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SUMMARY 

The Department o f  Energy 's  (DOE) Low-Level Waste Management Program i s  

p r o v i d i n g  t h e  techno logy  necessary t o  p r o p e r l y  d ispose o f  low- leve l  r a d i o a c t i v e  

waste. As p a r t  o f  t h i s  e f f o r t ,  P a c i f i c  Northwest Labo ra to r y  (PNL)  i s  s t udy ing  

s o i l  water  movement i n  a r i d  reg ions ,  as i t  a p p l i e s  t o  sha l low l and  b u r i a l  

techno1 ogy. 

Shal low l and  b u r i a l ,  t h e  most common d i s p o s a l  method f o r  low- leve l  waste, 

p laces  waste con ta ine rs  i n  sha l l ow  t renches  and covers  them w i t h  n a t u r a l  sedi -  

ment m a t e r i a l .  To des ign such a  f a c i l i t y  r e q u i r e s  an in-depth understanding 

o f  t h e  i n f i l t r a t i o n  and evapo ra t i on  processes t a k i n g  p l a c e  a t  t h e  s o i l  su r f ace  

and t h e  e f f e c t  these  processes have on t h e  amount o f  water  c y c l i n g  th rough a  

b u r i a l  zone. A t  t h e  DOE Hanfo rd  S i t e  i n  Rich land,  Washington, a  f i e l d  i n s t a l -  

l a t i o n  c a l l e d  t h e  Bu r i ed  Waste T e s t  F a c i l i t y  (BWTF) has been cons t ruc ted  t o  

s tudy  unsa tu ra ted  s o i l  water  and contaminant  t r a n s p o r t .  PNL i s  c o l l e c t i n g  d a t a  

a t  t h e  BWTF t o  h e l p  e x p l a i n  s o i l  water  movement a t  sha l l ow  depths, and s p e c i f i -  

c a l l y  evapo ra t i on  f r om bare  s o i l s .  The da ta  presented here  rep resen t  t h e  i n i -  

t i a l  phase o f  a  coope ra t i ve  e f f o r t  between PNL and Washington S t a t e  U n i v e r s i t y  

t o  use da ta  c o l l e c t e d  a t  t h e  BWTF t o  s tudy  t h e  evapo ra t i on  process and how i t  

r e l a t e s  t o  t h e  des ign o f  sha l l ow  l and  b u r i a l  grounds. 

The method o f  c h a r a c t e r i z i n g  evapo ra t i on  f r o m  ba re  s o i l s ,  be ing  eva lua ted  

i n  t h e  c u r r e n t  s tudy  w i t h  Washington S t a t e  U n i v e r s i t y  (WSU), i n v o l v e s  ca lcu-  

l a t i n g ,  what i s  c a l l e d ,  t h e  coupled f l o w  of mass and energy. I n  most f l o w  

c a l c u l a t i o n s ,  t h i s  " coup l i ng "  i s  ignored; however, evapo ra t i on  i s  one process 

where such a  s i m p l i f i c a t i o n  may n o t  be j u s t i f i e d .  The WSU e f f o r t  i s ,  there-  

f o r e ,  designed t o  cons ide r  c o u p l i n g  when e v a l u a t i n g  evapo ra t i on  f r om bare  

s o i l s .  The goa l  o f  t h i s  i n i t i a l  phase has been t o  use samples o f  s o i l  f r om 

t h e  BWTF t o  measure t r a n s p o r t  c o e f f i c i e n t s  and s o i l  p r o p e r t i e s  t h a t  a re  funda- 

mental  t o  t h e  a n a l y s i s  o f  evapora t ion .  

T h i s  r e p o r t  b r i e f l y  d iscusses t h e  t h e o r y  o f  hea t  and water  f l o w  t o  i l l u s -  

t r a t e  t h e  impor tance o f  t h e  c o e f f i c i e n t s  and p r o p e r t i e s  measured. M a t e r i a l s  

and methods used i n  t h e  l a b o r a t o r y  analyses a re  desc r i bed  and referenced.  The 

t r a n s p o r t  c o e f f i c i e n t s  t h a t  were measured a re  those  needed t o  desc r i be  t h e  

iii 



uncoupled o r  independent f l o w  o f  hea t  and water.  F u t u r e  work w i l l  i n c l u d e  

c a l c u l a t i o n  o f  t h e  a d d i t i o n a l  c o e f f i c i e n t s  needed t o  desc r i be  t h e  c o u p l i n g  and 

i n t e r a c t i o n  o f  hea t  and water  f l ow ,  and t h e  a p p l i c a t i o n  o f  t h i s  a n a l y s i s  t o  

d e s c r i b i n g  evapo ra t i on  a t  t h e  BWTF. The p r o p e r t i e s  and c o e f f i c i e n t s  measured 

i n c l u d e  s o i l  c h a r a c t e r i s t i c  f u n c t i o n ,  h y d r a u l i c  c o n d u c t i v i t y ,  the rma l  con- . . 
d u c t i v i t y ,  b u l k  dens i t y ,  and p a r t i c l e  s i z e  d i s t r i b u t i o n .  

The s o i l  c h a r a c t e r i s t i c  f u n c t i o n  shows t h a t  t h e  BWTF s o i l  can be d r a i n e d  

t o  a  s a t u r a t i o n  r a t i o  o f  0.4 a t  a  water  p o t e n t i a l  o f  o n l y  -3.0 J l k g .  T h i s  i s  t 

c o n s i s t e n t  w i t h  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  measured. The S-shaped cu rve  

generated i s  d i f f i c u l t  t o  desc r i be  a n a l y t i c a l l y  w i t h  s tandard  equat ions;  how- 

ever, t h e  midrange water  con ten t s  can be expressed as a  f u n c t i o n  o f  wa te r  

p o t e n t i a l  u s i n g  s tandard  power f u n c t i o n s .  I f  t h e  e n t i r e  c u r v e  i n c l u d i n g  low 

and h i g h  water  con ten t s  a re  t o  be descr ibed,  more comp l i ca ted  equat ions  must 

be used. One approach i s  t o  a l l o w  t h e  r e s i d u a l  wa te r  c o n t e n t  t e rm  o f  t h e  power 

f u n c t i o n  t o  v a r y  w i t h  p o t e n t i a l .  A n a l y t i c  express ions  can be ob ta i ned  which 

a l l o w  t h e  c a l c u l a t i o n  o f  t h e  s o i l  water  d i f f u s i v i t y .  

The h y d r a u l i c  c o n d u c t i v i t y  may be desc r i bed  by t h e  power f u n c t i o n  approach 

w i t h  t h e  s a t u r a t e d  c o n d u c t i v i t y  be ing  measured by s tandard  procedures. The 

c o n d u c t i v i t y  d a t a  r e p o r t e d  here  i s  c o n s i s t e n t  w i t h  o t h e r  d a t a  r e p o r t e d  f o r  

s i m i l a r  s o i l s  found on t h e  Hanford s i t e .  

Thermal c o n d u c t i v i t y  measurements a r e  c o n s i s t e n t  w i t h  p r e d i c t e d  t rends .  

The i n c r e a s i n g  va lues  w i t h  i n c r e a s i n g  d a t a  con ten t  and t h e  range o f  va lues  a r e  

i n d i c a t i v e  o f  sandy s o i l s .  An a n a l y t i c  express ion  i s  g i v e n  which p rov ides  an 

e m p i r i c a l ,  b u t  accura te  method o f  d e s c r i b i n g  t h e  therma l  c o n d u c t i v i t y  and f o r  

c a l c u l a t i n g  t h e  therma l  d i f f u s i v i t y .  
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1.0 INTRODUCTION 

The Department o f  Energy 's  (DOE) Low-Level Waste Management Program i s  

p r o v i d i n g  t h e  techno logy  necessary t o  p r o p e r l y  d ispose  o f  low- leve l  r a d i o a c t i v e  

waste. As p a r t  o f  t h i s  e f f o r t ,  P a c i f i c  Northwest Labo ra to r y  (PNL) i s  s t udy ing  
- - s o i l  water  movement i n  a r i d  reg ions ,  as i t  a p p l i e s  t o  sha l low l and  b u r i a l  

technology.  

Shal low l and  b u r i a l ,  t h e  most common d i sposa l  method f o r  low- leve l  waste, 
'- 

places  waste con ta ine rs  i n  sha l low t renches  and covers them w i t h  n a t u r a l  sedi -  

ment m a t e r i a l .  I n  most a r i d  b u r i a l  grounds, t h e  d i s t a n c e  f rom t h e  bot tom o f  

t h e  waste zone i s  a  s i g n i f i c a n t  d i s t a n c e  f r om t h e  wate r  t ab le ,  perhaps more 

than  100 meters.  I n  c o n t r a s t ,  t h e  d i s t a n c e  f r om t h e  t o p  o f  t h e  waste zone t o  

t h e  ground s u r f a c e  may be v e r y  smal l - - less than  one meter. T h i s  upper meter 

o f  s o i l  i s  g e n e r a l l y  t h e  most ac t i ve ,  i n  terms o f  water  and hea t  f l ow ,  o f  t h e  

e n t i r e  s o i l  p r o f i l e .  E s s e n t i a l l y  a l l  o f  t h e  annual p r e c i p i t a t i o n  i s  c y c l e d  

th rough t h i s  zone and sonletimes water  i s  drawn i n t o  t h i s  zone f r om deeper 

depths. Shal low l and  b u r i a l  grounds must, t h e r e f o r e ,  be designed t o  m in im ize  

t h e  amount o f  water  a l lowed t o  d r a i n  th rough t h i s  upper meter i n t o  t h e  b u r i a l  

zone d u r i n g  wet pe r i ods  and a l s o  min im ize  t h e  amount o f  water  drawn up th rough 

t h e  b u r i a l  zone f r om deeper depths d u r i n g  d r y  per iods .  To des ign such a  f a c i l -  

i t y  r e q u i r e s  an in-depth unders tand ing  o f  t h e  i n f i l t r a t i o n  and evapora t ion  pro- 

cesses t a k i n g  p l a c e  a t  t h e  s o i l  s u r f a c e  and t h e  e f f e c t  these  processes have on 

t h e  amount o f  water  c y c l i n g  th rough a  b u r i a l  zone. The da ta  presented here  

rep resen t  t h e  i n i t i a l  phase o f  a  coope ra t i ve  e f f o r t  between PNL and Washington 

S t a t e  U n i v e r s i t y  t o  b e t t e r  d e f i n e  t h e  evapo ra t i on  process and how i t  r e l a t e s  

t o  t h e  des ign  o f  sha l low l and  b u r i a l  grounds. 

A t  t h e  DOE Hanford S i t e  i n  Rich land,  Washington, a  f i e l d  i n s t a l l a t i o n  

c a l l e d  t h e  Bu r i ed  Waste Tes t  F a c i l i t y  (BWTF) has been cons t ruc ted  t o  s tudy  

unsa tu ra ted  s o i  1  water  and contaminant  t r a n s p o r t .  [The f a c i  1  i ty, descr ibed  i n  

P h i l l i p s  e t  a l .  (1979),  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  1.1.1 PNL i s  c o l l e c t -  

i n g  da ta  a t  t h e  BWTF t o  h e l p  e x p l a i n  s o i l  water  movement a t  sha l low depths, and 

s p e c i f i c a l l y  evapo ra t i on  f r om bare  s o i l s .  The s o i l  energy ba lance and thermal  

regime i s  mon i to red  by  u s i n g  thermocouples th roughout  t h e  f a c i l i t y  t o  mon i t o r  



1 WATER MOVEMENT CAISSON (TYP. 2 PL.) 
2 INSTRUMENT CAISSON 
3 WEIGHING LYSIMETERS 
4 WlND DIRECTION 
5 SHORT WAVE RADIOMETER 
6 NET RADIOMETER 
7 WlND SPEED 
8 HUMIDITY SENSOR 
9 RADIONUCLIDE TEST CAISSON (TYP. 4 PL.) 
1 0  NEUTRON ACCESS TUBE (TYP.) 
1 1  RAIN GAGE 
1 2  TEMPERATURE SHELTER 

FIGURE 1.1. B u r i e d  Waste T e s t  F a c i l  i t y  



t h e  response o f  s o i l  temperature t o  incoming s o l a r  r a d i a t i o n ,  measured by bo th  

n e t  rad iometers  and short-wave rad iometers .  The water  ba lance i s  mon i to red  

w i t h  su r f ace  r a i n  gauges t o  r e c o r d  p r e c i p i t a t i o n  and w i t h  neu t ron  mo i s tu re  

gauges t o  f o l l o w  changes i n  s o i l  wa te r  c o n t e n t  a t  depth. There a r e  a l s o  two 

load-ce l l - t ype  weigh ing l y s i m e t e r s  t o  p r o v i d e  d i r e c t  measurements o f  average 
. . evapora t ion  ra tes .  Data recorded  a t  t h e  BWTF a r e  t o  be used t o  eva lua te  v a r i -  

ous methods f o r  p r e d i c t i n g  water  and energy ba lance changes t h a t  c o u l d  t ake  

p l ace  i n  a  sha l low l and  b u r i a l  ground. C a l c u l a t i o n  procedures proven accept- 

ab le  may then  be used t o  a i d  t h e  des ign and e v a l u a t i o n  o f  b u r i a l  ground cover  

designs. 

