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ABSTRACT 

Theo re t i ca l  and exper imenta l  work was conducted t o  determine t h e  

e f f e c t  o f  v a r i o u s  phys ica l  p r o p e r t i e s  o f  porous media on p e r m e a b i l i t y .  

The t h e o r e t i c a l  work i nvo l ved  o b t a i n i n g  a  s o l u t i o n  f o r  a  l i n e a r i z e d  b u t  

complete form o f  t h e  Nav ie r  Stokes equat ion  f o r  f l o w  around a  sphere i n  a  

r e c t a n g u l a r  a r r a y  o f  spheres. The 1  i n e a r i z a t i o n  i nvo l ved  making Oseen ' s  

approx imat ion  f o r  t h e  convec t i ve  a c c e l e r a t i o n  terms. The G a l e r k i n  method 

was used and t h e  s o l u t i o n  was v a l i d  up t o  a  Reynolds number o f  about 10. 

The exper imenta l  and a n a l y t i c a l  work showed t h a t  t h e  Darcy equa t ion  

cou ld  be used over  t he  e n t i r e  range o f  Reynolds numbers as long  as i t i s  

r e a l i z e d  t h a t  i n  t h e  so -ca l l ed  non-Darcy range t h e  c o e f f i c i e n t  o f  per -  

m e a b i l i t y  i s  dependent on Reynolds number. Experimental  da ta  a re  g i ven  

f o r  t h e  p e r m e a b i l i t y  o f  va r i ous  porous m a t e r i a l s  as a  f u n c t i o n  o f  Reynolds 

number w i t h  p o r o s i t y  as a  parameter. 

Bloomsburg, G.L. and Carson, W.M. 

" E f f e c t  o f  Phys ica l  P r o p e r t i e s  o f  Porous Media on Water Movement." 

Technica l  Complet ion Report  P r o j e c t  A-025-IDA September, 1970. 

Keywords: *Pe rmeab i l i t y /Hyd rau l i c  conduc t i v i t y /Po rous  media/*Darcy1s 

law/Satu ra ted  f low/Groundwater. 



INTRODUCTION 

T h i s  p r o j e c t  was i n i t i a t e d  t o  a t tempt  t o  d e f i n e  r e l a t i o n s h i p s  

between t h e  p e r m e a b i l i t y  o f  unconso l ida ted  porous m a t e r i a l s  and phys i ca l  

p r o p e r t i e s  o f  t h e  porous m a t e r i a l  such as p o r o s i t y ,  o r i e n t a t i o n  o f  p a r t i c l e s  

and t h e  p a r t i c l e  s i z e .  The work was d i v i d e d  i n t o  t h r e e  s p e c i f i c  o b j e c t i v e s - -  

each o f  which was t h e  s u b j e c t  of a  graduate t h e s i s .  The exper imenta l  

work was conducted on t h e  campus w h i l e  t h e  ex tens i ve  computer runs  were 

done a t  t h e  U n i v e r s i t y  o f  Idaho, Washington S t a t e  U n i v e r s i t y  and Nova 

Sco t i a  Techn ica l  Col lege,  H a l i f a x ,  Nova Sco t i a .  

OBJECTIVES 

The s p e c i f i c  o b j e c t i v e s  were: 

1. To i n v e s t i g a t e  t h e o r e t i c a l l y  and expe r imen ta l l y  t h e  f l ow  

o f  f l u i d  around va r i ous  a r r a y s  o f  c y l i n d r i c a l  and sphe r i ca l  

p a r t i c l e s .  

2 .  To r e l a t e ,  t h e o r e t i c a l l y  and expe r imen ta l l y ,  t h e  c o e f f i c i e n t  

o f  permeabi l  i t y  f o r  unconsol i d a t e d  porous niedia t o  t he  p a r t i c l e  

s i z e  and p o r o s i t y  o f  t h e  niedia. 

3 .  To determine, t h e o r e t i c a l  l y  and exper imenta l l y ,  a  c a p i l  l a r y  

p ressure  s a t u r a t i o n  r e l a t i o n s h i p  f o r  an arrangement o f  sphe r i ca l  

p a r t i c l e s .  

