel and the pump. A preheater, for 

the purpose of raising the water temperature almost to boiling, will be located 

between the pump and the first channel, 

(b) Required Equipment - 
The required equipment for this project is as follows: 

(1) Pilot model for preliminary studies. 

(2)  Breadooard model consisting of two experimental flow channels 

with required pump, motor, instrumentation, and peripheral equipment for power 

and data recording, 

(3)  Approximate mockup to use in developing exact dimensions. 

( 4 )  Exact mockup developed during detailed design. 

(5) Prototype assembly which will be an exact duplicate of flight 

hardware for the purpose of qualification and testing. 



Connector u u j  

Figure 9. Inmereion Heater 



(6) F l i g h t  hardware a s  descr ibed i n  s e c t l c n s  bel*?w e n t i t l e d  "Envelope" 

and "Weight and size". 

( 7 )  A spa r e  should be provided f o r  every item of f l i g h t  hardware* 

(8) Ground support  equipment w i l i  be necessary  f o r  t h e  prelaunch 

checkout of equipment. ThFe w i l l  i nc lude  power aupply and t h e  neceecary 

equipment t o  check t h e  output  of t r aneducs r s ,  gas  supp l i e e ,  l i q u i d  eupp l i e e ,  

d a t a  recording system, a  test bench and working space  s u i t a b l e  f a r  uee  i n  

making t h e  checkout measurements- 

(c)  S t a t e  of Equioment De f in i t i on  

The aquipment ts i n  t h e  cocceptual  s t a g e  of development. S i g i n i f i c a n t  

t e s z ing  3f a p i l o t  model f ~ r  fundasen ta l  s t u d i e s  and of breadboard nodele has  

a l ready  been a c c o ~ p l i s h e d  a t  t h e  Univers i ty  of Alabama. Reports  of t h i s  a r e  

included i n  earlier p a r t s  t h e  Fins1  Repors f o r  NAS8-21143. "owever, as 

discussed i n  Sez t i an  11-5 h e r e i n ,  a much m3re e f f i c i e n t  des lgn  and ope ra t i on  of 

t h e  f l i g h t  experiment can be ;lanned i f  f u r t h e r  d e f i n i t i o n  of t h e  equipment is 

obtained by mezns of groundbased t e s t i n g  e s p e c i a l l y  sii.ce t h e r e  has  been con- 

s i d e r a b l e  change i n  t h e  p r c ~ o s e d  experiment hardware s i n c e  t h s  p r epa ra t i on  of 

t h e  Experiment Proposal .  

2. ENVELOPE 

The f l i g h t  equipment is planned t o  f i t  w i t h in  a space  approxixcately 33" x 20" 

x 20". A sketch  of t h e  envelope is shown i n  Figure  10 ,  

3 a  WEIGH'? AND SIZE 

The es t imated t o t a l  weight of t h e  complcte e x p e r i ~ e n t  aseembly is 200 pounds 

of ha rcks re  and 1.30 pounds of l i q u i d  and qas.. The weights  of t h e  sepaTa- 

r a t e  items i n  t h e  cott9: i ed  hardware a r e  given i n  t h e  fo l lowing t a b l e .  Reference 

should be made t o  Figure  10 t o  i d e n t i f y  items on t h e  geometr ica l  ske tch .  The 

o v e r a l l  voluqe of t h e  completed r : e m b l y  w i l l  be  7 .7  cub ic  feet. The 





vclume, dimensioaa, and shape of Items wiii b e  t he  same f o r  s to red  and operat ion 

condi t ionsm The f i l m  and da t a  tape a r e  t he  cnly items t h a t  need t o  be  s t o r e d  i n  

the  command module and recovered, 

Item No. 
_r 

Descr ipt ion 

1. Channel. (1) 

2 .  Channel ( 2 )  i0 

Accumulator, Condensor, 30 
Phaee Separator 

4.  Pump and Motor 25 

5. Pre-heater Tank 10 

6. Nitrogen Tank 25 

7 .  Camera 5 

Light ing 

Tubing, S i t t i n g s ,  Valves, 
Regulator& 20 

Film snd 2 ~ c a  T&p= 20 

Support S t ruc tu re  25 - 
Tota l  Weight Hardyare 200 lbs .  