The method o f  c h a r a c t e r i z i n g  evapo ra t i on  f r om bare  s o i l s ,  be ing  eva lua ted  

i n  t h e  c u r r e n t  s tudy  w i t h  Washington S t a t e  U n i v e r s i t y  (WSU) , i n v o l v e s  ca lcu-  

l a t i n g ,  what i s  c a l l e d ,  t h e  coupled f l o w  o f  mass and energy. The mass r e f e r r e d  

t o  i s  water, e i t h e r  as a  l i q u i d  o r  a  vapor, and t h e  energy i s  i n  t h e  f o rm  o f  

b o t h  l a t e n t  and s e n s i b l e  heat.  The f l o w  i s  s a i d  t o  be coupled because an 

imbalance i n  e i t h e r  heat  o r  wa te r  c o n t e n t  w i l l  cause b o t h  q u a n t i t i e s  t o  be 

r e d i s t r i b u t e d .  The mathemat ica l  i m p l i c a t i o n  i s  t h a t  equa t ions  d e s c r i b i n g  s o i l  

heat  f l o w  and s o i l  water  f l o w  must be so lved  s imu l taneous ly .  To be comp le te l y  

r i go rous ,  water  f l o w  may n o t  be f u l l y  c h a r a c t e r i z e d  w i t h o u t  account ing  f o r  t h e  

concu r ren t  f l o w  o f  hea t  and vise-versa. I n  most f l o w  c a l c u l a t i o n s ,  t h i s  

" coup l i ng "  i s  ignored; however, evapo ra t i on  i s  one process where such a  sin+ 

p l i f i c a t i o n  may n o t  be j u s t i f i e d .  The WSU e f f o r t  i s ,  t h e r e f o r e ,  designed t o  

cons ide r  c o u p l i n g  when e v a l u a t i n g  evapo ra t i on  f r o m  bare  s o i l s .  

T h i s  r e p o r t  b r i e f l y  d iscusses t h e  t h e o r y  o f  hea t  and water  f l o w  t o  i l l u s -  

t r a t e  t h e  impor tance o f  t h e  c o e f f i c i e n t s  and p r o p e r t i e s  measured. M a t e r i a l s  

and methods used i n  t h e  l a b o r a t o r y  analyses a re  desc r i bed  and referenced.  The 

t r a n s p o r t  c o e f f i c i e n t s  t h a t  were measured a re  those  needed t o  desc r i be  t h e  

uncoupled o r  independent f l o w  o f  hea t  and water.  F u t u r e  work w i l l  i n c l u d e  

c a l c u l a t i o n  o f  t h e  a d d i t i o n a l  c o e f f i c i e n t s  needed t o  desc r i be  t h e  c o u p l i n g  and 
. . 

i n t e r a c t i o n  o f  hea t  and water  f l ow ,  and t h e  a p p l i c a t i o n  o f  t h i s  a n a l y s i s  t o  

d e s c r i b i n g  evapo ra t i on  a t  t h e  BWTF. The p r o p e r t i e s  and c o e f f i c i e n t s  measured 

i n c l u d e  s o i l  c h a r a c t e r i s t i c  f u n c t i o n ,  h y d r a u l i c  c o n d u c t i v i t y ,  thermal  con- 

d u c t i v i t y ,  b u l k  dens i t y ,  and p a r t i c l e  s i z e  d i s t r i b u t i o n .  





2.0 THEORETICAL BACKGROUND 

A t  t h e  s o i l  sur face,  water  i s  added by i n f i l t r a t i o n  and l o s t  through 

evaporat ion.  A t  a r i d  s i t e s ,  t h e  i n f i l t r a t i o n  i s  assumed equal  t o  t h e  p r e c i p i -  

t a t i o n  ( i .e. ,  no r u n o f f ) ,  which i s  an e a s i l y  measured q u a n t i t y .  A c t u a l  evapo- 
. . r a t i o n  i s ,  however, v e r y  d i f f i c u l t  t o  a c c u r a t e l y  measure o r  p r e d i c t .  P o t e n t i a l  

evaporat ion,  t h e  measured evapora t ion  f r om a  f r e e  water  sur face,  i s  o f t e n  

r e p o r t e d  as evaporat ion;  however, a c t u a l  evapo ra t i on  f r om bare  s o i l s  may o n l y  
6 be 30% o f  t h e  annual p o t e n t i a l  r a t e .  The r a t e  o f  a c t u a l  evapo ra t i on  i s  a  func-  

t i o n  o f  t h e  amount o f  energy a v a i l a b l e  f o r  t h e  v a p o r i z a t i o n  process, and t h e  

r a t e  a t  which water  moves up t o  t h e  s o i l  sur face.  T h i s  process i s  d i f f i c u l t  

t o  q u a n t i f y  as i t  i n v o l v e s  a  compl i ca ted  c o u p l i n g  o f  t h e  t r a n s p o r t  o f  hea t  and 

water  w i t h i n  t h e  upper p a r t  o f  t h e  s o i l  p r o f i l e .  

I n  many s tud ies ,  hea t  f l o w  and wate r  f l o w  th rough s o i l s  a re  t r e a t e d  as two 

independent processes. That  i s ,  hea t  f l o w  i s  n o t  cons idered  when c a l c u l a t i n g  

s o i l  water  f l ow,  and water  f l o w  i s  n o t  cons idered  when c a l c u l a t i n g  hea t  f l o w .  

For  most a p p l i c a t i o n s ,  t h e  i n t e r a c t i o n  o r  c o u p l i n g  between t h e  two f l o w  com- 

ponents accounts f o r  a  sma l l  percentage o f  t h e  t o t a l  f l o w  and t h e  s imp le r  

a n a l y s i s  i s  appropr ia te .  However, i n  t h i s  s tudy  coupled f l o w  a n a l y s i s  i s  used 

t o  b e t t e r  c h a r a c t e r i z e  t h e  evapo ra t i on  process. 

The m a t e r i a l  p resen ted  here  desc r i bes  t h e  t r a n s p o r t  c o e f f i c i e n t s  and s o i l  

p r o p e r t i e s  t h a t  a re  common t o  b o t h  t h e  coupled and uncoupled ana l ys i s .  The 

equat ions  presented i n  t h e  main t e x t  a r e  those used f o r  t h e  uncoupled a n a l y s i s  

and serve t o  i l l u s t r a t e  t h e  meaning and o r i g i n  o f  t h e  c o e f f i c i e n t s  measured. 

When ana l yz i ng  t h e  coupled e f f e c t  o f  heat  and water  f l ow ,  e x t r a  terms descr ib -  

i n g  t h e  i n t e r a c t i o n s  between hea t  and water must be added t o  t h e  b a s i c  equa- 

t i o n s  and e x t r a  c o e f f i c i e n t s  inc luded;  however, t h e  r e l a t i o n s h i p s  between 

c o e f f i c i e n t s  and t h e  p h y s i c a l  p r i n c i p l e s  desc r i bed  here  remain v a l i d .  [See 

Appendix A f o r  t h e  a d d i t i o n a l  parameters needed t o  pe r f o rm  t h e  coupled a n a l y s i s  
- .  o f  hea t  and water  f l ow . ]  F i r s t ,  equa t ions  d e s c r i b i n g  t h e  f l o w  o f  water  as a  

f u n c t i o n  o f  water  con ten t  o r  water  p o t e n t i a l  g r a d i e n t s  a re  presented, a long  

w i t h  t r a n s p o r t  c o e f f i c i e n t s .  Then t h e  f l o w  o f  hea t  and t h e  corresponding 



t r a n s p o r t  c o e f f i c i e n t s  are descr ibed as a  f u n c t i o n  o f  s o i l  temperature g rad i -  

ents .  F i n a l l y ,  s o i l  phys i ca l  p r o p e r t i e s  t h a t  a f f e c t  heat  and water f l o w  are  

discussed. 

2.1 SOIL WATER FLOW AND TRANSPORT COEFFICIENTS 

The equat ions used t o  descr ibe  t h e  t r a n s p o r t  o f  water o r  heat  may be 

c l a s s i f i e d  as conserva t ion  equat ions. A conserva t ion  equat ion  i s  t h e  r e s u l t  

o f  combining a  c o n s t i t u t i v e  equat ion  w i t h  t h e  law o f  c o n t i n u i t y .  The c o n s t i -  

t u t i v e  equat ion, which descr ibes t h e  p h y s i c a l  law t h a t  governs t h e  f low,  i s  

combined w i t h  t h e  law o f  c o n t i n u i t y  t o  ensure t h a t  mass and energy w i l l  be 

conserved. The c o n s t i t u t i v e  equat ion  most corr~monly used t o  desc r i be  water 

f l o w  i s  Darcy 's  law. The law s t a t e s  t h a t  t h e  f l u x  o f  water ( i .e . ,  t h e  amount 

o f  water f l o w i n g  through a  u n i t  c ross-sec t iona l  area per u n i t  t ime )  i s  propor- 

t i o n a l  t o  t h e  pressure drop across t h e  s o i l .  For  one dimension, t h i s  i s  repre-  

sented as: 

where Jw = f l u x  o f  water 

k = h y d r a u l i c  c o n d u c t i v i t y  

AP = d i f f e r e n c e  i n  s o i l  water pressure 

AX = d i s t a n c e  i n  s o i l  where pressure  drop i s  measured. 

Darcy 's  law was used o r i g i n a l l y  t o  desc r i be  one-dimensional h o r i z o n t a l  

f l o w  i n  sa tu ra ted  systems ( i .e. ,  a l l  t h e  s o i l  a i r  spaczs are  f i l l e d  w i t h  

water ) .  I n  t h i s  case t h e  cons tan t  o f  p r o p o r t i o n a l i t y  " k M  i s  r e a l l y  a  constant .  

Darcy 's  law has been extended t o  unsatura ted  systems by mod i f y i ng  bo th  terms 

on t h e  r i g h t  s i d e  o f  t h e  equat ion.  F i r s t ,  t h e  s o i l  water pressure, which i s  

negat ive,  i s  r e f e r r e d  t o  as s o i l  water p o t e n t i a l  ( Q ) ;  and second, t h e  h y d r a u l i c  

c o n d u c t i v i t y  i s  no longer  a  cons tan t  b u t  a f u n c t i o n  o f  t h e  water p o t e n t i a l .  

The extended fo rm o f  Darcy 's  law f o r  one dimension then becomes: 



Equation 2.2 then serves as a  d e f i n i t i o n  o f  t h e  h y d r a u l i c  conduc t i v i t y ,  where 

t h e  c o n d u c t i v i t y  i s  t h e  constant  o f  p r o p o r t i o n a l i t y  t h a t  makes equat ion 2.2 

v a l i d  f o r  any measured f l u x  (Jw) and water p o t e n t i a l  g rad ien t  (a$ /ax) .  

The law o f  c o n t i n u i t y  can be s imply s ta ted  as: 

change i n  s torage f l u x  o f  t h a t  f l u x  o f  t h a t  
o f  some component = component - component 
( i . e. , mass, energy 
e tc . )  per  u n i t  

i n t o  the  u n i t  
vo 1  ume 

out '  o f  t he  
u n i t  volume 

vo 1  unie' 

For one-dimensional s o i l  water f low,  t h e  d i f f e r e n t i a l  equat ion becomes: 

where e  = s o i l  water content  

t = time. 

S u b s t i t u t i n g  equat ion 2.2 f o r  Jw, t he  r e s u l t i n g  conservat ion equat ion 

f o r  one-dimensional h o r i z o n t a l  s o i l  water f l o w  i s :  

Th i s  equat ion conta ins  two independent var iab les ,  t h e  water content  ( e )  and 

water p o t e n t i a l  ( $ ) .  The equat ion may be transformed e i t h e r  i n t o  a  water- 

content  o r  water-potent ial-based equat ion by d e f i n i n g  the  s o i l  water charac- 

t e r i s t i c  curve, which descr ibes t h e  water content  as a  f u n c t i o n  o f  water 

p o t e n t i a l .  Assuming t h a t  t h e  water c o n t e n t l p o t e n t i a l  r e l a t i o n s h i p  f s  known, 

two equat ions can be w r i t t e n  us ing  the  cha in  r u l e  f o r  d i f f e r e n t i a t i o n :  an 

equat ion based on water p o t e n t i a l  (equat ion  2 . 5 )  and an equat ion based on water 

content  (equat ion  2.6). 



a o  where C = d i f f e r e n t i a l  water c a p a c i t y  = - 
a J, 

When equa t i on  2.6 i s  used, t h e  water  c a p a c i t y  and t h e  h y d r a u l i c  c o n d u c t i v i t y  

a re  o f t e n  combined i n t o  a  s i n g l e  t r a n s p o r t  c o e f f i c i e n t  known as t h e  s o i l  wa te r  

d i f f u s i v i t y .  The s o i l  water  d i f f u s i v i t y  D(e)  i s  d e f i n e d  by: - .  