PROCEDURES 

O b j e c t i v e  1. 

T h i s  o b j e c t i v e  was pursued by M r .  Carson as t h e  sub jec t  of h i s  Ph.D. 

d i s s e r t a t i o n .  I n i t i a l l y  i t  was planned t o  o b t a i n  s o l u t i o n s  f o r  t h e  Navier  



3 

Stokes equat ions ( i n c l u d i n g  i n e r t i a  terms) around a c y l i n d e r  i n  an a r r a y  

o f  c y l i n d e r s .  T h i s  i s  a two dimensional  probleni and i s  s in ip le r  ~ i ia th -  

e m a t i c a l l y  than  f l o w  around a sphere which i s  a t h r e e  dimensional  psoble~i i .  

However, due t o  t h e  f o l l o w i n g  reasons i t  was decided t o  go d i r e c t l y  t o  

t h e  problem o f  f l o w  around a sphere i n  a rec tangu la r  a r r a y  o f  spheres: 

1. Flow th rough porous media i s  more c l o s e l y  approximated by f l o w  

around spheres than around c y l i n d e r s .  

2. The s o l u t i o n  t o  t h e  sphere problem, w h i l e  be ing  o n l y  moderate ly  

more complex, would be o f  f a r  g r e a t e r  va lue  f o r  s t udy ing  t h e  

mic roscop ic  phenomena o f  f l o w  th rough porous media. 

3 .  The sphere problem s o l u t i o n  cou ld  be v e r i f i e d  us ing  energy 

r e l a t i o n s h i p s  f o r  which t h e r e  i s  a g r e a t  deal  o f  e x i s t i n g  data, 

and i t  would n o t  be necessary t o  conduct exper imenta l  work. 

The numerical  method se lec ted  f o r  t h e  s o l u t i o n  o f  t h e  Nav ie r  Stokes 

equat ions  was t h e  Ga le r k i n  method. T h i s  method was used by Snyder e t .  a1 ., 
(1 964) t o  o b t a i n  a s o l u t i o n  f o r  f l o w  through an a r r a y  o f  spheres a t  low 

Reynolds number, t h a t  i s ,  w i t h  t h e  i n e r t i a  tenns neglected.  It was o r i g i n a l l y  

hoped t h a t  a s o l u t i o n  t o  t he  complete equat ions cou ld  be ob ta ined  up t o  a 

Reynolds number o f  100 by t h e  Ga le r k i n  method, bu t  a f t e r  a year  o f  work and 

many hours o f  computer t ime  i t  became apparent  t h a t  t h i s  was n o t  feas- ib le .  

The problem which was encountered i s  t h a t  when us iqg  t h e  Ga le r k i n  method 

on a s e t  o f  non - l i nea r  d i f f e r e n t i a l  equat ions,  i t  i s  necessary t o  so l ve  a s e t  

o f  non - l i nea r  a l g e b r a i c  equat ions a f t e r  t r i a l  s o l u t i o n s  have been se lec ted .  

T h i s  was n o t  f e a s i b l e  so i t  was necessary t o  l i n e a r i z e  t h e  IVavier Stokes 

equat ions.  When t h i s  was done by s u b s t i t u t i n g  t h e  s u p e r f i c i a l  v e l o c i t y  f o r  

t h e  v e l o c i t y  components i n  t h e  i n e r t i a  terms t h e  a l g e b r a i c  equat ions were a l s o  
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l i n e a r i z e d  and a  s o l u t i o n  was obta ined.  The s o l u t i o n  was o n l y  v a l i d  up t o  

a  Reynolds number o f  about 10 and above t h i s  f a i l e d  t o  converge. Th i s  i s  t h e  

f i r s t  t ime  t h a t  a  s o l u t i o n  has been obta ined f o r  f l o w  through an a r r a y  o f  

spheres t o  t h i s  h igh  a  Reynolds number. 

The s o l u t i o n  i s  compared w i t h  an experimental  curve  from Ergun 

(1 952) by t h e  p l o t  o f  f r i c t i o n  f a c t o r  versus Reynolds number shown i n  

F igure  1. A1 though t h e  s o l u t i o n  ob ta ined i s  f o r  a  rec tangu la r  packing 

o f  spheres, i t  c o u l d  be extended t o  o the r  r e g u l a r  packings q u i t e  e a s i l y .  