Liquid and Gas - 130 l b s .  

Tota l  Weight Hardware and Fluids  3-10 lbs .  

4 .  POWER REQUIREMENTS 

Cer ta in  Ztems l i s t e d  i n  Item 3 above r equ i r e  power t o  operate .  These 

items with t h e  est imated power required a r e  l i s t c d  below. The items not  l i s t e d  

below do not  r equ i r e  power. 



Power in W a t t a  

Item Description 

Pump Motor 

Camera 

Lighting 

Heatere 

Preheat er 

-tit and by 

Instrumcntation - 15 

Total Power Rcquired 3 30 

5 ,  SPACECRAFT INTERFACE REQUIREMENTS 

Average Maximum 

(a) Required or Desired Location 

This experiment can be located anywhere inside or outside the 

spacecraft. The design of the supporting strlJcture can be performed 

for either ior7tion. An environmental protective jacket will be re- 

quired if the experiment is located outside the spacecraft. 

(b) Mounting Requirements - 
Three hard points on the vehicle will be needed to mount the 

supporting structure. 

(c) Subsystem Support Requirements 

Maximum electrical power as estimated i.7 a preceding section will be 

330 watts, A total eneray expenditure of 2 Kwh will be zequired for a 

total of 10 hours of tests. No speciai guidance is needed. No comuni- 

cation requirements are anticipated if the data is store4 on film and 

tape. Data recording system will require 19 channels.Accelerations of 

or g will be required during the tests. 

(d)  Mechanical Linkage or Control Requirements 

No special mechanical linkagc or control requirements will be needed. 



6 . ENVIRONMENT CONSTRAINTS 

(a) Environment Exrremee 

The experiment i s  to  be  ineide the spacecraft or surrounded by 

a protective environmental jacket which w i l l  be principally a thermal 

inrulator,  The thermal tolerancar l i r t e d  below, which are requirad in- 

aide the protective jacket,  apply t o  the entire  experiment aarembly. 

Conetraint 

Thermal 

Stored 

Operational 040 - LBO "R 

Atmospheric Pressure No Restricticns 

Relarive Yumidicy No Restrictions 

Air Movement Rate No Restrictio~s 

Con t smin an t s No Restrictions 

Acceleration (Storage) 

Acceleration (Operat ion) 

Nq Restrictions 

10-3 and g's 

Vibration (Storage) To be determined 

Vibration (Operat ion) To be determined 

Noise No Reetrictisns 

Light Tolerance No Restrictions 

Radiation Tolerance !la Restrictions 
(Except as it might affect 
f ilmn Possible tolerances 
for film containers will be 
investigated) , 



(b)  - I n r e r f e r e n c e  bnd Contzminacion C a u s ~ d  by Experiment 

I t  is  expected t h a t  t h i s  experlment w i l l  no t  cause  any i n t e r -  

f e rence  wi th  ~ t h e r  equipment. 

7 .  DATA MFASUREMENTS REQUIREMENTS - 

The fa i lowing  t a b l e s  c c n t a i n  a p re l iminary  l ist  of the measure- 

mente which w i l l  be r e q u i r e d  wirh some sf the i r  c h a r a c t e r i s t i c s e  

In a d d i t i o n  t o  t h e  measurements l i s r e d  i n  the t a b l e s ,  p h o t ~ g r a p h i c  

r ecords  from two f i l m  cameras w i l l  b e  r i q u i r e d .  The o p e r a t i o n a l  speeds  

of che sGmeras will be i n  the range frcm 8 tc 1OOO frames p e r  second-  

T e l e v i s i o n  cameras may be  used b u ~  ar p r e s e n t  they a r e  no t  planned 

as an e s s e n t i a l  p a r t  df the experlment 

'leasuremenrs cf a c c e l e r s + i ~ r i s  a r e  nct shown i n  t h e  t a b l e o  However, 

t h e  1.1agnitude .2f l i n e a r  and angular  d:ceieraclons should b e  aecermined 

wick i n  0 .5% all3 t h e i r  d i r e c t i z n s  w i t h i n  cne degree  of a n g l e ,  

Time l a p s e  m w t  be measured and rhe  experiment measuremen+.s must 

be  c s r r e l a t e d  i n  t i m e  w i t h  t h e  measurements of s p a c e c r a f t  a c c e l e r a t i o n .  