The concept o f  wa te r  p o t e n t i a l ,  and water  c a p a c i t y  was proposed by Buckingham 

(1907), whi l e  t h e  conse rva t i on  equat ions  2.4 and 2.5 were p resen ted  by R ichards  

(1931).  (Equa t i on  2.5 i s  o f t e n  r e f e r r e d  t o  as t h e  R ichards  equat ion . )  

The equat ions  shown here  may be d i v i d e d  i n t o  two components: g r a d i e n t  

terms o r  d r i v i n g  f o r c e s  and t r a n s p o r t  c o e f f i c i e n t s .  The g r a d i e n t  terms, such 

as t h e  water  c o n t e n t  g r a d i e n t  ( a e l a x )  and t h e  water  p o t e n t i a l  g r a d i e n t  ( a$ /ax ) ,  

a re  t h e  f o r c e s  caus ing  f l o w  t o  t a k e  p lace.  The t r a n s p o r t  c o e f f i c i e n t s ,  such 

as water  c a p a c i t y  ( C ) ,  s o i  1  wate r  d i f f u s i v i t y  (D ) ,  and hydrau l  i c  c o n d u c t i v i t y  

( k ) ,  r e l a t e  t h e  d r i v i n g  f o r c e  t o  t h e  r e s u l t i n g  f l o w  r a t e  o r  f l u x .  

Equat ions  2.1 th rough 2.4 d e s c r i b e  one-dimensional, h o r i z o n t a l  f l ow .  They 

may be extended t o  t h r e e  dimensions and t o  i n c l u d e  t h e  e f f e c t s  o f  g r a v i t y  f o r  

v e r t i c a l  f l ow ;  however, t h e  r e l a t i o n s h i p s  o f  t h e  h y d r a u l i c  c o n d u c t i v i t y ,  mois- 

t u r e  d i f f u s i v i t y  and water  c a p a c i t y  would remain t h e  same. The equat ions  pre- 

sented a r e  s u f f i c i e n t  t o  i l l u s t r a t e  t h e  o r i g i n  and impor tance o f  t r a n s p o r t  

parameters t h a t  a re  necessary f o r  t h e  uncoupled ana l ys i s .  

Equat ions  2.1 th rough 2.4 a re  r e f e r r e d  t o  as uncoupled because o f  t h e  

assumption t h a t  Da rcy ' s  law adequate ly  desc r i bes  t h e  phys i cs  o f  s o i l  water  

t r a n s p o r t .  I f  f a c t o r s  o t h e r  than  p o t e n t i a l  g r a d i e n t s  shou ld  be accounted f o r  

as d r i v i n g  f o r ces ,  such as temperature g rad ien t s ,  then  e x t r a  terms must be 

i n c o r p o r a t e d  i n t o  t h e  c o n s t i t u t i v e  equa t i on  (see  Appendix A). When a d d i t i o n a l  

g r a d i e n t  terms a re  added, e x t r a  t r a n s p o r t  c o e f f i c i e n t s  must be added t h a t  a r e  . " 

a p p r o p r i a t e  t o  t h e  new d r i v i n g  f o r ces .  The c o e f f i c i e n t s  l i n k i n g  t h e  f l o w  o f  

water  t o  a  temperature g r a d i e n t  and t h e  f l o w  o f  hea t  t o  a  water  p o t e n t i a l  

g r a d i e n t  a r e  r e f e r r e d  t o  as t h e  l i n k e d  o r  coupled t r a n s p o r t  c o e f f i c i e n t s .  

(See Appendix A  f o r  a  d e s c r i p t i o n  o f  t hese  c o e f f i c i e n t s . )  



2.2 SOIL HEAT FLOW AND TRANSPORT COEFFICIENTS 

The equat ion desc r ib ing  the  f l o w  o f  heat  i n  s o i l  may be der ived i n  a  way 

s i m i l a r  t o  t h a t  used f o r  water f l o w  equations. A c o n s t i t u t i v e  equation, which 

inc ludes  t h e  appropr ia te  phys i ca l  p r i n c i p l e s ,  i s  combined w i t h  the  law o f  con- 

t i n u i t y .  The r e s u l t  i s  a  t r a n s p o r t  equat ion t h a t  represents  heat f l o w  as a  . - 
f u n c t i o n  of a l l  t he  d r i v i n g  fo rces  t h a t  were chosen and a l so  incorpora tes  t h e  

p r i n c i p l e  o f  conserva t ion  o f  energy. 

Heat i s  t r a n s f e r e d  i n  s o i l s  predominant ly  by conduct ion and convect ion, 

w i t h  water p r o v i d i n g  most o f  the  convect ive  t r a n s f e r .  The i n c o r p o r a t i o n  o f  

convect ion i n t o  t h e  equat ions prov ides s t rong coup l ing  between the  f l o w  o f  

heat and water. (Appendix A discusses t h i s  i n  d e t a i  1.) For most a p p l i c a t i o n s  

the  convect ive component can be ignored e x p l i c i t l y ,  and conduct ion considered 

alone. Therefore, t h i s  d iscuss ion  i s  l i m i t e d  t o  conduct ive heat  f l o w  and 

i d e n t i f i e s  a  l i s t  o f  t r a n s p o r t  c o e f f i c i e n t s  analogous t o  those i d e n t i f i e d  

above f o r  water t ranspor t .  (For  a  d iscuss ion  o f  t he  coupled o r  l i n k e d  t rans-  

p o r t  parameters, see Appendix A.  ) 

The c o n s t i t u t i v e  equat ion f o r  t h e  conduct ion o f  heat  i s  F o u r i e r ' s  law o f  

heat t r a n s f e r .  I t  s ta tes  t h a t  t h e  f l u x  o f  heat  (Jh)  i s  p r o p o r t i o n a l  t o  t he  

temperature g rad ien t  (aT/ax) ;  t h a t  i s ,  

where kT = thermal c o n d u c t i v i t y  

The s i m i l a r i t y  o f  equat ion 2.8 t o  Darcy 's  law (equat ion  2.1)  i s  q u i t e  

apparent. The p r o p o r t i o n a l i t y  cons tant  kT r e l a t e s  heat  f l u x  t o  the  tempera- 

t u r e  g rad ien t  i n  t h e  same way t h a t  the  hyd rau l i c  c o n d u c t i v i t y  r e l a t e s  the  f l o w  

o f  water t o  t h e  water p o t e n t i a l  g rad ien t .  The s u b s c r i p t  'IT" i s  used t o  d i f -  

f e r e n t i a t e  the  thermal c o n d u c t i v i t y  ( kT )  f rom t h e  h y d r a u l i c  c o n d u c t i v i t y  ( k ) .  
- - 

The law o f  c o n t i n u i t y  app l ied  t o  heat f l o w  s ta tes  t h a t :  

t he  change i n  heat f l o w  o f  heat  f l o w  o f  heat  
per  u n i t  volume = i n t o t h e u n i t  - out  o f  t he  

vo 1  ume u n i t  volume 



I n  equa t ion  form, i t  looks  ve ry  s i m i l a r  t o  equa t ion  2.3: 

where H = hea t  o r  energy pe r  u n i t  volume . - 
S u b s t i t u t i n g  equa t i on  2.8 f o r  Jh, t h e  conse rva t i on  equa t i on  d e s c r i b i n g  

t h e  f l o w  o f  hea t  by conduc t ion  i s  

T h i s  equa t i on  c o n t a i n s  two independent v a r i a b l e s ,  hea t  and temperature,  as does 

equat ion  2.4. The most common method f o r  r e c o n c i l i n g  these  two v a r i a b l e s  i s  

t o  use t h e  concept  & hea t  c a p a c i t y  (Cv) . Heat c a p a c i t y  i s  de f ined  by  t h e  

f o l l o w i n g  express ion:  

a H  
where C v  = v o l u m e t r i c  hea t  c a p a c i t y  = - a T 

S u b s t i t u t i n g  equa t ion  2.1 i n t o  equa t i on  2.10 g i ves :  

The q u a n t i t y  C v  i s  analagous t o  t h e  d i f f e r e n t i a l  water  c a p a c i t y  (C) i n  equa- 

t i o n  2.5. The analogy between hea t  and water  t r a n s p o r t  i s  c a r r i e d  one s t e p  

f u r t h e r  by  d i v i d i n g  equa t i on  2.12 by  C v  and o b t a i n i n g  

The q u a n t i t y  l l C v  kT may be d e f i n e d  as t h e  thermal  d i f f u s i v i t y  (DhT) o f  t h e  

s o i l .  The s u b s c r i p t  "hT" serves t o  separa te  t h i s  parameter f r o m  t h e  s o i l  mois- 

t u r e  d i f f u s i v i t y  ( D )  o f  equa t i on  2 . 7 .  



S o i l  i s  a  composite m a t e r i a l  o f t e n  c o n t a i n i n g  t h r e e  phases. The s o l i d  

phase o r  m a t r i x  i s  g e n e r a l l y  composed o f  s i l i c a t e  minera ls ,  o f t e n  assumed t o  

have t h e  same thermal  p r o p e r t i e s  as quar tz .  The gas phase, p resen t  under 

unsa tu ra ted  c o n d i t i o n s ,  i s  a  combinat ion o f  a i r  and wate r  vapor and t h e  t h i r d  

phase i s  t h e  s o i l  water.  The c o n d u c t i v i t y  and c a p a c i t y  parameters o f  equa- 
. *  t i o n s  2.12 and 2.13 rep resen t  average va lues  o f  t h e  composi te  m a t e r i a l .  These 

parameters a re  sometimes c a l c u l a t e d  as a  weighted average o f  t h e  c o n d u c t i v i t i e s  

and c a p a c i t i e s  of t h e  i n d i v i d u a l  components; o t h e r  t imes  t h e y  a r e  measured w i t h  

exper iments  performed on b u l k  samples o f  t h e  s o i l .  Because t h e  s o i l  i s  a  com- 

p o s i t e  m a t e r i a l ,  t h e  c o n d u c t i v i t y  and c a p a c i t y  w i l l  change as t h e  mass r a t i o  

o f  t h e  components changes. These changes a re  expressed as a  water  c o n t e n t  

dependence o f  t h e  heat  c a p a c i t y  and t h e  thermal  c o n d u c t i v i t y .  There i s  a l s o  a  

temperature dependence b u t  i t  i s  o f t e n  assumed i n s i g n i f i c a n t  r e l a t i v e  t o  t h e  

water con ten t  dependence. 

The water  con ten t  dependence o f  t h e  s o i l  the rma l  c o n d u c t i v i t y  r e s u l t s  f r om 

a  compl i ca ted  process i n v o l v i n g  l a t e n t  hea t  t r a n s f e r  between vapor and l i q u i d  

water  and thermal  conduct ion.  When ana l yz i ng  hea t  f l o w  independent l y  o f  wa te r  

f l o w  these  mic roscop ic  processes a r e  o n l y  accounted f o r  e m p i r i c a l l y  i n  t h e  

macroscopic thermal  c o n d u c t i v i t y  measurement. Examining t h i s  r e l a t i o n s h i p  i n  

d e t a i l ,  however, p rov ides  t h e  key t o  c h a r a c t e r i z i n g  t h e  l i n k e d  t r a n s p o r t  coe f -  

f i c i e n t s  mentioned above. Measurements o f  thermal  c o n d u c t i v i t i e s  a t  d i f f e r e n t  

temperatures, pressures,  and water  con ten t s  p r o v i d e  t h e  da ta  necessary t o  e s t i -  

mate these  a d d i t i o n a l  parameters. 

2.3 SOIL PHYSICAL PROPERTIES AFFECTING HEAT AND WATER FLOW 

A  s e t  o f  s o i l  p r o p e r t i e s  t h a t  determine t h e  va lues  o f  t h e  t r a n s p o r t  coef -  

f i c i e n t s  a re  i n c l u d e d  i n  any a n a l y s i s  o f  hea t  and wate r  t r a n s p o r t .  They do n o t  

appear e x p l i c i t l y  i n  t h e  t r a n s p o r t  equa t ions  and a re  t h e r e f o r e  d i f f e r e n t i a t e d  

f r om t r a n s p o r t  c o e f f i c i e n t s .  One such p r o p e r t y  i s  t h e  s o i l  c h a r a c t e r i s t i c  
- .  

f u n c t i o n .  T h i s  i s  t h e  f u n c t i o n a l  r e l a t i o n s h i p  between s o i l  water  p o t e n t i a l  and 

s o i l  water con ten t ,  and i s  cons idered  t h e  p r o p e r t y  most i n f l u e n t i a l  on t h e  

water  f l o w  c h a r a c t e r i s t i c s .  S o i l s  w i t h  s i m i l i a r  c h a r a c t e r i s t i c  f u n c t i o n s  w i l l  

a l s o  have s i m i l i a r  h y d r a u l i c  c o n d u c t i v i t y  f u n c t i o n s  and a  s i m i l i a r  water  con- 

t e n t  dependence o f  therma l  c o n d u c t i v i t y .  The d i f f e r e n t i a l  water  capac i ty ,  

2.7 



de f i ned  by  equa t i on  2.4, i s  t h e  d e r i v a t i v e  o f  t h e  s o i l  c h a r a c t e r i s t i c  f u n c t i o n ,  
and methods e x i s t  f o r  c a l c u l a t i n g  t h e  h y d r a u l i c  c o n d u c t i v i t y  f u n c t i o n  d i r e c t l y  

f r o m  t h e  s o i l  water  c h a r a c t e r i s t i c  f u n c t i o n .  The r e l a t i o n s h i p  between s o i l  

water  c o n t e n t  and s o i l  water  p o t e n t i a l  can o f t e n  be expressed a n a l y t i c a l l y .  