I n  o b t a i n i n g  a  s o l u t i o n ,  v e l o c i t y  p r o f i l e s  around a  sphere were 

computed. Al though these appear t o  be reasonable they  were n o t  v e r i f i e d  

experimental  l y .  

An a b s t r a c t  o f  M r .  Carson's d i s s e r t a t i o n  i s  inc luded i n  the appendix. 

Ob jec t i ve  2. 

The work on t h i s  o b j e c t i v e  was done by M r .  Hou f o r  h i s  M.S. t h e s i s .  

H i s  t h e s i s  was concerned w i t h  exper imenta l l y  i n v e s t i g a t i n g  a  drag r e -  

s i s tence  theo ry  o f  pe rmeab i l i t y  in t roduced by Rumer and Dr inker  (1966) f o r  

f l o w  i n  the  Darcy range. B a s i c a l l y  t h i s  theory  r e l a t e s  pe rmeab i l i t y  t o  

p o r o s i t y  and p a r t i c l e  s i z e  f o r  spher ica l  p a r t i c l e s  o f  un i fo rm s i z e  by l o o k i n g  

a t  t he  res i s tance  t o  f l u i d  f low caused by an elemental group o f  p a r t i c l e s .  

The o n l y  unknown c o e f f i c i e n t  i n  t h i s  express ion i s  a  c o e f f i c i e n t  A expressing 

the  e f f e c t  o f  ad jacent  p a r t i c l e s  on t h e  drag on one p a r t i c l e .  

A p l o t  of t he  c o e f f i c i e n t  A versus p o r o s i t y  + f o r  several  d i f f e r e n t  

porous media i s  shown i n  F igu re  2, as g iven by Hou (1969). Also shown a re  

1  ines  rep resen t i ng  the  Kozeny-Carmen equat ion f o r  permeabil i ty as developed 

f rom t h e  h y d r a u l i c  r a d i u s  theory .  The several  1  ines  are  f o r  values o f  t he  
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Kozeny-Carmen cons tan t  o f  4, 5, and 6 which i s  t he  range o f  values 

o r d i n a r i l y  measured. I n  s p i t e  o f  t h e  l a r g e  exper imenta l  s c a t t e r  o f  da ta  

p o i n t s  t h e r e  appears t o  be agreement between t he  d rag  t h e o r y  and t h e  

h y d r a u l i c  r a d i u s  theory .  

The t h e o r e t i c a l  minimum va lue  o f  A i s  3sr a t  h i g h  p o r o s i t y  ( 4  + 1.0 ) .  

From t h e  da ta  t h i s  va lue  appears t o  be reasonable.  

A  g r e a t  advantage o f  t he  d rag  t heo ry  over  o t h e r  t h e o r i e s  f o r  t h e  

development o f  t h e  Darcy equa t ion  i s  t h a t  t h e  upper range o f  t h e  Darcy 

equa t ion  can be p red i c ted .  That  i s ,  f r om t h e  s o l u t i o n  o f  t h e  v iscous f l o w  

equat ions around a  sphere i t  can be determined when t h e  non - l i nea r  a f f e c t s  

o f  t h e  convec t i ve  a c c e l e r a t i o n  terms become s i g n i f i c a n t .  Thus, t he  o n l y  

change i n  t h e  f l o w  equa t i on  necessary when non - l i nea r  terms a r e  s i g n i f i c a n t  

i s  t h e  s u b s t i t u t i o n  o f  a  d i f f e r e n t  express ion  f o r  t h e  d rag  c o e f f i c i e n t .  

A  d isadvantage of t h e  d rag  t h e o r y  as compared t o  t h e  h y d r a u l i c  r a d i u s  

t h e o r y  i s  t h a t  i t  does n o t  l o g i c a l l y  l e a d  i n t o  express ions f o r  t he  e f f e c t  

o f  unsa tu ra ted  c o n d i t i o n s  on t h e  permeabil i ty  c o e f f i c i e n t  as t he  hydraul  i c  

r a d i u s  t h e o r y  does. The h y d r a u l i c  r a d i u s  t heo ry  has been c r i t i c i z e d  because 

o f  t h e  f a c t  t h a t  i t  uses " fudge f a c t o r s "  such as t o r t u o s i t y  and a  shape 

f a c t o r  t o  b r i n g  about  agreement w i t h  exper imenta l  da ta .  The drag t heo ry  

i s  n o t  subdect t o  t h i s  c r i t i c i s m  which i t  i s  f e l t  i s  a  b i g  'Improvement. 