Each t e s t  (corresponding t o  a  s p e c l f i c  combination of parameters)  

w i l l  t a k e  f i v e  minutes" There w i l l  b e  12  groups of 10 tests, i , e . ,  :ne 

group f o r  each combination of gaseous phase (N2 o r  water  vapor ) ,  channel  

f law o r i e n t a t i o n  ("up", "down", ~ r " h o r i z o n t a l " ) ,  and va lue  of g r a v i t y  

(loo5 g o r  10-3 g ) .  



Pressu-e a t  
zind Near Test 

Parameter t o  be Measured Channels 

Expected Values Uni t s  p s i  
of Parameter 

Average 10 

Range 0-20 

Nitrogen 
Pressuze  

30 i n  Flow Tube 
200 i n  Tank 

0-40 i n  Flow Tube 
0-500 i n  Tank 

Meaaurernrnt How Gften 12 tertr per hour for 10 hctira. 
Charactariatic8 (e .g .  Timer per 

Day 

Duration of 5 min 
Each (Avg , ) 

T o t  a 1  liumber i n  
Mission 120 

Output S igna l  TY pe Analog 
of Instrument 

Frequency Range, 
CP S 0-100 

Amplitude Range 
(e.g. n-5 Volts)  0-28V 

Instrument Renolutiog 
(% T o t a l  Sca l e )  0 ,. 5% 

P-e ad-0: 
Requireh .;s No. of Chennels 5 

Sampling Rate 1 
(Times p e r  Sec , ) 

Recorder Needed Yes 

5 n in  

Analog 



Parameter t o  be Measured 

Expected Values Unite 
of  Parameter 

Temperature 

OR 

Average 4tt2 

Range $40-480 

tlehsur ement %ow Of'iien 
C h a r a c t e r i s t i c s  ( e , g <  times per  day) 12 tests per  hour f o r  10 h r s ,  

Durat lon of Each 
(Avg, 5 min 

To ta l  Number in 
Mission 120 

Output Signal of Type 
Instrument 

Read-out 
Requirements 

Amplitude Range 0-28V 
(e.gc 6-5 Volts)  

Instrument Reso- 
l u  t i on  0 .5% 
(%Total  Scale)  

No. of Channels 5 

Sampling Rate 
(Times per  Sec.) 1 

Recorder Needed yes  

Volumetric 
Qual i ty  

percent 

Frequency Range, 0-2 
CPS 

S min 

120 

Analog 



L ~ q u l d  Flow Gas Flow 
Parameter t o  be Measured Rate Rate 

Expected Values 
of  Parameter 

Measurement 
C h a r a c t e r i s t i c s  

Output S igna l  
z l  Instrument 

Read-out 
Requirements 

Uni ts  GPM 

Average 1 .0  

Range 0-5 .O 

SCFM 

How Often 
(e,, g. Times 
pe r  Day) 1 2  t e s t e  p e r  hour f o r  10 hours  

Durat ion of 
Each (Avg . )  5 min 

T o t a l  Number 
i n  Mission 120 

Type Analog 

Frequency Range, 
CP S 0-20 

Amplitude Range 
( E . G .  0-5 Vo1ts)O-28V 

Instrument Resolut ion 
(% T o t a l  Scale)0 .5% 

No. of Channels 1 

Sampling Rate 
(Times pe r  Sec .) 1 

Recorder Needed yes  

5 min 

120 

Analog 



Parameter t o  be Measured - 

Expected Values Units  
of Parameter 

Aver age 

Ran ge 

M o ~ G ~  Channel Heater 
Voltage Powl!r - 

Volts Watts 

Measurement How Oft en 
Cha rac t e r i a t i c r  ( e l  g .  Times  per Day) 12 ter t r  per hour for  10 h r r ,  

