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1. General Sumnary 

Vapor-liquid phasz separation by means of porous plugs 

("Fairbank plugsw') has been explored siuce the  Seventies in pre - 
paration fo r  f l i g h t  demonstration. The l a t t e r  has been i n i t i a t e d  

in 1983. Tnis year provided data  of the  TIUS system. The r e su l t s  

include ac tual  performance data of porous plugs in  space acting 

a s  important subsystem ~~~~~~ts f o r  the  cryogenic liquid. 

NASA Grant NCC 2-64 i n  pa r t i cu la r  had the  purpose of pro- 

viding answers i n  three  m a i n  a reas  re la ted  t o  porous plug use 

fo r  phase separation. These points  a re  expressed a s  three main 

questions: 

i. Are porous media useful  ev- when design specif icat ions 

c a l l  fo r  variable areas and flaw r a t e s  respectively ? ; 

2. Is it possible t o  predict  main parameters of norous 

plugz f o r  a pa r t i cu la r  material  selected ? ; 

3. Is it possible t o  predic t  all parameters of the  plugs 

including secondary ones ? . 
Area 1 is a l s o  referred t o  a s  flow m~dulet ion R & D work 

based on porous media, and this question has been answered by a 

pa r t i c s l a r  demonstration of a device using a s t a i n l e s s  s t e e l  

plug. This work is described i n  the CEC paper l i s t e d  i n  Section 2. 

Area 2 is i n  between the  simple packed bed system of spheres 

and the  conplex s i tua t ion  delineated as  area 3. The  l a t t e r  has 

been found t o b e  qui te  complicated.?hts,partial progress has been 

achieved re la ted  primarily t o  questions of area 2 .In par t icular ,  

there has been a lengthy search fo r  charac ter is t ic  lengths de- 

termining the throughput. This e f f o r t  led t o  the  proposal t o  emplop 

a s ing le  cha rac te r i s t i c  length LC which i s  the square root of the  

pemeabi l i ty  of the  plug. The r e s u l t s  obtained , l i s t e d  i n  Section 2, 

so f a r  show tha t  indeed LC is a very useful  pzrameter . Throughput- 

pressure drop functions a r e  conveniently combined i n  dimensionless 

form. The dimensionless groups studied include LC . Srarting from 



Stokes - Darcy solut ions i t  has been possible t o  place upper bounds on 

the  functional range of transport covered by porous p h g  phase separators. 

The studies have been complex because of the  use of d i f ferent  sets of 

parameters by plug manufacturers. The latter deal  primarily with solid- 

f lu id  separatioa, and the  characterizat ion e f f o r t s  a re  directed tclvard 

infcrmation about the so l ids  t o  te f i l t e r e d  out. 

Concerning material  select ion i t  is noted tha t  s t a i n l e s s  s t e e l  

has been preferred . Rovever , the use of a lubricant  during pre- 

s intering operations jntroduces more complicated conditions than in 

near-spherical p a r t i c l e  beds . Examples of the l a t t e r  a r e  Imam from 

basic s tudies,  and bronze plugs and tungsten plugs have been found t o  

be re la t ive ly  c lose  t o  packed beds of near-spherical par t ic les .  In  

part icular ,  experiments have been run on the sleallest bronze plug 

ccmmercialiy available . It turns out t h a t  the  zero net  mass flow 

mode const i tu tes  an asymptote ro  the  phase separation mode when 

the temperature is lowereC. 

Concerning area  3 , the  s tudies  so f a r  have indicated tha t  there 

exis t  secondary parameters fo r  each type of plug. They a re  modifying 

the length Lc,to some extent,along with the  flow charac ter is t ics  of 

laminar and turbulent flow. Thus, a basic frame of reference has 

been achieved up t o  t h i s  point,  and more detai led work concerning 

the usefulness of the  frame fo r  d i f f e ren t  classes of plugs appears 

t o  be the next step. 

Detai ls  of the  work carr ied out a r e  l i s t e d  i n  the subsequent 

bibliographical data sections. 
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Additional work related Cu part to these topics is compiled in Section 3. 



3. ADDITIONAL REFERENCES RELATED I N  PART 

TO NASA GRANT NCC 2-64 

There has been preceding work on porous plugs l i s t e d  be lw .  