An a b s t r a c t  o f  M r .  Hou's t h e s i s  i s  g i ven  i n  t he  appendix. 

O b j e c t i v e  3. 

T h i s  work i s  be ing done by M r .  Roger Chen f o r  an M.S. t h e s i s  b u t  

u n f o r t u n a t e l y  i s  n o t  cornpl e ted  a t  t he  p resen t  t ime.  He has conducted an 

ex tens i ve  l i t e r a t u r e  rev iew  on r e g u l a r  packings o f  sphe r i ca l  p a r t i c l e s  
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and t h e  e f f e c t  o f  v a r i o u s  pack ings on p o r o s i t y .  T h e o r e t i c a l  curves f o r  

t h e  d e s a t u r a t i o n  o f  porous media i n i t i a l l y  f i l l e d  w i t h  water  w i l l  be 

c a l c u l a t e d  f o r  severa l  d i f f e r e n t  p o r o s i t i e s .  These curves w i l l  be de- 

pendent on t h e  p o r o s i t i e s  and t h e r e f o r e  on t h e  assumed pack ing  o f  t h e  

spheres. 

The exper i t i ienta l  work c o n s i s t s  o f  o b t a i n i n g  a c t u a l  c a p i l l a r y  p ressure -  

s a t u r a t i o n  cu rves  f o r  pack ings a t  v a r i o u s  p o r o s i t i e s .  These samples w i l l  

i n c l u d e  bo th  random and r e g u l a r  pack ings.  

The da ta  f r om  t h e  random pack i rgs w i l l  be compared t o  t h e  t h e o r e t i -  

c a l  cu r ve  f o r  t h e  same p o r o s i t y .  T h i s  corr~par ison w i l l  h o p e f u l l y  show 

whether t h e  p o r o s i t y  i s  a  s a t i s f a c t o r y  index  t o  t h e  average o r i e n t a t i o n  o r  

whether i t  i s  necessary t o  use some o t h e r  o r i e n t a t i o n  f a c t o r .  There i s  some 

i n d i c a t i o n  f rom t h e  work i n  t h e  f o l l o w i n g  s e c t i o n  t h a t  t h e  p o r o s i t y  i s  a  

s a t i s f a c t o r y  index  t o  t h e  a f f e c t  o f  o r i e n t a t i o n  o f  p a r t i c l e s  on permeabi l  i ty. 

Other  Work 

There have been numerous a t t emp ts  t o  develop t h e  Darcy equa t ion  i n  a  

r a t i o n a l  manner by drawing on ana log ies  w i t h  f l o w  i n  p i pes  o r  around immersed 

o b j e c t s .  These ana log ies  have l e d  t o  v a r i o u s  f r i c t i o n  f a c t o r s ,  drcg co- 

e f f i c i e n t s  and o t h e r  exper imenta l  c o e f f i c i e n t s  which have then  been determined 

expe r imen ta l l y .  A l though  some o f  t h e  t heo r i es ,  p a r t i c u l a r l y  t h e  d rag  t h e o r y  

o f  Rumer and D r i n k e r  p r e v i o u s l y  mentioned, g i v e  some i n s i g h t  i n t o  when t h e  

p e r m e a b i l i t y  i s  no l o n g e r  cons tan t ,  t h e y  a l l  i n t r o d u c e  a d d i t i o n a l  e m p i r i c a l  

c o e f f i c i e n t s .  