Duration of Each (Avg . ) 5 min 5 min 

Total Number i n  Mission 120 120 

Output Signal  of 
Instrument Type Analog Analog 

Frequency Xange, CPS 3-20 0-20 

Amplitude Range 
(e ,g. 0-5 Volts)  0-28V 1)-28V 

Instrument Resolution 1% 
,% Tota l  Scale) 

Read-out 
Requirements No. of Channels 

Sampling Rate 
(Times per  Sec . ) 

1-ecorder needed 



SECTION IV - OPERATIOMAL REQUIFdlMENTS 

SPACECRAFT ORIENTATION REQUIREMZNTS - 
(a )  Descr ibe  Maneuvers 

The maneuvers r e q u i r e d  are those  necessary  t o  ma in ta in  10-3 g level 

f o r  5 hours  and 10-5 g l e v e l  f g r  5 hours .  These may b e  i n  i n t e r v a l s  

a s  emall a s  5 minutes each,  

(b) Type of Orb i t  

Any type  of o r b i t  will be adeqnate ,  

(c )  O r b i t  Parameters  

There a r e  no p a r t i c u l a r  requirements  r e g a r d i n g  o r b i t  parameters .  

( d )  L i g h t i n g  C o n s t r a i n t s  

Necessary l i g h t i n g  w i l l  be  b u i l t  i n t o  t h i s  experiment t h e r e f o r e  

t h e r e  a r e  no e x t e r n a l  l i g h t i n g  c c n s t r a i n t s .  

( e )  Time of Month, Day, Phase of Moon, e t c .  

No p a r t i c u l a r  requi rements ,  

( f )  Nuuber of Measurements Reguired 

Approximately 120 t e s t s  w i l l  be run .  

( n )  T i m e  P e r  Measurement 

m- ~ n r ,  tic each run w i l l  average about 5 nclnutee. 

(h) - d r k i i a l  Locat ion - During Measurements 

The::o a r e  no p a r t i c u l a r  requirements  r e g a r d i n g  c r b i t a l  l o c a t i o n  

dur ing  measurements.. 

( i )  Spacecra f t  P o i n t i n g  Accuracy: P i t c h ,  R o l l ,  Yaw. 

No p a r t i c u l a r  requirements  on p i t c h ,  yaw and r o l l  o r i e q t a t i o n .  



(j) Allowable Spacecraf t  Rate: P l t i h .  Ro l l ,  Yaw, 

This  experimeni w i : l  r e q u i r c  t h a t  the  t o t a l  a c c e l e r a t i o n s  caused 5y 

p i t c h ,  r o l l  and yaw be kept  ;o l e s s  tl-ail one percent  of g. Assuning 

a r o t a t i m  rad ius  of P f e e c ,  this w i l l  a l l 0 4  A r e v o l u t i c ; ~ ~  pe r  dby. 

2 .  ASTRONAUT TRAINING 

A p r e f l i g h t  t r a i n i n g  progrLm I s s t i n g  about 8 hours  ahould be  s u f f i -  

c i e n t  f o r  t h e  a s t ronau t s  a d  w i l l  ir~clude t h e  fol lowing:  

( a )  I n s t r ~ c r i o n  on t h e  purpcse,  c b j e c t i v e  and background ~f t h e  

experiment . 

(b)  Explanation of t h e  phys ica l  p r i n c i p l e s  involved and why r he  

deal  red masux ement e are import ant. 

( c )  3 p e r a t i m  of a prototype  cf t h e  experiment by t h e  ae t rona- i t s  

ss t h a t  they wiil be f aa iL i a r  w i t h  e,oery aspec t  of ':4t ~ - ~ , ; a r a t i o n  and ob- 

j e c t i v e s .  

No t-rai ; , lng program w i l l  be necessary  f o ~  rhe  ground and i n s t a l l a -  

t i o n  crews. 

3 ASTRONAUT PPRTICLPATION PLAN 

The fc l lowing is a iist c f  z s s k s  which will be repea ted  f o r  each 

t e a + "  Each of t h e  taste. can be  perfor~ned by one man" A 1 1  of t h e s e  

activities w i l l  be perforued i n  , l i  rhc  wi th  no p a r t ~ c u l a r  reqalremente 

regarding o r b i t a l  p o s i t i o n ,  The avzLage time f o r  a  run w i l l  be about 5 

d n u t e s ,  The t a s k s  occur prinlarl ly at t h e  beginning and end of t h e  run. 