The most common express ion  used i s  t h e  power f u n c t i o n ,  where t h e  water  poten- 

t i a l  i s  expressed as t h e  water  c o n t e n t  r a i s e d  t o  some power (Brooks and Corey 

1964; Campbell 1974).  Several  forms o f  t h i s  power f u n c t i o n  a re  i n  t h e  1  i t e r a -  

t u r e  and i n c l u d e :  

where $ J ~  = a i r  e n t r y  p o t e n t i a l  

e d  = r e s i d u a l  water  con ten t  

e S  = s a t u r a t e d  water  con ten t .  

The a i r  e n t r y  p o t e n t i a l  Be, a l s o  known as t h e  s o i l  b u b b l i n g  pressure,  

i s  t h e  water  p o t e n t i a l  where t h e  s o i l  f i r s t  s t a r t s  t o  desorb. The t e rm  0 
0 - ed  B~ i s  r e f e r r e d  t o  as t h e  r e l a t i v e  s a t u r a t i o n  and t h e  t e rm  as r e f e r r e d  t o  
0s- ed 

as t h e  reduced wate r  con ten t  o r  e f f e c t i v e  s a t u r a t i o n .  The a i r  e n t r y  p o t e n t i a l  

and t h e  s a t u r a t e d  wate r  con ten t  may be measured i n  t h e  l a b o r a t o r y  o r  t h e  f i e l d .  

I n  some analyses t h e  measured va lues  a r e  used b u t  o f t e n  these  c o e f f i c i e n t s  

become cu rve  f i t t i n g  parameters ad jus ted  a r b i t r a r i l y  t o  make equat ions  2.14 and 

2.15 f i t  exper imenta l  data.  The parameter ed  i s  n e a r l y  always used i n  t h i s  

manner. 

S o i l  t e x t u r e  i s  another  p r o p e r t y  t h a t  i s  impo r tan t  i n  de te rm in ing  t h e  
- * 

h y d r a u l i c  and therma l  c h a r a c t e r i s t i c s  o f  s o i l .  Tex tu re  i s  t h e  t e rm  used t o  . - 

d e s c r i b e  t h e  s i z e  d i s t r i b u t i o n  o f  t h e  s o i l  g ra i ns .  T e x t u r a l  c l a s s e s  range f r o m  

c l a y ,  f o r  p redominan t l y  m ic roscop ic  p a r t i c l e s  ( t 2  p m  d i a . ) ,  t o  s i l t  (>2 pm and 

t 5 0  prn d ia . )  t o  sand (>50 pm and t 2  mm d ia . ) ,  t o  g r a v e l  and bou lde rs  (>2  mm - 
dia . ) .  The s o i l  t e x t u r e  i s  determined by measuring t h e  percentage o f  sand, 



s i l t ,  and c l a y  i n  a  sample. S o i l  t e x t u r e ,  t h e o r e t i c a l l y ,  should determine t o  

a  g r e a t  e x t e n t  a l l  o t h e r  p h y s i c a l  p r o p e r t i e s .  Approximate methods a re  a v a i l -  

ab le  f o r  c a l c u l a t i n g  s o i l  c h a r a c t e r i s t i c  curves, t r a n s p o r t  c o e f f i c i e n t s  and 

b u l k  d e n s i t y  f r om a  t e x t u r a l  ana l ys i s .  A t  t h e  p resen t  t i m e  t hey  serve o n l y  as 

a  r e l a t i v e  gu ide and a  q u a l i t a t i v e  t o o l .  

F i n a l l y  s o i l  d e n s i t y  i s  t h e  r a t i o  o f  mass o f  s o i l  t o  t h e  volume o f  t h e  

s o i l .  The d e n s i t y  o f  t h e  i n d i v i d u a l  s o i l  g r a i n s  i s  known as t h e  s o i l  p a r t i c l e  

dens i t y ,  and t h e  b u l k  d e n s i t y  i s  t h e  measure o f  t h e  o v e r a l l  d e n s i t y  o f  t h e  

s o i l - v o i d  composite. The h i g h e r  t h e  b u l k  d e n s i t y  t h e  l e s s  v o i d  space. The 

bu l k  d e n s i t y  i s  always l e s s  than  t h e  p a r t i c l e  dens i t y .  The r e l a t i o n s h i p  

between v o i d  space and s o i l  d e n s i t y  i s :  

where PSR = pore  space r a t i o  

@b  = b u l k  d e n s i t y  

P = p a r t i c l e  d e n s i t y  
P  

A l l  t r a n s p o r t  c o e f f i c i e n t s  and t h e  s o i l  water  c h a r a c t e r i s t i c  f u n c t i o n s  a r e  

f u n c t i o n s  o f  s o i l  b u l k  dens i t y .  The dependence i s  n o t  o f t e n  q u a n t i f i e d  accu- 

r a t e l y  because i t  i s  a  s u b t l e  e f f e c t .  Bulk  d e n s i t i e s  a re  a l s o  d i f f i c u l t  t o  

measure i n  t h e  f i e l d ,  p a r t i c u l a r l y  a t  depth, and t h e  approximate n a t u r e  o f  

f i e l d  h y d r a u l i c  t e s t s  a re  t o o  gross t o  see t h e  d e n s i t y  e f f e c t s .  Labo ra to r y  

columns can be packed t o  known d e n s i t i e s ,  i f  extreme c a r e  i s  taken, and t h i s  

p rov ides  t h e  o n l y  means f o r  examining any d e n s i t y  dependence o f  t r a n s p o r t  

c o e f f i c i e n t s .  The b u l k  d e n s i t y  i s  used t o  c a l c u l a t e  t h e  s a t u r a t e d  mo i s tu re  

con ten t  us i ng  equat ion  2.16 and t o  conve r t  mass-based u n i t s  t o  volume-based 

u n i t s .  As an example, t h e  water  con ten t  on a  mass b a s i s  em ( kg  o f  w a t e r l k g  

of s o i l )  i s  conver ted  t o  water  c o n t e n t  on a  volume b a s i s  ev  ( k g  o f  wa te r /  

cub i c  meter o f  s o i l )  by  m u l t i p l y i n g  by t h e  s o i l  b u l k  dens i t y :  



Also the volumetric heat capacity (Cv) is related similarly to the specific 

heat (CS) by the bulk density 

- .  
The measurement of these transport coefficients and soil properties is 

always a difficult task. Soil samples rarely give identical results when mea- 

surements are made, and samples taken from different areas across a field 

always show significant spatial variability. The data presented here repre- 

sent best estimates of average values and should be interpreted with this in 

mind. 



3.0 METHODS AND MATERIALS 

3.1 SOIL DESCRIPTION 

The s o i l  m a t e r i a l  used t o  f i l l  t h e  BWTF l y s i m e t e r s  i s  a  composite o f  t h e  

s o i l  and sediment excavated d u r i n g  c o n s t r u c t i o n  t o  a  depth o f  approx imate ly  
. . 

8.5 meters. A f t e r  c o n s t r u c t i o n  o f  t h e  l y s i m e t e r  a r r a y  t h e  s i t e  was b a c k f i l l e d  

w i t h  t h e  composite m a t e r i a l  f r om t h e  excavat ion.  The l y s i m e t e r s  themselves 

were then  f i l l e d  w i t h  t h e  excavated m a t e r i a l  a f t e r  i t  was passed th rough a  

112 i n c h  screen t o  remove l a r g e r  g r a v e l  and s tones ( P h i l l i p s  e t  a l .  1979). 

The o r i g i n a l  8-meter s o i l  p r o f i l e  con ta ins  two d i s t i n c t  zones. The t o p  1 

t o  2  meters c o n s i s t s  o f  e o l i a n  (w ind  blown) depos i t s  w h i l e  t h e  deeper sediments 

a re  a  r e s u l t  o f  t h e  c a t a s t r o p h i c  f l o o d i n g  o f  t h e  Pasco Basin. The su r f ace  

e o l i a n  depos i t s  were o r i g i n a l l y  p laced  i n  t h e  Winchester s e r i e s  by a  1919 s o i l  

survey (Kocher and S t r a t h o r n  1919).  A 1966 survey (Hajek 1966) p laced  t h i s  

s o i l  i n  t h e  Ruper t  se r i es ,  b u t  t h i s  has s i n c e  been changed. A  new s o i l  su rvey  

i s  needed t o  e s t a b l i s h  t h e  c o r r e c t  d e s c r i p t i o n ;  however, t h e  two most p robab le  

cand ida tes  a re  t h e  Qu incy  se r i es ,  a  medium sand, and t h e  Winchester se r i es ,  a 

coarse sand. The p a r t i c l e  s i z e  d e s c r i p t i o n  g i ven  by Gee and Campbell (1980) 

i n d i c a t e s  t h a t  Qun i cy  i s  t h e  c o r r e c t  s o i l  se r i es .  The Qu incy  s o i l  has been 

c l a s s i f i e d  as a  mixed mesic x e r r i c  torr ipsamment.  T h i s  s o i l  has been used i n  

o t h e r  h y d r o l o g i c  research  and has been i d e n t i f i e d  as e i t h e r  Ruper t  Sand o r  

6-soi  1, (Jones e t  a l .  1979, Gee and Campbell 1980, and Gee e t  a l .  1981). 

The f l o o d  depos i t s  found beneath t h e  su r f ace  e o l i a n  depos i t s  c o n t a i n  up 

t o  20% g r a v e l  w i t h  t h e  remainder be ing  ve ry  coarse t o  medium sands. These 

g l  ac io - f  l u v i a l  sediments a r e  commonly r e f e r r e d  t o  as t h e  Pasco Grave ls  ( T a l  lman 

e t  a l .  1979, P h i l l i p s  e t  a l .  1980, and Gee and Simmons 1980). These sediments 

are found th roughout  t h e  Hanfo rd  S i t e  and a re  r e f e r r e d  t o  as R(B) s o i l  by  Jones 

e t  a l .  (1979, 1981). The medium t o  coarse  sands r e f e r r e d  t o  by Sisson and 

. . Gibbs (1979) a r e  a l s o  f r om t h i s  sediment type.  

- .  The screened b a c k f i l l  m a t e r i a l  used i n  t h e  l y s i m e t e r s  resembles t h e  Q u i n c y  

s o i l  because t h e  g r a v e l  was removed, however, i t  tends  t o  c o n t a i n  more coarse 

sand. The composite m a t e r i a l  was used by Jones e t  a l .  (1979) and was i d e n t i -  

f i e d  as L -So i l .  S o i l  samples used f o r  t h e  l a b o r a t o r y  a n a l y s i s  i n  t h i s  r e p o r t  



were f r om t h i s  composite mix and r e p r e s e n t  f u r t h e r  c h a r a c t e r i z a t i o n  o f  t h e  

L -So i l .  Fo r  t h i s  c h a r a c t e r i z a t i o n  e f f o r t  f o u r  samples were c o l l e c t e d  f r o m  t h e  

b a c k f i l l  m a t e r i a l  su r round ing  t h e  BWTF l ys ime te rs .  These samples were mixed, 

passed th rough a  2-mm s ieve,  and used f o r  a l l  de te rm ina t i ons  excep t  b u l k  dens- 

i t y .  Bulk  d e n s i t y  samples cons i s ted  o f  f i v e  m i n i m a l l y  d i s t u r b e d  s o i l  co res  

taken  f r om t h e  l y s i m e t e r s  themselves. 

3.2 SOIL DENSITY 

F i v e  m i n i m a l l y  d i s t u r b e d  c y l i n d r i c a l  co res  were taken  f r o m  t h e  su r f ace  o f  

t h e  l y s ime te rs .  The sample cores  were 75.44 - + 0.103 mm i n  d iameter  and 134.04 
5 

+ 0.419 mm h e i g h t ,  r e s u l t i n g  i n  a  s o i l  volume o f  5.99 x  10  rnm3 - + 3.6 x  

k3 mm3. The m a t e r i a l  was oven d r i e d  and t h e  s o i l  volume was c o r r e c t e d  f o r  

g rave l .  Bu lk  d e n s i t y  was c a l c u l a t e d  f r o m  t h e  equat ion :  

- oven d r y  mass 
b  - volume o f  s o i  1  cores 

P a r t i c l e  d e n s i t y  was measured f o l l o w i n g  t h e  method o f  B lake  (1965) .  

3.3 PARTICLE SIZE DISTRIBUTION 

P a r t i c l e  s i z e  d i s t r i b u t i o n  (Day 1965) was determined on subsamples o f  t h e  

s ieved  b u l k  sample and c o r r e c t e d  f o r  wa te r  con ten t  by d r y i n g  i n  an oven a t  

1 0 5 ~ ~ .  R e s u l t s  o f  t h e  p a r t i c l e  s i z e  measurement were computed us ing  t h e  method 

o f  Gee and Bauder (1979).  