Another  unnecessary f a c t o r  t h a t  i s  i n t r oduced  i s  i n  t h e  use o f  t h e  

Forc hhe i~ner  eaua t i on  
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f o r  t h e  r e g i o n  where t h e  Darcy law i s  no l onge r  v a l i d .  I n  t h i s  equa t ion  

dh - i s  t h e  h y d r a u l i c  g rad ien t ,  q  i s  t he  s u p e r f i c i a l  v e l o c i t y  and a  and b  d  s  

a r e  emp i r i ca l  c o e f f i c i e n t s .  T h i s  equa t ion  was developed t h e o r e t i c a l l y  by 

Irmcey (1 958) b u t  has been i n  t h e  1  i t e r a t u r e  f o r  many years .  I t  would be 

p r e f e r a b l e  t o  use t h e  Uarcy equa t ion  ove r  t h e  e n t i r e  range o f  f l o w  i n  porous 

media and recogn ize  t h a t  t he  p e r m e a b i l i t y  c o e f f i c i e n t  i s  cons tan t  o n l y  over  

a  c e r t a i n  range. It has o f t e n  been shown t h a t  t h i s  upper 1  i m i t  i s  a t  

approx imate ly  a  Reynolds number o f  1  .O. Above t h i s  va lue  o f  Reynolds number 

t h e  va lue  of t h e  permeabi l  i t y  c o e f f i c i e n t  cou ld  be se lec ted  from. a  cu rve  

o f  permeabi 1  i ty versus Reynolds number. 

To determine what v a r i a b l e s  t o  p l o t  on such a  diagram we can use 

dimensional  a n a l y s i s  and assume t h a t  t he  f o l l o w i n g  v a r i a b l e s  a r e  o f  s i g n i -  

f i c a n c e .  

Le t ,  f (9, 9, d, v, k )  = 0 

where 9  i s  p o r o s i t y ,  q  i s  t h e  s u p e r f i c i a l  v e l o c i t y ,  d  i s  some l e n g t h  para- 

meter o f  t h e  p a r t i c l e ,  v  i s  t h e  k inemat ic  v i s c o s i t y  o f  t h e  f l u i d ,  and k  i s  

t h e  p e r m e a b i l i t y  c o e f f i c i e n t .  Accord ing t o  t h e  Buckingham T theorem t h e  

problem w i l l  be f u l l y  expressed by t h e  r e l a t i o n s h i p  

= f ( m , H R )  

where NR i s  t h e  Reynolds number. From t h i s  we can conclude t h a t  a  p l o t  o f  

k  - versus Reynolds number w i t h  p o r o s i t y  as a  parameter should descr ibe  t h e  
d  
r e l a t i o n s h i p .  I t  i s  r e a l i z e d  t h a t  no c o n s i d e r a t i o n  has been g iven  t o  d i f f e r e n t  

p a r t i c l e  shape o r  a  g r a d a t i o n  i n  p a r t i c l e  s i z e .  It i s  f e l t ,  however, t h a t  

i f  t h e  r e l a t i o n s h i p  i s  s u i t a b l e  f o r  u n i f o r m  sphe r i ca l  p a r t i c l e s  then i t  can 

be modi f ied by a d d i t i o n a l  parameters such as p a r t i c l e  shape o r  a  g rada t i on  



cu rve  i n  t h e  case o f  non-spher ica l  and non-uni form p a r t i c l e s .  

Data f rom severa l  i n v e s t i g a t o r s  a r e  shown i n  F igu re  3  f o r  

un i f o rm  sphe r i ca l  p a r t i c l e s .  There i s  cons iderab le  exper imenta l  s c a t t e r  

i n  these data,  b u t  i t  i s  obv ious t h a t  da ta  f rom d i f f e r e n t  s i zes  o f  

p a r t i c l e s  w i t h  e s s e n t i a l l y  t h e  same p o r o s i t y  p l o t  n e a r l y  on t he  same 1  ine ,  

w h i l e  da ta  f rom t h e  same s i zed  m a t e r i a l  b u t  w i t h  d i f f e r e n t  p o r o s i t y  p l o t  

m a d i s t i n c t l y  d i f f e r e n t  l i n e .  It i s  f e l t  t h a t  t h i s  p l o t  g i ves  enough 

evidence o f  t h e  v a l i d i t y  o f  t h e  above a n a l y s i s  t h a t  an e f f o r t  should be 