I n  addi t ion,  an NSP Grant has  been concerned with thermo-osmotic 

t ransport  phenomena. In  general ,  porous plugs w i l l  be subject  t o  

thermal boundary condit ions of a non-adiabatic na ture  (diatherraall 

diathermic boundaries with f i n i t e  heat t r a n s f e r  r a t e s ) .  This 

point has been ~ a d e  by U. Schotte  ( Physlca 107B, 1981,577-578 ) 

f o r  w a l l  e f f e c t s  of non-isothermal p in  devices used f o r  phase 

separation. I n  addi t ion  the re  may be t r ans i en t  e f f ec t s .  Thus, there  

may be an ind i r ec t  r e l a t i o n  t o  sol id-  He I1 in t e rac t ion  , i n  

pa r t i cu l a r  during acc identa l  anomalies of system operation. The 

f l w  modulator l i s t e d  i n  Section 2 incorporates  a ro t a t ab l e  shut ter .  

There has been a previous phase of ro t a t ing  I?e4 research (supported 

by an NSF Grant). I n  l i n e  with these addi t iona l  top ics ,  papers 

i n  those ca tegor ies  a r e  l i s t e d  below. 
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A B S T R A C T  0 F T H E S I S  

The Characterization of Sintered 

Stainless Steel Porous Plugs for 

Vapor-Liquid Phase Separation of He 11 

Sidney U. Yuan 

Master of Science in Engineering 

University of California, U s  Angeles, 1981 

Professor Traugott H. K. Prederking, Chairman 

The vapor-liquid phase separation of Re I1 by means 

of porous plugs has been of great importance in long-term 

storage of cryogenic liquid for space equipments. It is 

the purpose of this vork to study the properties of sintered 

stainless steel porous plug with a nominal pore sisd of 

2 PI. The pemeability (K ) at various temperatures wzs 
P 

4 measured by passing 9e gas through the porous plug at 

room tempe~ature, liquid nitrogen temperature and liquid 

helium temperature. In agreement with Darcygs law Z was 
3 

2 found to be 5.65 X lo-' cm at room teaperatwe and 

2 L = 4.9 X 10" crn at 77.4 X. The decrease in perme- 
P 
ability found e-xperinentally was larger than the contractioa 

rate of bulk stainless steel. Using the assumption that 

the pores of the plug are o2de of capillary ducts or slits, 

a hydraulic radius of 1.33 X cn was found. In fitting 

the experimental datz by 3r,pn1s equation for gacked beds, 

a particle diaceter of 3.3 X lo-' cam was evaluated. The 

porous plug was further ch~xacterized by studying the flow 

of He I1 in the plug. The normal fluid permeability (K?), 

was calculated. It was found that (K ) was lower than 
P n  

the classical permeability. As temperature was lowered, 

(K ) increased and a~proached the order of magnitude of 
P n  

the classical value. Therzal circulation convection m s  

found to occur in the porous plug. 



A B S T R A C T  O F  T H E S I S  

Penreabilities of Sintered Porous Petal Plugs and Transport Raks 

of Vapor-Liquid Phase Separators for  He1 ium 11 Vessels 

by 

Jeffrey Harshall Lee 

Master of Science f n Engineering 

llnivcrsity of California, Los Angeles, 1983 

Professor Traugott H. K. Frederking, Chair 

Sinteted stainless steel and bronze porcus plugs (pore size fm 

2 t o  10 w) have been characterized for  cryogenic liquid-vapor phase 

separation in dewars, i n  particular l iquid He 11 vessels. k s u r e d  

permeabilities (K of Darcy's law) o f  the 2 s ta inless  steel p l u ~ s  P 
sha. a 10: mduction f n n  300 K t o  77 K with 5 = (5.03=CI.3)~10-~ d 
and 5 = (3.2dl.3)xl0-~ anZ . Plugs of pore s i ze  greater than 5 rmr 

- 
she* "p (3.01~).03)~10'~ a? (5  w stainless  s t e e l ) ,  and 5 = (1.016 

d.045jx10" d (5 to  15 w f i l t r a t i on  sire, bronze). 