I I The a c t i v i c y  dur ing t h e  run is e v ~ . l u , t i c r ,  of experiment opera t ion" .  

Approxiuiately 120 runs  of t h m  t y p e  , ~ e  p l a r ~ ~ a d .  

Event Astror!aut Ac:j.vity ---- 
I n i t i a t i o n  of experiment Close Svf tc1;'. . 

O C C I ~ ~ ,  znce of de s i r ed  l i q u i d  Adjust the. lfqui ! va lve  t o  
flow. ; ~ e l d  pre-deternined flow r a t e .  



Evenr (c  znt . ) -- =... --- A E I K C ~ ~ U ~  A ~ t i ~ i t g  (cont - ) 
Occurence of d e ~ i r e d  giis flow Adjuet rhe gas va lve  t o  y i e l d  

predetermined flow race .  

o r  
Eear lng i n i t i a t e d  

o r  

Set hear lng  power a t  predetermined 
l e v e l .  

Evaluat ion of experiment Observe flcw and eyetern preeeure  
opera t ion  l e v e l  

Obtain d a t a  Start d a t a  a c q u i s i t i o n  eyetem. 
CEzck ~ n d  v e r i f y  ope ra t i an  of system. 

Obtain phoragraphic record  Set camera a t  predetermined speed,  
6 t x ~  and s t o p  camera" 

End sf run S ~ c p  data a c q u i s i t i o n  system. 

Scop gas flow cr s t o p  h e a t i n g  C lose  gas va lve  o r  t u r n  o f f  h e a t e r .  

Reduce p r e s su re  on system Depressur:ze system by opening 
venc on accumulator. 

Stop l i q u i d  f low o r  begin A d ~ u s r  l i q u i d  va lve  t o  y i e l d  pre-  
next: run determined flow r a t e ,  

4 ,  RE-LAUTICH SUPPORT 

(a) PreLiminary Shipping and Handling P r - ~ e d u r c s  

The experiment w i l l  be  shipped t,: KSC from MSFC where some qua l i -  

f i c a t i o n  r e s t s  w i l l  have been p ~ e v i ~ ~ u s l y  zun-  The d e t a i l s  of sh ipp ing  

and handl ing procedure w i l l  be  worked c u t .  

Preliminary I n s t a l l a t i o n  and Checkauc Procedures 

A cons ide rab le  amounr of  t e s t i n g  w l l l  need t o  b e  done t o  check 

out  the equipnent*  This w i l l  take s e v e r a l  days a r  KSC. 

(c) F a c i l i t i e s  

During t h e  checkout t i m e  o f f i c e  space  f ~ r  one man and about 150 

square f e e t  of l abo ra to r y  space w i l l  be requ i red .  

A* "Pa-, 
h. 



(d)  Test Equipment 

The cesc  equipment requ i red  w i i i  be a l a b o r a r x y  bench and power 

supply and t h e  neceeeary equipment t o  t e s t  the zu tpu t  of each of t h e  

t r a n e d u t t r e  and camera@ which w i l l  be used t o  ob t a in  d a t a 2  

e Sarvicea 

The rervices requ i red  wsli be: 

(1) Power eupply i d e n t i c a l  t o  t h a t  cn s p a c e c r a f t .  

( 2 )  Nitrogen eu,pplyn 

(3) A i r  and water supp ly .  

5 >  FLIGHT OPERATIONAL REQUIREMENTS 

There is  a p o s s i b i l i t y  that b e r a ~ s e  s f  thermai requirements  wh i l e  

operacing,  t h i s  experiment may have t a  b e  placed i n  a s p e c i f i c  poe ic ion  

with respec t  r o  t h e  sun wh i i e  a run tti being made. Communications be- 

tween crew and grzund w i l l  be reqsired f ; r  r e o r i e n t a t i o n  of experiment 

i n  case  of  minor f a i i u r e s .  

6 ,  - RECOVERY REQUIREMENTS 

The only items t o  be recovered w i l l  be the  d a t a  t a p e  and t h e  f i lm.  