k  made t o  develop complete curves o f  versus Reynolds number f o r  
d  

sphe r i ca l  p a r t i c l e s  packed a t  va r i ous  p o r o s i t i e s .  I f  complete curves 

were developed i t  would be a  s imple ma t te r  t o  so l ve  f l o w  problems i n  

sphe r i ca l  p a r t i c l e s  by us ing  t he  Darcy equa t ion  and t h e  p e r m e a b i l i t y  as 

se lec ted  f rom a  curve.  The procedure would be t h e  same over  t h e  e n t i r e  

range o f  f l o w  v e l o c i t i e s ,  o n l y  t h e  p e r m e a b i l i t y  c o e f f i c i e n t  would change. 

To i n v e s t i g a t e  whether t h e  above a n a l y s i s  would work f o r  non- 

sphe r i ca l  non-uni form p a r t i c l e s ,  da ta  on r i v e r  g rave l  and sand g iven  by 

Dudgeon (1964) were p l o t t e d  i n  F igu re  4. It i s  assumed t h a t  a l l  these 

p a r t i c l e s  have, on t h e  average, t h e  same shape. There a r e  two types o f  

g rada t i on  curves  f o r  these  m a t e r i a l s ,  a  q u i t e  u n i f o r ~ i i  g rada t i on  f o r  t h e  

sand, 3/4",  1  112" , 3 "  and 6" g r a v e l s  and a  s i m i l a r  cu rve  except  w i t h  

a  s i g n i f i c a n t  p o r t i o n  o f  f i n e  m a t e r i a l  f o r  t h e  1/4"  and 318" g r a v e l ,  The 

da ta  f o r  3/4", 1  1/2",  and 3"  g rave l  a r e  grouped t oge the r  s i nce  these 

p o r o s i t i e s  a r e  0.367, 0.372 and 0.373 r e s p e c t i v e l y .  The sand and 6"  g rave l  

k  have h ighe r  va lues  o f  s i nce  t h e  p o r o s i t i e s  a r e  0.387 and 0.406 r e s p e c t i v e l y .  
d  

The da ta  f o r  114" and 318" g rave l  a r e  below t h e  comparable p o r o s i t y  f o r  t h e  

o t h e r  m a t e r i a l s  b u t  t h i s  i s  ve ry  l i k e l y  due t o  t h e  d i f f e r e n c e  i n  t h e  grad- 

a t i o n  curves .  
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I f  t h e  data f o r  non-spher ica l  p a r t i c l e s  (F igu re  4 )  a r e  cornpared t o  

t h a t  f o r  sphe r i ca l  p a r t i c l e s  (F igu re  3)  i t  i s  noted t h a t  t h e  p e r m e a b i l i t y  

i s  l e s s  f o r  non-spher ica l  p a r t i c l e s .  Th is  would be expected s i nce  t he  

non-spher ica l  p a r t i c l e s  do n o t  have as un i f o rm  g rada t i on  and t h e  i n d i v i d u a l  

p a r t i c l e  i s  l i k e l y  t o  have more d rag  than a  sphere a t  low v e l o c i t y  f l o w s .  

k  The l e n g t h  parameter used i n  t h e  Reynolds number and i n  - i s  t h e  
d2 

d50 s i z e  p i cked  o f f  t h e  g r a d a t i o n  curve.  The a d d i t i o n a l  parameter t h a t  

would be used t o  express non-uni form g rada t i on  would p robab ly  be t he  r a t i o  

d85 - although t h i s  was n o t  t r i e d .  Th i s  r a t i o  i s  t h e  s i z e  o f  which 85% i s  
d l 5  
sma l l e r  d i v i d e d  by t h e  s i z e  by which 15% i s  sma l l e r .  Th i s  r a t i o  would be 

1.0 f o r  a  comple te ly  un i f o rm  g r a d a t i o n  and g r e a t e r  than  one f o r  o t h e r  

g r a d a t i o n  curves.  For  n a t u r a l  g ranu la r  m a t e r i a l s  i t  would u s u a l l y  be l e s s  

than  6. 