3.4 SOIL WATER CHARACTERISTIC FUNCTION 

Three methods were used t o  measure t h e  s o i l  wa te r  content -water  p o t e n t i a l  

r e l a t i o n s h i p .  The hanging water  column method was used f o r  p o t e n t i a l s  i n  t h e  

range o f  -1 t o  -20 J l k g .  T h i s  method was used because o f  i t s  h i g h  accuracy i n  . . 
t h i s  range. Pressure  p l a t e  techn iques  were used f o r  t h e  i n t e r m e d i a t e  ranges . - 

o f  -5 t o  -1500 J l k g .  The hanging water  column i s  n o t  capab le  o f  r each ing  t hese  

d r y  ranges and t h e  p ressure  p l a t e  i s  a  common techn ique  t o  s u b s t i t u t e .  The d r y  



p o t e n t i a l s  i n  t h e  range o f  -5000 t o  -10,000 J l k g  were made us ing  thermocouple 

psychrometers.  The p ressure  p l a t e  apparatus i s  o f  ques t i onab le  va lue  i n  these  

ranges because sample h y d r a u l i c  c o n d u c t i v i t i e s  become so low t h a t  e q u i l i b r i u m  

i s  n o t  reached; however, t h e  psychrometer techn ique  i s  f a s t  and accura te  i n  

these  d r y  ranges. 
. - 

3.4.1 Hanging Water Column 

The method o f  Vomocil (1965) was used a f t e r  placement o f  BWTF s o i l  i n  a  

g l ass  f u n n e l  on a  medium r a t e  porous p l a t e .  S o i l  was compacted by g e n t l e  tap-  
3 p i n g  o f  t h e  f u n n e l  t o  a  b u l k  d e n s i t y  o f  1.6 Mg m . Because o f  t h e  poss i -  

b i l i t y  t h a t  t h e  v e r y  coarse-gra ined BWTF s o i l  c o u l d  develop a  s i g n i f i c a n t  

c o n t a c t  r e s i s t a n c e  across t h e  porous p l a t e ,  a  t h i n  ( 5  mm) l a y e r  o f  f i n e  g r a i n e d  

s o i l  (Salkum s i l t y  c l a y  loam) was f i r s t  p laced  on t h e  p l a t e  as a s l u r r y  ( w a t e r  

con ten t  equal t o  0.75 kg /kg)  f o l l o w e d  by t h e  BWTF s o i l .  The hanging water  

columns were connected t o  t h e  g l ass  f u n n e l s  th rough  f l e x i b l e  t u b i n g  t o  f o r m  a  

sealed system. Water r e t e n t i o n  was measured by we igh ing  t h e  g l a s s  f u n n e l s  over  

a  range of water  p o t e n t i a l s  f rom -1 t o  -20 J kg-'. Successive mass va lues  o f  

t h e  composite BWTF s o i l - s i l t y  c l a y  loam column had t o  be c o r r e c t e d  f o r  t h e  

water  con ten t  o f  t h e  s i l t y  c l a y  loam l aye r .  T h i s  was achieved f r om an inde- 

pendent de te rm ina t i on  o f  t h e  s o i  1  c h a r a c t e r i s t i c  cu rve  o f  Salkum s o i  1  (equa- 

t i o n  3 .2)  and knowledge o f  t h e  b u l k  d e n s i t y  o f  t h e  l a y e r  on t h e  porous p l a t e  

(1.2 ~g  m-3). 

where: 

em = water  con ten t  ( k g l k g )  

1 = s o i l  water  p o t e n t i a l  

T h i s  equa t ion  i s  i n  t h e  f o rm  o f  equa t i on  2.14 where 



3.4.2 Pressure  P l a t e  Apparatus 

Standard p ressure  p l a t e  apparatus was used t o  determine s o i l  water  r e t e n -  

t i o n  over  t h e  p o t e n t i a l  range -5 t o  1,500 J kg-'. D iscs  (3.2 mm I D  x 10  mm 

h i g h )  were formed by s e c t i o n i n g  a tube  o f  p l e x i g l a s s  i n t o  10-mm sec t i ons ,  

reassembl ing i t  w i t h  masking tape, and pack ing  i t  w i t h  BWTF s o i l  t o  a  b u l k  
3  d e n s i t y  1.60 Mg m- . The tube  was disassembled i n t o  t h e  10  mm s o i l  d i s c s  

con ta ined  i n  t h e  p l e x i g l a s s  r i n g s .  Because o f  t h e  problem o f  c o n t a c t  r e s i s -  

tance  a t  t h e  s o i l  p l a t e  i n t e r f a c e ,  a  s l u r r y  o f  Salkum s o i l  ( 2  mm l a y e r )  a l s o  

preceded placement of t h e  s o i l  d i s c s  on t h e  porous p l a t e .  

3.4.3 Thermocouple Psychrometry 

The method o f  Campbell and Wi lson (1972) was used t o  measure s o i l  wa te r  

p o t e n t i a l  over  t h e  range -5,000 t o  -10,000 J kg-' us i ng  L i C l  as a standard. 

Fo r  t h e  water  p o t e n t i a l  range -450 t o  4,000 J kg-1, us i ng  KC1 as a standard. 

Unconso l ida ted  s o i l  i n  beakers was d r i e d  i n  a  microwave oven and sampled per-  

i o d i c a l l y  f o r  wa te r  p o t e n t i a l  and g r a v i m e t r i c  water c o n t e n t  de te rmina t ions .  A 

b u l k  d e n s i t y  o f  1.6 Mg m-3 was assumed f o r  t hese  samples. 

3.5 SATURATED HYDRAULIC CONDUCTIVITY 

The h y d r a u l i c  c o n d u c t i v i t y  was modeled w i t h  a  power f u n c t i o n  s i m i l a r  t o  

t h a t  used f o r  t h e  s o i l  c h a r a c t e r i s t i c  f unc t i on .  The f o rm  chosen f o l l o w s  f r o m  

Brooks and Corey (1964),  Campbell (1974),  and B r e s l e r  e t  a l .  (1978).  A com- 

p a r a t i v e  a n a l y s i s  o f  t h e  t h r e e  methods i s  g i v e n  i n  Jones e t  a l .  (1979).  T h i s  

t y p e  o f  f u n c t i o n  was shown t o  be e f f e c t i v e  f o r  t h e  sandy s o i l s  o f  t h e  Hanfo rd  

S i t e  (Jones 1979, Gee e t  a l .  1981).  The power f u n c t i o n  used i s :  

where 

k S  = s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  

B = parameter e i t h e r  measured o r  c a l c u l a t e d  



The parameter B can be c a l c u l a t e d  f rom t h e  b-value o f  t h e  s o i l  c h a r a c t e r i s t i c  

f u n c t i o n  as B = 2b + 3, [Brooks and Corey (1964) and Campbell ( 1974 ) l  o r  s e t  

a t  t h e  cons tan t  7.2 [B res le r  e t  a l .  (1978) l .  

When t h e  power f u n c t i o n  approach i s  used, t h e  o n l y  parameter t o  be mea- 

sured i s  t h e  sa tura ted  h y d r a u l i c  c o n d u c t i v i t y .  Two methods were used on t h e  
- - 

BWTF s o i l  samples. F i r s t  t h e  f a l l i n g  head method o f  K l u t e  (1965) was used w i t h  

brass permeameters o f  15-mm d ia .  by 200-mm high. The s o i l  was packed i n t o  t h e  

permeameters t o  a  bu lk  d e n s i t y  o f  approx imate ly  1.6 Mg M - ~ .  The f o l l o w i n g  

method was suggested by B r e s l e r  e t  a l .  (1978). The bottom end o f  a  v e r t i c a l  

s o i l  column i s  p laced i n  water and t h e  v e r t i c a l  advance o f  t he  w e t t i n g  f r o n t  
112 i s  observed. The p o s i t i o n  o f  t h e  f r o n t  i s  then  graphed as a  f u n c t i o n  o f  t . 

The s lope (m) i s  then used t o  c a l c u l a t e  t h e  sa tu ra ted  c o n d u c t i v i t y  ( k S )  by: 

The va lue  o f  kS i s  then s u b s t i t u t e d  i n t o  equat ion  3.4 t o  c a l c u l a t e  t h e  unsatu- 

r a t e d  h y d r a u l i c  c o n d u c t i v i t y .  I f  h y d r a u l i c  c o n d u c t i v i t y  as a  f u n c t i o n  o f  water 

p o t e n t i a l  i s  needed then t h e  equat ion f o r  t h e  s o i l  water c h a r a c t e r i s t i c  func- 

t i o n ,  such as equat ion 2.14 o r  2.15 i s  used t o  make t h e  change o f  va r i ab le .  

D i v i d i n g  k ( e )  by t h e  water c a p a c i t y  w i l l  g i v e  t h e  f u n c t i o n a l  r e l a t i o n s h i p  o f  

t h e  s o i l  water d i f f u s i v i t y  f rom equat ion 2.7. 

3.6 THERMAL DIFFUSIVITY AND CONDUCTIVITY 

The method o f  P a r i k h  e t  a l .  (1979) as mod i f i ed  by McInnes (1981) was used 

t o  measure t h e  thermal d i f f u s i v i t y  o f  BWTF s o i l  us ing  water baths a t  tempera- 

t u r e s  o f  21.61 - + 0.01 and 26.39 - + 0 .01 '~ .  S o i l  samples w i t h  a  range o f  water 

con ten ts  were prepared by adding smal l  amounts o f  water t o  s o i l ,  thorough ly  

m ix ing  t h e  s o i l  and s i e v i n g  through a  2-mm sieve. The c y c l e  was repeated u n t i l  

- .  t h e  r e q u i r e d  amount o f  water had been added. S o i l s  were s to red  i n  p l a s t i c  bags 
- .  sealed i n  l a r g e  metal  con ta ine rs  and were again thorough ly  mixed p r i o r  t o  pack- 

i n g  i n t o  aluminum tubes. Dur ing packing, subsamples were taken f o r  water con- 

t e n t  de termina t ion .  S o i l  columns were packed us ing  a  mechanical v i b r a t i n g  

t a b l e  w h i l e  adding s o i l  s l o w l y  through a  funne l  w i t h  a  long stem. Packing 



u n i f o r m i t y  was reasonable (maximum standard d e v i a t i o n  was 0.08 Mg m-3) and t h e  

mean bu l k  d e n s i t y  o f  d i f f e r e n t  s o i l  columns was 1.60 - + 0.03 Mg m3. A thermo- 

couple was connected t o  a  data logger (model CR5, Campbell S c i e n t i f i c  Inc., 

Logan Utah), as i l l u s t r a t e d  i n  F igu re  3.1. t o  measure the  temperature d i f f e r -  

ence between waterbath and the  i n t e r i o r  o f  t h e  s o i l  column. The computat ional  - - 

method i s  p rov ided by Riha e t  a l .  (1980) and McInnes (1981). 

Thermal c o n d u c t i v i t y  was computed f rom thermal d i f f u s i v i t y  us ing  

where C v  i s  t h e  vo lumet r ic  heat c a p a c i t y  o f  s o i l ,  computed f rom 

C v =  'b C s ( 1 4 )  + p w C w e .  

where 

s  = mass bu l k  d e n s i t y  o f  t h e  s o i l  columns (Mg m-3) 

C S  = s p e c i f i c  heat  o f  s o i l ,  assumed t o  be quartz,  
-1 1 2.53 x l o 6  J Mg K- (De V r i e s  1963) 

3  -3 b = t o t a l  p o r o s i t y  ( m  m ) 

pw = d e n s i t y  o f  water (0.998 Mg m-3) 

6 -1 -1 C w  = s p e c i f i c  heat  o f  water (4.18 x  10 J Mg K ) 

Pb = bu l k  d e n s i t y  o f  s o i l  (Mg 
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4.0 RESULTS AND DISCUSSION 

4.1 SOIL PHYSICAL PROPERTIES 

F i e l d  d r y  b u l k  dens i t y ,  p a r t i c l e  d e n s i t y  and p a r t i c l e  s i z e  d i s t r i b u t i o n  

shown i n  Tab le  4.1 r e f l e c t  t h e  coarse-grained, h i g h  d e n s i t y  m a t e r i a l  compr is ing  
- - BWTF s o i l .  A l though a l l  da ta  presented here  a re  f o r  repacked samples w i t h  b u l k  

3  d e n s i t y  va lues  c l o s e  t o  1.6 Mg m , v e r y  l i t t l e  compact ive e f f o r t  i s  r e q u i r e d  
3 t o  reach  1.8 Mg m . (The h y d r a u l i c  c o n d u c t i v i t y  da ta  a v a i l a b l e  f rom Jones 

e t  a l .  (1979) f o r  s i m i l a r  s o i l s  was ob ta ined  a t  b u l k  d e n s i t y  va lues c l o s e  t o  

1.8 Mg m-3.) 

F i g u r e  4.1 shows a  comparison o f  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  B-Soi l  

( Q u i n c y  sand) and L -So i l  (BWTF s o i  1) .  I t  i s  apparent f r o m  t h e  curves i n  F ig -  

u re  4.1 and t h e  g r a v e l  con ten t  shown i n  Tab le  4.1 t h a t  t h e  L - s o i l  composite mix 

TABLE 4.1. P h y s i c a l  P r o p e r t i e s  o f  BWTF S o i l  ( 0  t o  450 mm Depth I n t e r v a l )  

F r a c t i o n  
urn 

Mean 
Value 

Standard 
D e v i a t i o n  

o f  t h e  
Mean U n i t  

Bu lk  D e n s i t y  
P a r t i c l e  D e n s i t y  
Gravel  Content  

P a r t i c l e  S ize  
D i s t r i b u t i o n  
C lay  
S i  l t  
Very f i n e  sand 
F i n e  sand 
Medium sand 
Coarse sand 
Very coarse sand 

Sand c o n t e n t  
Very f i n e  sand 
F i n e  sand 
Medium sand 
Coarse sand 
Very coarse sand 

 ass pe rcen t  o f  
whole s o i l  

Mass percen t  o f  
f r a c t i o n  l e s s  
t han  2 mm 
diameter  

Mass pe rcen t  o f  
sand c o n t e n t  
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FIGURE 4.1. Summation Percentage Curves f o r  B-Soi 1  and L-Soi 1. 
Data f o r  B-so i l  f r om Gee and Campbell 1980. 

i s  coarser  t e x t u r e d  than t h e  B-so i l  (Qu incy ) .  Al though t h e  s o i l s  a re  bo th  

c l a s s i f i e d  as sands, t h e  water f l o w  c h a r a c t e r i s t i c s  should be somewhat 

d i f f e r e n t .  