It is  es t imated thzr  t h e  t o t a l  weighr will be 20 pounds, and t h a t  i t  can 

be  placed i n  a con t a ine r  L2'' x 8'' x 8"-  NO s p e c i a l  equipment is  needed 

on recovery ships. The recovered f i l m  and teduced d a t a  should  b e  s e n t  

t o  t h e  p r i n c i p a l  i n v e s t i g a t o r  at t h e  Unlvcrsicy of Alabama. 

7 ,  - DA'I'A SUPPORT REQUIREMENTS 

The pre-f lFght  c o n t r o l  and suppor t  d a t a  w i l l  be gathered i n  the 

engineer ing l a b o r a t o r i e s  a t  t h e  Univers i ry  of Alabama i n  Tusta loosa ,  Alabame. 



SECTION V - EXPERIMENT DEVELOPMENT APPROACH 

 his section will require additional investigation and sbne input by NASA personnel). 
This  section should provide the guidelines and ground rules +o be followed i n  
preparing the reliabil i ty,  qualification and t e s t  specifications to  be followed 
during the development of the experiment hardware, Existing NASA directives, 
wl ic ies ,  and procedures, wiLh any special instructions, shal l  be followed where 
applicable. 

In formulating these g-tidelines, the re l iabi l i ty ,  qualification and t e s t  program 
should be oonsistent wit ;?  the magnitude and complexity of the experiment and with 
the importance of the experimnt t o  the primary mission objective. A l l  experiment 
equipment, eyatems and subsystems wrst be designed, constructed and tested t o  
etandarde adbquate to prevent o ~ ~ s a  of orer edfety or vehiole perfomaxwe and 
to ensue a high probability of auooersfully aooomplirhing the exporimsat i n  rpaoe, 
Clore o o o r d i ~ t i o n  ia  earential betmen the Payload Integration Cen%er and the Ex- 
periment Dewlopent Center i n  preparing '-gee quideliner t o  ensurs that the m- 
quimmente of the experiment, r e  wel l  ae the flight program, are rdequrtely 
artisfied, 

- - - - - - 

l a  RELIABILITY PRDORAM 

Identify the prinoiprl elemento of ths rel iabil i ty program for the expsrmnta 

2 APPLICABLE PUBLICAT IONS 

Cite the applicable MQA Publications which w i l l  be followed, 

Specifically ident im the qualification guide1b.net by which the experiment 
w i l l  be developed. 

4 TEST PUNS 

Provide specific t e s t  plans for the developsrs.at, a,?ceptance aad qualification 
of the experiment equipment. 

- 

5 ,  DOCUMENTATION 

Identify the docw~entation that  will be required to validate the RkgA pmgram. 



SECTION VI INTEGRATION APPROACH 56 

(This section will require additional investigation and some input by NASA personnel). 

This section murt present the plan for meeting the mquiremente of the preceding 
Section6 11, 111, and IV.  Suffioiet  detai l  i e  neoeesary to defim the complete 
integration reyrimmentr and t o  aclsess the experirmnt/epaoecreft coapatibility. 
The infomation rhal l  imlude, but mt mceeeerily be limited to, data pd imnf  
to  the following areae: 

Selection of the experiment looations for storage aad operation during the 
varioue phases of the mieeion, such. ae launch, orbit, and reentry, shall  be 
described. 

2. INSTALLATION AM) STRUCTURAL WDIFICATIONS 

Identify the rplaoeoraft modifioat:i~lle, inoluding r t ructunl ,  plumbing and 
wiring, neceaeary t o  aooonnnodatrr the experiment, 

30 SPACECRAFT SUBSYSTRS 

Detemine the mdifications needed to supply the experiment with the Storage 
and r~peratioml requiremnts, moh as power, enviroas~ental oonfml, data 
measurement and recording o r  transmission facili t ies.  Provisions for  spacecraft 
guidance and navigational requirements shall also be included. 