Data f rom n e a r l y  sphe r i ca l  p a r t i c l e s  such as l ead  sho t  and ceramic 

b a l l s  have a l s o  been p l o t t e d  b u t  a r e  n o t  shown here. These da ta  show 

e s s e n t i a l l y  t h e  same t h i n g  as F igures  3 and 4, t h a t  i s ,  p l o t t i n g  t h e  va lue  

k  o f  --i. b r i n g s  t he  da ta  f o r  d i f f e r e n t  s i z e s  t oge the r  i f  t h e  p o r o s i t y  i s  t h e  
d  

same. I f  t h e  p o r o s i t y  i s  d i f f e r e n t  however, t h e  p e r m e a b i l i t y  w i l l  be 

d i f f e r e n t .  

Data f o r  p e r m e a b i l i t y  as a f f e c t e d  by p o r o s i t y  i s  shown i n  F igu re  5 

f o r  3 s i z e s  o f  g l ass  beads f o r  f l o w  i n  t h e  Darcy range. Accord ing t o  t h e  

hypotheses i n  t h e  preceding pages these da ta  should a l l  p l o t  on one l i n e .  

It i s  apparent  t h a t  t h e r e  i s  wide s c a t t e r  f rom a  sing1 e  1  ine ,  however, 

t h e r e  i s  j u s t  as ~nuch s c a t t e r  i n  t h e  da ta  f rom a  p a r t i c u l a r  s i z e  as t h e r e  

i s  i n  t h e  da ta  o f  d i f f e r e n t  s i zes .  It i s  a l s o  apparent  t h a t  t h e  per -  

m e a b i l i t y  inc reases  w i t h  i n c r e a s i n g  p o r o s i t y .  
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Resu l t s  and Conclusions 

The v a r i o ~ l s  segments o f  t h i s  p r o j e c t  have explored many aspects  o f  

t h e  e f f e c t  o f  phys i ca l  p r o p e r t i e s  o f  porous media on t h e  permeabi l  a'ty. I t  

i s  f e l t  t h a t  t h e  f o l l o w i n g  conc lus ions  may be made. 

1. It i s  i m p r a c t i c a l  t o  so l ve  t h e  f u l l  Nav ie r  Stokes equat ions 

f o r  f l o w  around a sphere i n  an a r r a y  o f  spheres. A s o l u t i o n  

was ob ta ined  up t o  a  Reynolds number o f  10  by u s i n g  Oseens 

approx imat ions b u t  t h e  computer t ime i n v o l  ved makes i t  i m -  

p r a c t i c a l .  

2. It i s  n o t  necessary f rom t h e  s tandpo in t  o f  a p p l i c a t i o n ,  t o  use 

any equat ion  r e l a t i n g  v e l o c i t y  and energy g r a d i e n t  o t h e r  than 

t h e  Darcy equat ion.  It must be recognized, however, t h a t  t h e r e  

i s  a  range where t h e  p e r m e a b i l i t y  c o e f f i c i e n t  i s  no l onge r  

cons tan t ,  b u t  i s  a  f u n c t i o n  o f  t h e  Reynolds number. 

3 .  The bes t  v a r i a b l e s  t o  use i n  d e s c r i b i n g  t h e  e f f e c t  o f  phys i ca l  

k  p r o p e r t i e s  of  porous media on t h e  p e r m e a b i l i t y  a r e  - and 
d 

Reynolds number w i t h  p o r o s i t y  and some f u n c t i o n  o f  t h e  g rada t i on  

curve  as parameters.  

Recon~mendations f o r  F u r t h e r  Work 

1 .  Data should be ob ta ined  t o  develop a complete s e t  o f  curves o f  

k  - v e r s u s  Reynolds number f o r  porous media made o f  sphe r i ca l  
d  
un i fo rm p a r t i c l e s  a t  p o r o s i t i e s  rang ing  f rom 0.26 t o  Oe47. Both 

r e g u l a r  and random packings should be used. 