Oata far zero net mass flow through an insulated 2 urn plug i n  

He I1 agree w i t h  a modified Darcy equation of theno-osmsis based on 

n o m l  f luid properties, and with related l i t e ra ture  values. The vis- 

cosi ty fs re?laced by the nonral f luid viscosity %, and the driving 

Pressure gradient is  the them-osmotic (thennomechanical) gradient, 

9. me superficial flo* saeed of n o w 1  f lu id  f l o w  i s  ;no = K ~ ) ~  

vP,hn (supe*icial heat flux density go = P ~ ~ ; n o ,  (pST) thermal 
- 

energy density). A t  large OPT, vno-data are below the Oarcy value 

due to  turbulence, In the turbulent range, a modified Gorter-Hellink 

(M) equation i s  proposed for  4, with an aeus tab le  parameter (KM). 

is found to be a monotonically increasing function of the Don 

size (within the precision of plug definition) for  zero net ;nass flow 

and phase separation. In addition, a phase separation device with 

variable cross section has been successfully tested w i t h  f l  an changes 

of up t o  260% of .the mean value. 



5. Abstracts of Porous Media Papers 

C. Chuang e t  a l .  (1980). 'Vapor-Liquid Phase Separation.. " 

I n  cry-vessels f o r  space equipment , vapor-liquid phase 

separat ion by means of porous plugs has been of in te res t  i n  

severa l  advanced systems (e.g. i n f r a r ed  telescopes).  Plug operat ion 

is character ized by coupling of t h e  mass throug.,put t o  t h e  entropy 

r e j ec t i on  r a t e  required f o r  cont ro l led  vaporization. The l a t t e r  i s  

accomplished by u t i l i z a t i o n  of t h e  l a t e n t  heat  of vaporizat ion on 

the  vent s ide.  For defined entropy r e j e c t i o n  a most usefu l  quant i ty  is 

the  nonaal f l u i d  f l w  r a t e  which has t o  be known f o r  t he  thermo- 

osmotic conditions of t he  plug. Porous media concepts have been 

applied i n  a parametric study of var ious  quan t i t i e s  of i n t e r e s t  

fcr the  flow ra te .  This approach leads  t o  r e l a t i v e l y  simple so lu t ions  

f o r  small t ranspor t  ra tes .  A comparison of t h e  l imited da ta  ava i l ab l e  

with pred ic t ion  shows p a r t i a l  agreement i n  t he  conductance r a t i o  of 

phase separat ion expressed a s  entropy t ranspor t  r a t i o .  

T.H.K. Frederking e t  a l .  (1983) ,I1 S intered Plug Flow Modulation . . " 
A s in t e r ed  s t a i n l e s s  s t e e l  system is described which has the  

purpose of ac t ing  a s  a vapor-liquid phase separator  between a l i qu id  

H e  I1 bath and the  vapor vent  l i ne .  A va r i ab l e  c ross  s ec t i ona l  a rea  

component is incorporated i n  order  t o  modulate t he  mass flow r a t e  

through the  separator .  System d e t a i l s  and da ta  a r e  presented. 

S.W.K. Yuan et  a l .  (1983) ," Plug Flow  omp par is on". 

Flow through porous media tncluding s in te red  phase separa tors  

plugs at low temperatures has been invest igated f o r  plugs i n  t he  pore 

s i z e  range from 1 t o  1 0  pm. Experiments have been conducted i n  t he  

l i qu id  Helium 11 range with 2 p s t a i n l e s s  s t e e l  plugs (nominal 

re ten t ion  s i z e  of f i l t r a t i o n ) .  It i s  proposed t o  provide a common 

frame of reference f o r  t h i s  type of plugs by means of t h e  m o d i f i ~ d  

Darcy flow permeabili ty of normal f l u i d  t ransport .  



5. Abstracts of Porous Plug Papers (contin.) 

S.W.K. Yuan et al. (1983), I' Darcy Law of ~hermo-~smosis.." 

In frequently used solid-fluid material combinations of 

porous media systms, the thermal conductivity of the solid is 

significantly larger than the fluid values. In contrast, at low 
* 

temperatures the solid k-value may be quite small, and thr 

fluid may reach high k-values locally cr over an extended 

temperature range. In Helium-4 below the lambda temperature (= 

superfluid He 11) thermo-osmotic forces dominate transport 

phenomena. Darcy transport at low speeds in the laminar range is 

studied for the material combination of low conductivity solids 

and He 11. The continuum conditions of the two-fluid model 

are considered. The resulting thenno-osm~tic equation does not 

depend on the superfluid density ratio explicitly. The theoretical 

results obtained are compared with various data for different 

types of porous media. Good agreement with prediction is found 

within uncertainty limits associated with porous meJia 

characterization. 

* 
k thermal conductivity and apparent value associated with con- 

vection respectively. 
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