4, EX'ERTMENT OPERATIOA 
\ 

Describe the provisions for operating the experiment, such as control panel% 
displars, lidsages for experiment control, etc, 

Describe the means for accolIPnodating the expezliment constraints required by . 
Section 111, 

60 PRE AND POST LAUNCH SUPPOKT 
4 

Discuss the provisions for providing p r e  an3 post-launch item, such as facil- 
i t ies ,  t e s t  equipment, eemricee, etc, 



SECTION VI  INTEGRATION APPROACH (Cont'd) 

7 .  ASTRONAUT TRAINING EQUIPMENT 

Describe the plan for providing idertified astronaut training equipent, eucn 
as simulations, training unite, and special equipment. 

8. SPECIAL SERVICES 

This part should describe the provision8 for comnunicRLion network support, ret- 
covery requirements, special data haadling, etc. 

9.  ASTRONAUT PERFORMANCE 

Asseeu the astronaut capability t o  perform the experiment. 

10. REAL TIM FLIGHT OPERATIONAL SUPPORT 

Deeoribe the p b n  for providing the real operational  upp port required by the 
experiment including the following areas : 

a. Telemetry data. 

be Cammand data uplink. 

c. Voice data, both to  the crew and ground controllers. 

d. Any other special requirements identified t o  conduct the experbent. 



SECTION VII PROGRAMMATIC INFORMATION 

(This section will require additional investigation and some input by NASA personnel). 

1. MANAGEMENT A R R P N G m l T S  

This section should designate the elements a t  the Payload Integration Center 
(PIC) and the .Xxperiment Development Center ( EDC) responsible for  the develop 
ment ard implementat-ion of the experiment. Further, it should identify the 
relationship between PIC, EDC, the prinoipel investigator and a l l  d h e r  
organisations including clontraotors involved i n  'implementation of the experi- 
ment. A diagram detailing th i s  management structure should be imluded. Speoific 
amas t o  be covered include: 

a, Assignment of experiment maragement responsibility i n  terms of i t s  systems, 
subeys terns and f l igh t  ob je,cti;ree. 

b. A description of the management orgnniaation for  the experiment. Clearly 
indicate the individuals t o  be assigned responsibility fo r  arenagement, aad 
identify the i r  l ines of authority and responsibility and a w  specific 
authority limitat ions. 

c. A description of the reeponsibilities and re la t ionship  t o  NASA of any ex- 
ternal organisations involved i n  the experiment. 

d. A description of atly permanent advisory bodies, such as standing committee8 
and evaluation groups, - 

e. An assessment of possible i n t e m t i o n a l  requirements of the experiment o r  
opportunities for  international cooperation, stating whether ,or  not exist- 
ing overseas f ac i l i t i e s  are l ikely t o  be wed o r  additional f ac i l i t i e s  
needed. Describe support of any kind b3 fcrrei~fn organieationa or  govern- 
ments which w i l l  be advantageous, 

Provide a description of the procedures to be used i n  reporting s tatus of the 
experiment implementation. Ident im the principal r e p o d  t o  be prepared and 
describe the i r  nature, frequency and distribution, Include reports used a t  the 
inetal lat ion level  to mmge program effor t  between a l l  CePtera and orgaaba- 
tione including ctontraotora, 

NASA FOPU 134'7 DEC 67 
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SECTION VI I  . PROGRNMATIC INFORMATION (Cont'd) 

Thi8 section rill eummariae necessary procurement plan arrangements and pnc1l.m- 
ment aotivity ae follows: 

a. Lie+% eroh piarmed oontreot or  clubaontrrot ef for t  for raoh phase o f  the 
experiment, 

b. L i s t  the planned schedule for  each procurement activity. 

EXPERIMEtNT PHASE 

c6 Provide the following fnf~rmstfon relative t o  experiment hardware contract 
activity, 

AGENCY PERFORMING WORK 

EXPERIMLNT PHASt 

( 1) R ~ l e  of. the Frincipal Investigator (PI) as prime contractor or  tech- 
nical  consultant, 

( 2  Capability of the PI'S inst i tut ion t o  menage the work Lnvolved. 
(3 1 Willingness of the PI t o  entertain competit.ive procurement i n  h is  

hardware d e v e l o p n t  effarte. 
( 4 )  Provieions for providing requirement8 of hardware commanallty between 

previously qualified f l igh t  hardware and that which is now proposed. 
( 5 )  Pmvisions for  providing the interfase requirements of the propocred 

experiment hardware and other experiments contaimd i n  the conrmn 
payload, package ( i f  applioable) . 