2. Data should be ob ta ined  t o  develop s i m i l a r  curves f o r  sand and 

g rave l  w i t h  bo th  u n i f o r m  and non-uni form g rada t i on  curves, These 



data should be accura te  enough t h a t  r e p r o d u c i b i l i t y  can be 

assured. The curves developed f rom t h i s  da ta  cou ld  t hen  be 

used i n  t h e  de te rm ina t i on  o f  p e r m e a b i l i t y  va lues f o r  va r i ous  

m a t e r i a l s .  
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APPENDIX 



ABSTRACT 

W .  M. Carson 

Approximate so l  u t i o n s  f o r  t h e  Nav ier -Stokes equa t ions  d e s c r i b i n g  

f l u i d  f l o w  th rough  a  r e c t a n g u l a r  pack ing o f  spheres were ob ta ined  f o r  

Reynolds numbers o f  0.1, 1, 7 and 35. 

I n i t i a l  a t tempts  t o  so l ve  t h e  Nav ier -Stokes equat ions w i t h  t h e  

i n e r t i a  terms i n t a c t  were unsuccess fu l .  However, t h e  methods used i n  

these s o l u t i o n  a t tempts  a r e  g i v e n  i n  d e t a i l .  

The r e s u l t s  r e p o r t e d  a r e  based on an Oseen l i n e a r i z a t i o n  o f  t h e  

f u l l  Nav ier -Stokes equa t ions .  The s o l u t i o n s  were approximated by t r i p l e  

t r i g o n o m e t r i c  s e r i e s  and t h e  unknown c o e f f i c i e n t s  eva lua ted  us i ng  t h e  

G a l e r k i n  method f o r  e r r o r  d i s t r i b u t i o n .  

V e l o c i t y  components and p ressure  i n  t h e  v o i d  space o f  t h e  bed a r e  

g i v e n  as  e x p l i c i t  f u n c t i o n s  o f  t h e  spac ia l  coo rd i na tes .  F r i c t i o n  f a c t o r s  

f o r  t h e  packed bed and s u p e r f i c i a l  v e l o c i t y  were eva lua ted  f r om t h e  

v e l o c i t y  f u n c t i o n s  and a r e  shown t o  agree w i t h  t h e  exper imenta l  observa t ions  

o f  p rev ious  i n v e s t i g a t o r s .  

The v iscous  and k i n e t i c  c o n t r i b u t i o n  t o  t h e  energy d i s s i p a t i o n  a r e  

p a r t i t i o n e d  us i ng  f i r s t  p r i n c i p l e s  o f  t h e  mechanical energy ba lance and 

ev idence i s  g i ven  t h a t  t h e  v i scous  and k i n e t i c  e f f e c t s  determined by semi - 
e m p i r i c a l  methods do n o t  show t h e  a c t u a l  r e l a t i o n s h i p  between v iscous  

and k i n e t i c  losses  i n  t h e  i n t e r m e d i a t e  Reynolds number range. 

Based on  f r i c t i o n  f a c t o r  and s u p e r f i c i a l  v e l o c i t y ,  t h e  Oseen l i n e a r i -  

z a t i o n  i s  shown t o  be v a l i d  f o r  packed f l o w  a t  Reynolds numbers l e s s  than  

seven, and i n v a l i d  f o r  a  Reynolds number o f  35. 

Suggest ions f o r  f u t u r e  research  a r e  inc luded .  



ABSTRACT 

J. P.  L .  Hou 

D i f f e r e n t  t h e o r i e s  d e a l i n g  w i t h  t h e  r e l a t i o n s h i p  between p o r o s i t y  

and permeabi l  i t y  i n  porous media a r e  presented. The l a b o r a t o r y  work 

conducted i n  t h i s  p r o j e c t  t o  t e s t  t h e  va l  i d i t y  o f  Rumer and D r i n k e r ' s  

d rag  t h e o r y  i s  descr ibed  i n  t h e  t h e s i s .  

The t h e o r y  shows t h a t  a  d rag  c o e f f i c i e n t  should depend o n l y  on 

p o r o s i t y  f o r  f l o w  i n  t h e  Darcy range. Data ob ta i ned  i n  t h e  exper imenta l  

work show t h a t  A does depend on p o r o s i t y  b u t  t h e r e  i s  cons ide rab le  

v a r i a t i o n  i n  A which i s  n o t  exp la ined  by t h e  v a r i a t i o n  o f  p o r o s i t y .  The 

data a l s o  show t h a t  A v a r i e s  w i t h  Reynolds number beyond t he  Darcy range. 