4.2 SOIL WATER CHARACTERISTIC CURVE 

S o i l  water r e t e n t i o n  da ta  are l i s t e d  i n  Table 4.2 and p l o t t e d  i n  F ig -  

u r e  4.2, 4.3, and 4.4. F i g u r e  4.2 shows o n l y  t h e  hanging water column and 

pressure p l a t e  data. The curve was drawn us ing  Equat ion 2.15 w i t h  $ J ~  = 

0.706 J l kg ;  eS = 0.253 kglkg, ed = 0.03 kglkg,  and b  = 1.3. Gee e t  a l .  

(1981) used -0.1 t o  10 ~ k ~ - '  p o t e n t i a l  range f o r  0 -so i l  and es t imated  b  t o  

be 1.8 and 2.3 f o r  bo th  d e n s i t i e s  of 1.6 and 1.8, r e s p e c t i v e l y .  The coarser  

t e x t u r e  o f  t h e  L - s o i l  should imp ly  a  smal le r  b-value and so t h e  va lue  o f  1.3 

i s  q u i t e  reasonable f o r  t h e  range o f  p o t e n t i a l s  shown i n  F i g u r e  4.2. I f  t h e  

e n t i r e  range o f  p o t e n t i a l s  g iven i n  Table 4.2 i s  t o  be f i t  by an equat ion  

s i m i l a r  t o  2.15, then t h e  r e s i d u a l  mo is tu re  conten t  (ed) ,  must be a l lowed t o  



TABLE 4.2. S o i l  Water Reten t ion  Data f o r  BWTF S o i l  Determined by Three 
Methods: Hanging Water Column, Pressure P la te ,  and 
Thermocouple Psychrometry 

Mass Water 
Content em Volume Water Content ev  

- - 
Mean 

kg kg-I  

0.1006 
0.0761 
0.0573 
0.0456 
0.0397 

Standard 
Devi a t  i on 

kg kg- I  

0.0028 
0.0019 
0.0014 
0.0005 
0.0015 

Standard 
Mean Devi a t  i on 

Water 
P o t e n t i a l  Method 

J kg - 1 

2.95 
4.93 Hanging 
9.83 Water 

13.1 Column 
19.7 

5 
10 
30 Pressure 
5 0 P 1 a t e  

100 
483 

1000 
1500 

616 
928 

1168 
2225 Thermocouple 
6410 Psychrometer 

10130 
14620 
67510 

be a f u n c t i o n  o f  t h e  water p o t e n t i a l  r a t h e r  than a constant .  F igu re  4.3 shows 

t h e  da ta  i n  F i g u r e  4.2 as w e l l  as t h e  psychrometer data. The equat ion f o r  t h e  

curve ( s o l i d  l i n e  i n  F igu re  4.3) i s  w r i t t e n  as 
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T h i s  equa t ion  i s  s t r i c t l y  e m p i r i c a l  w i t h  no p h y s i c a l  s i g n i f i c a n c e  t o  t h e  para- 

meters used, however i t  does p r o v i d e  a  good f i t  f o r  t h e  e n t i r e  p o t e n t i a l  range. 

F i g u r e  4.4 shows a  comparison o f  t h e  s o i l  water  c h a r a c t e r i s t i c  f u n c t i o n  o f  

B-so i l  (Qu incy )  and L - s o i l  (BWTF). The shape o f  t h e  L - s o i l  cu r ve  r e l a t i v e  t o  

t h e  B-so i l  cu rve  i s  v e r y  s i m i l a r  even though t h e  L - s o i l  has a  lower  b u l k  den- 

s i t y .  T h i s  i s  i n d i c a t i v e  o f  t h e  coa rse r  n a t u r e  o f  t h e  L - so i l .  

0 10 20 30 40 

WATER CONTENT, % by wt 

FIGURE 4.4. Comparison o f  t h e  S o i l  Water C h a r a c t e r i s t i c  Func t i on  
f o r  B-Soi 1  (Gee and Campbell 1980), and L-Soi 1 



4.3 HYDRAULIC CONDUCTIVITY 

The va lue  o f  s a t u r a t e d  h y d r a u l i c  c o n d u c t i v i t y  ob ta i ned  by t h e  f a l l i n g  head 

method was 1.4 x  m s - I  - + 0.2 x  T h i s  con~pares v e r y  we1 1 w i t h  

1.7 x m  s-' r e p o r t e d  f o r  L - s o i l  by  Jones e t  a l .  (1979),  f o r  a  s i m i l a r  

method. The es t ima tes  o f  s a t u r a t e d  c o n d u c t i v i t y  ob ta i ned  f r o m  t h e  advance o f  
- - 

t h e  w e t t i n g  f r o n t  exper iments  were n o t  so encouraging. The average v a l u e  o f  m  
-112 ob ta ined  f o r  t h e  v e r t i c a l  advance o f  t h e  w e t t i n g  f r o n t  was 0.28 cm sec . 

T h i s  produces an es t ima te  o f  k S  of 1.56 x m s-' by  equa t i on  3.4, which i s  

one o rde r  o f  magnitude below t h e  o t h e r  es t imates .  Jones e t  a l .  (1979) r e p o r t e d  

an w v a l u e  o f  0.91 f o r  t h e  h o r i z o n t a l  advance o f  a  w e t t i n g  f r o n t ,  ( a l s o  sug- 

gested by B r e s l e r  e t  a l .  1978).  Us ing equa t i on  3.4 g i ves  a  k S  o f  1.85 x 

m S-I, one o r d e r  o f  magnitude above t h e  o t h e r  es t imates .  T h i s  l a r g e  spread i n  

es t ima tes  of k i s  d i s t r e s s i n g ,  however n o t  uncommon. The advance o f  t h e  wet- s  
t i n g  f r o n t  method i s  n o t  recommended u s i n g  e i t h e r  h o r i z o n t a l  o r  v e r t i c a l  

i n f i l t r a t i o n .  The more s tandard  methods o f  K l u t e  (1965) seem t o  produce more 

r e p r o d u c i b l e  es t imates .  

The unsa tu ra ted  c o n d u c t i v i t y  f u n c t i o n  can be es t ima ted  f r o m  equa t i on  3.3 

o r  one v e r y  s i m i l a r .  Gee e t  a l .  1981 found  t h a t  t h e  method o f  Campbell (1974),  

( i .e . ,  8 = 2b + 3 )  compared w i t h  d i r e c t  measurement techn iques  b e t t e r  t han  

B r e s l e r  (1978) ( i .e. ,  8 = 7.2). T h i s  may be mis lead ing ;  however, because t h e  

r e l a t i v e  s a t u p a t i o n  t e rm  e / e s  was used. T h i s  i s  e q u i v a l e n t  t o  s e t t i n g  t h e  

r e s i d u a l  wa te r  c o n t e n t  (ed)  equal t o  zero. T h i s  i nc reases  t h e  c o n d u c t i v i t y  

o f  t h e  d r y  s o i l .  T h i s  may account f o r  t h e  b e t t e r  f i t  shown by  Gee e t  a l .  

(1981),  r a t h e r  t han  a  b e t t e r  cho i ce  o f  8 .  The cho i ce  o f  ed c e r t a i n l y  b i ased  

t h e  method o f  van Genuchten as shown by Gee e t  a l .  (1981) .  U n t i l  more d i r e c t  

c o n d u c t i v i t y  measurements a re  made f o r  L - s o i l  a t  low water  c o n t e n t s  i t  w i l l  

n o t  be known how bes t  t o  choose 8 .  

4.4 THERMAL CONDUCTIVITY 

Measured therma l  c o n d u c t i v i t y  va lues  f o r  t h e  BWTF s o i l  a re  shown i n  

Tab le  4.3 and p l o t t e d  i n  F i g u r e  4.5 as a  f u n c t i o n  o f  wa te r  con ten t .  There i s  

g e n e r a l l y  good correspondence between t h i s  d a t a  ( 2 5 ' ~ )  and thermal  c o n d u c t i v i t y  

va lues  pub l i shed  by Bouse (1975) f o r  Hanfo rd  sediments ( 2 2 ' ~ ,  sand SX-S). 



TABLE 4.3. Thermal C o n d u c t i v i t y  and D i f f u s i v i t y  o f  BWTF S o i l  

Water 

em 

Content 

v 

3 -3 m m 

0.0027 
0.0116 
0.0207 
0.0264 
0.0379 
0.0611 
0.0795 
0.0922 
0.147 
0.166 
0.249 
0.265 
0.304 
0.318 
0.318 
0.323 

Bulk 
Dens i t y  

Thermal 
D i f f u s i v i t y  

Thermal 
C o n d u c t i v i t y  

L 0 
L -SOIL  

/ 
I@@ I 

L I I I I 1 
Q 05 Q 10 a 15 1120 Q 25 

WATER CONTENT - kg kg- I  

FIGURE 4.5. Thermal C o n d u c t i v i t y  o f  L -So i l  as a Func t ion  o f  Water 
Content, Determined Over t h e  Temperature Range 21 t o  
26" c 



These thermal  c o n d u c t i v i t y  da ta  conform t o  t h e  numer ica l  model ob ta i ned  

by McInn is  (1981) and were f i t t e d  t o  t h e  f u n c t i o n  

kT = A  + Bem - (A-D) exp [-(~e,)'] 

1.,(-1 where t h e  parameter va lues  o f  t h e  cu rve  o f  F i g u r e  4.3 a re  A  = 0.64 W m- ¶ 

B = 1.63 W fl'~-l ( k g  kg-'), D = 0.135 W m-lo~-l, C = 17 and x  = 2. 

T h i s  equa t i on  p rov ides  a  method o f  d e s c r i b i n g  t h e  wate r  c o n t e n t  dependence 

o f  thermal  c o n d u c t i v i t y  a n a l y t i c a l l y .  Equat ion  4.2 can a l s o  be used w i t h  equa- 

t i o n s  3.5 and 3.6 t o  c a l c u l a t e  t h e  thermal  d i f f u s i v i t y .  



5.0 CONCLUSIONS 

The s o i l  m a t e r i a l  used t o  f i l l  the BWTF l ys ime te rs  i s  a  composite o f  t he  

top  8 meters o f  s o i l  and sediment excavated du r ing  cons t ruc t ion .  The o r i g i n a l  

p r o f i l e  cons is ted  o f  1-2 meters o f  medium sands belonging t o  the  Quincy s o i l  - - 
ser ies .  The remainder o f  t h e  p r o f i l e  was ca tos t roph ic  f l o o d  depos i ts  known as 

the  Pasco Gravels. The r e s u l t i n g  composite mix i s  a  very  coarse t e x t u r e d  sand 

showing low water h o l d i n g  capaci ty ,  h igh  sa tura ted  h y d r a u l i c  conduc t i v i t y ,  and 

low a i r - d r y  thermal conduc t i v i t y .  

The s o i l  c h a r a c t e r i s t i c  f u n c t i o n  shows t h a t  t h e  s o i l  can be dra ined t o  a  

s a t u r a t i o n  r a t i o  o f  0.4 a t  a  water p o t e n t i a l  o f  o n l y  -3.0 J/kg. The S-shaped 

curve generated i s  d i f f i c u l t  t o  descr ibe  a n a l y t i c a l l y  w i t h  standard equations; 

however, t h e  midrange water contents can be expressed as a  f u n c t i o n  o f  water 

p o t e n t i a l  us ing standard power func t i ons .  I f  t h e  e n t i r e  curve i n c i u d i n g  low 

and h igh  water contents are t o  be described, more compl icated equat ions must 

be used. One approach i s  t o  a l l ow  t h e  r e s i d u a l  water content  t o  vary  w i t h  

p o t e n t i a l .  A n a l y t i c  expressions can be obta ined which a l l ow  the  c a l c u l a t i o n  

o f  t he  s o i l  water d i f f u s i v i t y .  

The h y d r a u l i c  c o n d u c t i v i t y  may be descr ibed by the  power f u n c t i o n  approach 

w i t h  t h e  sa tura ted  c o n d u c t i v i t y  being measured by standard procedures. The 

c o n d u c t i v i t y  da ta  repo r ted  here i s  cons i s ten t  w i t h  o ther  da ta  repo r ted  f o r  

s i m i l a r  s o i l s  found on t h e  Hanford s i t e .  

Thermal c o n d u c t i v i t y  measurements are c o n s i s t e n t  w i t h  p red i c ted  trends. 

The i nc reas ing  values w i t h  i nc reas ing  da ta  content  and the  range o f  values a re  

i n d i c a t i v e  o f  sandy s o i l s .  An a n a l y t i c  expression i s  g iven which prov ides an 

empi r ica l ,  bu t  accurate method o f  desc r ib ing  the  thermal c o n d u c t i v i t y  and f o r  

c a l c u l a t i n g  the  thermal d i f f u s i v i t y .  
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APPENDIX A 

THE COUPLED FLOW OF HEAT AND WATER 

A.1. FLUX OF WATER 
. . 