The experiment can be designed and built i n  a period of two years. 

TYPE 

WORK STATEMENT 
COMPLETE 

CENTER MONITORS & 
TECHNICAL ADaN. 

SUBCONTRACT 
REVIEW COMPLETE 

' RFP 
RELEASC 

' AWARD 
CONTRACT 
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SECT ION V I I  PROGRAMMATIC INFORMATION (Cont'd) 

Provide the funding requirements of the  experiment by quarter aa indicated on 
the following page (Quarterly Funding Repuirementt.) . The t o t a l  Nnds necessary 
for oompletion of the rxprimnt w i l l  be e8timrtsd, both for in-houe and 00- 

t raot  effort, The finding should be broken' in to  the area8 indicated on the 
sheet and ehauld i d e n t i e  the aouroe of funding for enoh area, The amount of 
d e t a i l  and the selection of  element^ of work breakdown and cost oategorfes t o  
be used will depend upon She complexity and part icular nature of the  experl- 
ment; however, the general objective8 of the fund ecltimate pfeeentrtion ehould 
be t o  i roif i ta t r  validation of the  oompleterasr and rrrrr~nablrnes~c of the hrnd 
rr t imrtr ,  8r wall a8 to provide r h ia tor ior l  point o f  d e p r t u m  tct- merningfil 
revirion o f  illad ertimrtrr 88 experiment areupt ione a*r prioirq frotora 
0 h h ~ f 9  r 

The experiment can be design5d m d  built duri~g e period of t*o years 
for an estimated cost of $200,000. 

During thir psriod of time further fundamental and supporting studies 
should be conducted at the University of Alabama. A brief description of 
there studies is indicated in Section 11-5. Funding for these supporting 
studies should be $60,000 per year for two yeare. 
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SECTION VII PROGRAMMATIC INFORMATION (Cont'd) 

9. In-house manpower estimates are to  be shorn for each center and/or instal- 
lation, and categorbed insofar ae possible by aysteme and subsystems, and 
'oy fiecal year for the l i f e  of the experiwnt. The experiment totals  should 
be r e a ~ r i s e d  to  raflrot for elroh syatrm ( and bgr fisoal year) the manpower 
effort required within each center and/or inetallation i n  its conduct of: 

(1) &search and developrent, and 

(2) &periment and eyatcm nmnagement? inc~uding ccotractor mnitoskng. 

b, The contraot manpcwer eetima~es ere t o  be shown i n  a elmllar manner t o  the 
in-houee estinrrtes, 

7, FACILITIES 

Ali rmjor faci l i t ies  ana iab e q u i p n t  (including those of contractor8 and 
other Government agencies) eseentisl to  the experiment i n  terms of its systems 
ard siib8y6tems, are to  ts indicated, d i ~ t i n g u i s b d  insofar as p~seible between 
those already in existence ard those that w i l l  be developed i n  order to  execute 
the e x p r b e z t .  T58 mtl iz~  of e~ ie+ , i rg  fac i l i t i es  should i n d i c ~ t e  their sched- 
uied availability. The outline of new faci l i t ies  should Zndicate the lead tine 
involved ard the planned schedule for construction, modif icatioa, and/or ac- 
quisition of the facili t ies.  

8 ,  MPEFUMENT RESULTS 

a. Specify the channels and faci l i t ies  M be used for retrieving raw data, 
processing them into usable records, and transrrdtting them to  the experi- 
menter and other appropriate ueers. 

b, List the technical reports required fos 

( 1-) 1' m c k  L - x P f  -r).qels 

(2)  Data reprts 

(3) Pre l imimry  sna741vl?ia 

(4) Technical notee/memranda (N4.U and contractor) 
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SECTION VII . PROGR.WMATIC !NFORMATION (Cont'dS 

c. Indicate the planned eohedule for =lease of the above t e o U c a l  infornu- 
+.ion t o  

( 1) Headquartere epo~oring program of f*ioee 

(2) The nem mdia 

NASA FORM I347 67 
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