The mathematical-physical approach to description of mass and energy 

transport requires firstly, selection of relations between the components of 
mass flux and the driving forces and secondly, combination of these flux 

re1 ationshi ps with the mass balance equation (Klute 1973).  The macroscopic 
differential balance of mass for transport in a rigid porous medium, where the 

material is present in n phases is (Raats 1975) 

The individual mass flux densities o f  i are 

and the total mass flux density is 

Application of these equations to soil systems consistent with the modeling 
objectives of this investigation requires the following assumptions: 

1. the soil matrix behaves as a rigid porous body 

. . 2. the medium is isotropic with respect to diffusion 

3. the air phase is at constant pressure so that convective transport 

of water vapor in negligible 



4. s t o rage  o f  wa te r  i n  t h e  gas phase i s  n e g l i g i b l e  

5. c o n c e n t r a t i o n  o f  s o l u t e s  i n  t h e  l i q u i d  phase i s  n e g l i g i b l e  

6. t h e  s o l u t i o n  phase i s  o f  cons tan t  macroscopic  average d e n s i t y  

7. mass d e n s i t y  g r a d i e n t  o f  wa te r  can be expressed as a  f u n c t i o n  o f  

water  c o n c e n t r a t i o n  g r a d i e n t ,  tempera tu re  g r a d i e n t  and body f o r c e  

f i e l d s  ( g r a v i t a t i o n a l  ) 

8. c o e f f i c i e n t s  o f  d i f f u s i o n  a re  independent  o f  t h e i r  r e s p e c t i v e  

d r i v i n g  f o r c e s  and t h e  p o s i t i o n  o f  t h e  d r i v i n g  f o r c e s  ( c o n c e n t r a t i o n  

and tempera tu re  g r a d i e n t s )  b u t  may depend on o t h e r  v a r i a b l e s  such as 

c o n c e n t r a t i o n ,  temperature,  a i r  con ten t ,  a i r  p ressu re  and g a s - f i l l e d  

po re  space geometry ( K l  u t e  1973).  

App l y i ng  t hese  assumptions t o  e q u a t i o n  A.3 f o r  a  system o f  vapor and 

l i q u i d  wa te r  and exp ress i ng  f l u x  d e n s i t y  on a  volume b a s i s  g i v e s  

The f i r s t  t e r m  on t h e  r i g h t  hand s i d e  i s  t h e  i so the rma l  component and t h e  

second t h e  therma l  component o f  wa te r  f l u x ,  I f  t h e  d i f f u s i o n  c o e f f i c i e n t s  a r e  

p a r t i t i o n e d  acco rd i ng  t o  l i q u i d  and vapor  f l u x  

t h e n  independent  exp ress i on  f o r  l i q u i d  ( f i r s t  t e rm  on r i g h t  hand s i d e  o f  

e q u a t i o n  A. 5 )  and vapor (second t e rm)  volume f l u x  dens i  ty a re  o b t a i n e d  (Ph i  1  i p  

and De V r i  es 1957).  

A.2 ISOTHERMAL TRANSPORT OF WATER 

The i so the rma l  component o f  t h e  Ph i l i p -De  V r i e s  (1957) model i s  
. . 

Jew = -DeVe - K e i z  (A .6 )  



and if flux density of both vapor and liquid are distinguished 

The expression for transport of liquid at constant temperature 

arises directly from Darcy's law, which is usually expressed in potential form 
as 

The isothermal diffusion coefficient is therefore the familiar soil water 

diffusivity 

The slope of the soil water retention curve ( d 0  /de) is hysteretic and Del 
P 

is dependent on the wetting or drying history of the system (Jury 1973). No 

theoretical basis exists for calculation of Del. It is usually determined 
directly by measurement of steady state liquid flow rate and water content 

gradients or it may be calculated from measured hydraulic conductivity and the 

- .  soil water retention curve (equation A.lO). 

Isothermal vapor diffusivity is smaller than liquid diffusivity at high 

water contents but becomes dominant at lower water contents (De Vries 1958; 



Jackson 1964a, b ) .  For t h i s  reason, neglect of isothermal vapor f l ux  a t  

intermediate and low water contents wi l l  not be appropriate in modeling water 

movement a t  the  BWTF s i t e .  

The expression of isothermal vapor f l ux  i s  

Jev = -Dev ve 

Phi 1 ip and De Vries (1957) expanded t h i s  expression by using 

(A.  11) - .  

(A.  12) 

(A.  13) 

and i f  h i s  a function of e only and P: a function of T only (Ph i l i p  1955) 

(A.  14) 

The value of Dev over the  range of water content f o r  which 0.99 < h < 1.0 i s  

very small and i s  usually neglected in evaluating water f lux.  However when 

h < 0.99, d h l d e  r i s e s  t o  a maximum value, then decreases t o  zero a s  e and h 

approach zero. For t h i s  reason, De usual ly  exh ib i t s  a secondary maximum in  

t h e  dry range of water content. Because of t h i s  e f f e c t ,  Dev contr ibutes  

equally with Del t o  f l ux  a t  low water contents ,  and has accordingly enjoyed 

considerable research a t t en t ion .  
. - 



A.3 THERMAL TRANSPORT OF WATER 

The expression f o r  thermal t r a n s p o r t  o f  mass a t  constant  water content  i s  

(A .  15) 

and f o r  a homogenous, i s o t r o p i c  medium c o n s i s t i n g  o f  l i q u i d  and vapor o n l y  

(A. 16) 

The volume f l u x  o f  l i q u i d  under t h e  i n f l u e n c e  o f  a temperature g rad ien t  

may be q u i t e  considerable i n  r e l a t i o n  t o  t h a t  o f  vapor (see P h i l i p  and 

De Vr ies  1957) b u t  maximum values o f  DT1 are observed a t  h igh  water contents  

where Del i s  very  much la rge r ,  w h i l e  a t  low water contents DTv i s  

cons iderab ly  l a r g e r .  For these reasons, DT1 may be ignored i n  modeling 

water f l u x ,  prov ided l a r g e  and p e r s i s t e n t  u n i d i r e c t i o n a l  temperature g rad ien ts  

a re  no t  present.  

The major c o n t r i b u t i o n  t o  water f l u x  under nonisothermal c o n d i t i o n s  i s  

f rom thermal vapor d i f f u s i o n ,  DTv, which i s  i n f l uenced  by two enhancement 

mechanisms: temperature enhancement and p o r o s i t y  enhancement o r  

"ser ies-para1 l e l  " f l ow .  

Microscopic temperature g rad ien ts  w i t h i n  a i r - f i l l e d  pores are  h igher  than 

the  macroscopic g rad ien t  across t h e  medium because the  thermal c o n d u c t i v i t i e s  

o f  l i q u i d  and s o l i d  components o f  t h e  system are h ighe r  than t h e  thermal 
1 c o n d u c t i v i t y  o f  t h e  vapor-f i l l e d  pore space (11 = 5.92 x 10- ; 1, = 2.94 

-1 -1 oc- l )  t o  8.40; ha = 1.74 x lo-' J m s  . Th is  r e s u l t s  i n  vapor 

f l u x  t h a t  i s  as much as t w i c e  t h a t  p r e d i c t e d  by  F i cks  law. The temperature 

g rad ien t  enchancement f a c t o r  i s  de f ined as (De Vr ies  1952). 

(A.  17) 



It should be apprec iated,  f rom t h e  form o f  equat ion  A.13 t h a t  t h e  maximum 

value o f  < approaches 114 a t  e  = 0 (De V r i e s  and P h i l i p  1959). Because o f  t h e  

l a r g e r  thermal c o n d u c t i v i t y  o f  quar tz ,  t h e  temperature g r a d i e n t  enhancement o f  

vapor f l o w  i s  some 3 t o  34% h ighe r  f o r  qua r t z - r i ch  s o i l s .  Maximum values 

occur  i n  dry,  compact s o i l s .  

Phi 1  i p  and De V r i e s  (1957) i n t roduced  t h e  concept o f  "ser ies-para1 1  e l  " 
f l o w  o f  water through v a p o r - f i l l e d  pores and d iscont inuous  l i q u i d  i s l ands .  . - 
I n t e r n a l  condensat ion and evapora t ion  a l l ows  a  d i f f u s i o n  volume t h a t  i s  t h e  

sum o f  a i r  and l i q u i d  pore  space up t o  a  l i q u i d  con ten t  a t  which i s l a n d s  

become cont inuous (ek o r  a k )  Th is  enhancement e f f e c t  i s  expressed as a  

p o r o s i t y  term (a  + e f )  t h a t  rep laces  a i n  t h e  De V r i e s  (1950) model, where 

f = 1 f o r  a  > ak o r  e  < ek 

ek was i n t e r p r e t e d  by  P h i l i p  and De V r i e s  (1957) as t h a t  e  va lue a t  which 

Ke f a l l s  t o  some "smal l ,  b u t  a r b i t r a r y  f r a c t i o n  o f  i t s  s a t u r a t i o n  value." 

Ju ry  and Le tey  (1979) mod i f i ed  t h e  p o r o s i t y  enhancement express ion  t o  i n c l u d e  

an ad jus ted  pa th  l e n g t h  o f  d i f f u s i o n  ( 6 )  depending on whether f l u x  i s  through 

a  vapor- o r  l i q u i d - f i l l e d  space. The c u r r e n t l y  accepted express ion  f o r  t h e  

enhancement f a c t o r  i s  t h e r e f o r e  

where 

(A. 18) 

(A. 19) 

Combining t h e  express ion  f o r  F i c k ' s  law o f  d i f f u s i o n  w i t h  t h e  Phi l ip-De V r i e s  

model and t h e  m o d i f i c a t i o n s  o f  Ju ry  and Letey (1979) g ives  



(A. 20) 

. . There e x i s t s  no means f o r  d i r e c t  measurement o f  DTv, b u t  seve ra l  a t tempts  have 

been made t o  measure B and use t h e  va lues  t o  c a l c u l a t e  DTv. U n f o r t u n a t e l y ,  
.. . va lues  ob ta i ned  f o r  B have been c o n t r a d i c t o r y  ( J u r y  and Le tey  1979; Cary 

- 1979), and t h e  s i z e  o f  t h i s  f a c t o r  f o r  i n t e r m e d i a t e  water  c o n t e n t  remains 

unce r ta i n .  An i d e a l i z e d  summary o f  t h e  v a r i o u s  c o n d i t i o n s  t h a t  may e x i s t  i n  

s o i l  i s  p rov ided  i n  Tab le  A . l  t oge the r  w i t h  q u a l i t i t a t i v e  es t ima tes  o f  water  

con ten t ,  d i f f u s i o n  c o e f f i c i e n t s  and t h e  enhancement f a c t o r .  

A.4 HEAT CONDUCTION 

The t r a n s p o r t  o f  hea t  i n  a  con t inuous  medium i s  descr ibed  by  F o u r i e r s  law 

I n  noncont inuous, mult ip le-component media such as s o i l  c o n t a i n i n g  b o t h  l i q u i d  

and gas phase wate r  and a i r ,  t r a n s p o r t  o f  hea t  may be enhanced by  f l u x  o f  t h e  

mob i l e  components ( convec t i ve  f 1  ux o f  h e a t ) .  However, i f  c o n t a c t  between t h e  

s o l i d  components i s  l i m i t e d ,  conduc t i ve  t r a n s p o r t  may be re ta rded .  For  t h i s  

reason thermal  c o n d u c t i v i t y  o f  s o i l  i s  dependent on t h e  r e l a t i v e  p r o p o r t i o n s  

o f  s o l i d ,  1 i q u i d  and gas and t h e  n a t u r e  and arrangement (minera logy,  pack ing  

and p a r t i c l e  s i z e  d i s t r i b u t i o n )  o f  s o l i d  p a r t i c l e s  (Baver e t  a l .  1972). 

Measured heat  f l u x  i n  s o i l  i s  t h e r e f o r e  t h e  combined e f f e c t  o f  seve ra l  

processes o c c u r r i n g  a t  s p e c i f i c  l o c a t i o n s  w i t h i n  t h e  s o i l  body. It i s  

necessary t h e r e f o r e  t o  cons ide r  t h e  i n t e r a c t i o n  o f  hea t  and water  f l u x  i n  

model ing wate r  movement. 

A.5 COUPLED HEAT AND WATER FLUX 
- .  

The macroscopic d i f f e r e n t i a l  ba lance o f  hea t  i s  (Raats 1975) 



TABLE A. 1. Di agramatic Representat ion and Qua1 i t a t i  ve Desc r ip t i on  o f  Vapor and 
L i q u i d  Flow Q u a n t i t i e s  (mod i f ied  a f t e r  Rose 1963) 

l SOLATEDLIQUID ENHANCED VAPOR 

UNSATURATED LlQU I D  

SATURATED LIQUID 

* MAGNITUDE OF DIFFUSION COEFFICIENTS ARE EXPRESSED RELATIVE TO THE MAXIMUM VALUE OF EACH INDIVIDUAL COEFFICIENT. 
"ANTICIPATES VALUE 



where H as a f u n c t i o n  o f  temperature i s  

H = L Lia (T) pi + Ci ( T  - To) 

(A. 22) 

(A. 23) 

r .  

The heat f l u x  d e n s i t y  Jh i s  t h e  sum o f  a d i f f u s i v e  component and a 

convec t ive  component g iven  by 

Jh = Jhd + Jhc (A. 24) 

Using F o u r i e r ' s  law f o r  t h e  d i f f u s i v e  component (Jhd = -AVT) and express ions 

f o r  t h e  f l u x  o f  heat  i n  convect ion o f  ma t te r  [ ( T  - To)caiZJi] and du r i ng  

phase t r a n s i t i o n s  [zLia(T) Ji), equat ion  A.24 becomes 

Jh = -AVT + ( T  - . Z Ji + ELia (T)  Ji To' 'a, (A. 25) 

I n  a system o f  s o i  1, 1  i q u i d  water, and water vapor De V r ies  (1958) 

expressed equat ion  A.25 as 

where, i n  terms o f  t h e  f l u x  enhancement t heo ry  o f  Jury  and Letey (1979) 

(A. 26) 

(A. 27) 

where hJy i s  t h e  c o n t r i b u t i o n  t o  heat  f l u x  by vapor d i s t i l l a t i o n  and where 

. . o n l y  t r a n s f e r  o f  sens ib le  heat  by l i q u i d  f l u x  (second te rm i n  equat ion  A.26) 

and t rans fe r  o f  l a t e n t  heat  by vapor f l u x  ( t h i r d  term) are considered 

s i g n i f i c a n t  components o f  heat  f l u x .  . 



Clearly the flux of heat and water interact inseparably in soil and a 
complete theory requires simultaneous description of both components. 

De Vries (1958) provided the heat flux component of the Phil ip-De Vries model 

and linked this to flux o f  water. In order to distinguish between flux of 

vapor and liquid, the following continuity equations apply to a homogenous 

system of liquid and vapor in the absence of salt gradients: 

and i f  liquid and vapor are always in equilibrium 

PO, h 
ev = d - dl) - 

1 

(A.29) 

(A. 30) 

(A. 31) 

Using equations A.28, A.29, A.30 and A.31, De Vries (1958) formulated the 

equations that govern simultaneous transfer of water and heat in porous media 

as: Flux of water: 

a Ke = V (D, ve, ) + V(DT VT) + ; i ~ -  (A. 32) 



Flux  o f  heat:  

(A. 33) 

These equat ions can o n l y  be regarded as approximate because they  q u a n t i f y  

several  mechanisms which are no t  a d d i t i v e  ( Ju ry  1973) and i n  add i t i on ,  t h e  

c o e f f i c i e n t s  needed i n  these equat ions are ext remely d i f f i c u l t  and expensive 

t o  obta in.  

I n  a  simulated, steady-state heat conduct ion experiment w i t h  Yolo l i g h t  

c l a y  and a  medium sand, De V r ies  (1958) showed t h a t  t he  i n t e r a c t i o n  between 

heat and water t r a n s f e r  depended on the  f o l l o w i n g  f a c t o r s :  

1. boundary cond i t i ons  f o r  water t r a n s f e r  

2. d i r e c t i o n  o f  t h e  temperature g rad ien t  

3. r a t i o  o f  t h e  two c o e f f i c i e n t s  o f  d i f f u s i v i t y  De and DT. 

For h o r i z o n t a l  water and heat  f l u x ,  t he  water content  g rad ien t  was found 

t o  be smal l  f o r  a  boundary c o n d i t i o n  Jw = 0, except where DT i s  n o t  smal l  

w i t h  respect  t o  DO. I n  the  case o f  Yolo l i g h t  c lay ,  t h i s  reg ion  l i e s  i n  t h e  

water content  range 0.1 < e  < 0.2, and f o r  t he  sand i n  the  range 0 < e < 0.1. 

I n  the  r e g i o n  where Del << Dev, f l u x  o f  water i s  ma in l y  i n  t h e  l i q u i d  form 

and vapor d i f f u s i o n  due t o  a  temperature g rad ien t  w i l l  c o n t r i b u t e  t o  heat 

t r a n s f e r .  Equation A.26 i s  app rop r ia te  t o  descr ibe  heat  f l u x  dens i ty ,  and 

s ince  Lp1D,,DT/De << 1, t h e  apparent c o n d u c t i v i t y  ( A )  measured under 

these cond i t i ons  i s  t he  same as t h a t  p red i c ted  f rom (A, + Q ~ ) .  The water 

content  and temperature grad ien ts  i n  t h e  x - d i r e c t i o n  are g iven by 



(A. 3 5 )  

For  h o r i z o n t a l  f l o w  i n  t h e  r e g i o n  where Del << Dev, water f l o w s  ma in l y  as 

vapor, and i n  t h i s  r e g i o n  DT1 << DTv, u s u a l l y .  There i s  t h e r f o r e  no n e t  

vapor movement and t h e  app rop r i a te  equat ion  f o r  heat  f l u x  d e n s i t y  i s  

(A. 3 6 )  

where x, represents  thermal c o n d u c t i v i t y  o f  t h e  porous medium when no water  

f l u x  occurs. The water con ten t  and temperature g rad ien ts  a re  now 

(A. 37 )  

(A. 38) 

I n  t h e  r e g i o n  where Del i s  o f  approximate equal magnitude t o  Dev, 

DT1 << DTv and r e t u r n  f l o w  i n  response t o  t h e  temperature-induced vapor 

f low w i l l  t ake  p lace  bo th  as vapor and l i q u i d .  Here vapor d i f f u s i o n  w i l l  

c o n t r i b u t e  o n l y  p a r t l y  t o  t h e  t r a n s f e r  o f  heat  and f o r  steady s t a t e  f l o w  and 

J, = 0, 

(A. 3 9 )  

A s i m i l a r  a n a l y s i s  f o r  v e r t i c a l  f l u x  o f  heat  and water, i n  r e l a t i o n  t o  

t h e  same reg ions  d iscussed f o r  t h e  h o r i z o n t a l  case g ives:  

1. r e g i o n  Del << D :  K i s  very  smal l  and t r a n s f e r  o f  heat  and 

water w i l l  be equal t o  t h a t  i n  t h e  h o r i z o n t a l  case, p rov ided f l u x  i s  

steady 



2 .  region Del >> DeV or of comparable magnitude, will not exhibit 
proportionality between Jh and VT and results will depend on 
boundary conditions and gradient directions. 

For vertical, transient state flux where D,, >> D,,, equations A.26 
.. and A.32 will apply but where Del << D,, or Del - - D e ~  ' the result will 
C .  

depend on the experimental conditions. 



SYMBOL NOTATION 

Vo lume t r i c  a i r  con ten t  o f  t h e  medium (m3 a i r  rrr3 b u l k  s o i l )  

Vo lume t r i c  a i r  con ten t  a t  which vapor spaces become con t inuous  
( m3m-3 ) 

Vo lume t r i c  hea t  c a p a c i t y  assoc ia ted  w i t h  t h e  r e f e r e n c e  system a, g i v e n  
by  c  = c,pS + c a m  ( J  m 3 " ~ - 1 )  

Vo lume t r i c  hea t  c a p a c i t y  o f  water  i n  t h e  r e f e r e n c e  s t a t e  a 
( J  m 3 " ~ - 1 )  

S p e c i f i c  hea t  o f  l i q u i d  water  ( J  kg-1°c- l )  

S p e c i f i c  hea t  o f  b u l k  s o i l  ( t a k e n  as 0.9 x 103 J kg-l0C-1) 

S p e c i f i c  hea t  of water  vapor a t  cons tan t  p ressure  ( t a k e n  as 4.18 x 
10-3 J  kg-1°C-1) 

D i f f u s i o n  c o e f f i c i e n t  f o r  component i 

Thermal d i f f u s i v i t y  o f  water  (m2 s - l )  

I s o t h e r m a l  d i f f u s i v i t y  o f  water  (m2 s-1) 

I s o t h e r m a l  l i q u i d  d i f f u s i v i t y  (& s-1) 

I s o t h e r m a l  vapor d i f f u s i v i  t y  (rn2 s-1) 

Thermal vapor d i f f u s i v i t y  (m2 s-1) 

Thermal l i q u i d  d i f f u s i v i t y  (m2 s - l )  

Heat  d i f f u s i v i t y  i n  response t o  a  temperature g r a d i e n t  ( J  m 2  s-1) 

Mo lecu la r  d i f f u s i v i t y  o f  water  vapor i n  a i r  (m2 s-1) 

Supply  o f  m a t e r i a l  t o  phase i f rom o t h e r  phases 

Evapo ra t i on  r a t e  (s-1) 

A  d imens ion less  f a c t o r  which a d j u s t s  t h e  l i q u i d  space c o n t r i b u t i o n  t o  . ,, 
vapor f l o w  

A c c e l e r a t i o n  o f  g r a v i t y  (m s-2) I 



H 

h  

i z 

Jh 

J i 

Jhd 

Jhc 

J 1  

J v  

JTV 

JTW 

Je 1  

Jew 

Jw 

Ks 

K  e 

L i a  

Heat con ten t  pe r  u n i t  volume ( J  m3) 

R e l a t i v e  h u m i d i t y  h  = exp(+g/RT) 

U n i t  v e c t o r  i n  t h e  z d i r e c t i o n  

F l u x  d e n s i t y  o f  heat  ( J  m2 s-1) 

F l u x  d e n s i t y  o f  component i 

D i f f u s i v e  hea t  f l u x  d e n s i t y  

Convect ive heat  f l u x  d e n s i t y  

Volume f l u x  d e n s i t y  o f  l i q u i d  water  (m s-1) 

Volume f l u x  d e n s i t y  o f  water vapor (m s-1) 

Thermal volume f l u x  d e n s i t y  o f  vapor (m s - l )  

Thermal volume f l u x  d e n s i t y  o f  water (m s - l )  

I so the rma l  volume f l u x  d e n s i t y  o f  l i q u i d  water  (m s-1) 

I so the rma l  volume f l u x  d e n s i t y  o f  water (m s-1) 

Volume f l u x  d e n s i t y  o f  water  ( l i q u i d  and vapor)  (m s-1) 

Sa tu ra ted  h y d r a u l i c  c o n d u c t i v i t y  

H y d r a u l i c  c o n d u c t i v i t y  as a  f u n c t i o n  o f  water  con ten t  (m s-1) 

L a t e n t  hea t  r e l eased  i n  t h e  t r a n s f e r  o f  water  a t  temperature T  f r om 
phase i t o  r e f e r e n c e  s t a t e  a ( J  kg-1) 

Heat o f  v a p o r i z a t i o n  a t  r e f e r e n c e  temperature To ( J  kg-1) 

L a t e n t  hea t  o f  v a p o r i z a t i o n  o f  water ( J  kg - I )  LT = Lo - 
( c 1  - c v ) ( T  - 7-01 

Mo lecu la r  mass o f  water  (0.018 kg  mol-1) 

Slope o f  t h e  c a p i l l a r y  r i s e  - t i m e  cu rve  

Vex to r  mass f l u x  d e n s i t y  o f  component i (kg  m2 s - l )  

U n i v e r s a l  gas cons tan t  (8.314 J mol-1 K-1) 



Volumetric solid content of medium (w3 solid m3 bulk soil) 

Absolute temperature (K) 

Time (s) 

GREEK SYMBOLS 

Tortuosity factor 

General enahancement factor 

Vector differential operator 

Ratio of average temperature gradient of pore spaces to medium 

Water content of the medium 

Water content at which liquid films become continuous and vapor spaces 
discontinuous 

Volumetric 1 iquid water content (m3r3) 

Specific water content of the medium (kg water kg-1 soil) 

Saturated water content 

Volumetric water content (m3 water r 3  bulk soil) 

Thermal conductivity of soil including thermal distillation 
(J s-1m-1"~-1) 

Thermal conductivity due to vapor movement (J nrls-1'~-1) 

Thermal conductivity of liquid water (J s-In-lot-1) 

Thermal conductivity of dry air (J s-lrl'~-l) 

Thermal conductivity of soi 1 (J s-lrl'~-l) 

Thermal conductivity of saturated water vapor (J s-1*1'~-l) 

Hypothetical thermal conductivity of porous medium assuming no water 
movement 

Mass flow factor to allow for differences in boundary conditions 
governing air and vapor components of the diffusion system 



M o d i f i e d  t o r t u o s i t y  f a c t o r  i n t r oduced  by J u r y  and Le tey  (1979) 

Mass d r y  b u l k  d e n s i t y  o f  s o i l  ( k g  m 3 )  

The mass o f  water  i n  phase i per  u n i t  b u l k  volume o f  porous medium 
( k g  m-3) 

Mass d e n s i t y  o f  l i q u i d  water  ( kg  nr3) 

Mass d e n s i t y  o f  water  vapor ( k g  nr3) 

Mass d e n s i t y  o f  s a t u r a t e d  water vapor ( k g  m 3 )  

T o t a l  p o r o s i t y  o f  porous medium (m3 pore space m-3 b u l k  s o i  1) 

T o t a l  p o t e n t i a l  ( J  kg-1) 

A i r  e n t r y  p o t e n t i a l  (J kg-1) 

G r a v i t a t i o n  p o t e n t i a l  ( J  kg-1) 

H y d r o s t a t i c  p ressure  p o t e n t i a l  o f  water  (J kg - l )  
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