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Figure 42. Coupling C o e f f ic ie n t  β* vs. Volumetric Moisture 
Content 0 , f o r  Runs 2, 4, 6, and 8
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The extrem ely small values o f the coup ling  c o e f f ic ie n t  3 (see 

Figure 10) in d ic a te  n e g lig ib le  in flu ence  o f  m oisture content g rad ients 

on the heat f lu x .  As a numerical check, the model equations were also 

solved w ith  a zero value fo r  3. and no change was observed in  the pre

d ic te d  temperature and m oisture content p r o f i le s .  This c o n s titu te s  an 

in d ire c t  v e r if ic a t io n  o f  the Onsager re la t io n s h ip  since β* was ca lcu 

la te d  from β*  using the Onsager re la t io n .

Surface temperature u n ifo rm ity  o f the two spheres and close 

agreement o f temperatures measured a t equal ra d ii fo r  d i f fe re n t  loca 

tio n s  appear to  support the assumption o f one-dimensional heat tra n s fe r . 

Local m oisture content de term ination  by the g ra v im e tric  method is  sub

je c t  to  g rea te r e r ro r  than the temperature measurement. Such e rro rs  

inc lude the s p a tia l averaged nature o f the lo ca l m oisture content 

va lues, loss o f m oisture during hand ling , and determ ination  o f very 

small d iffe re n ce s  in  mass. The measured values o f m oisture con ten t, 

w h ile  e x h ib it in g  s c a tte r ,  are in  reasonable agreement w ith  p red ic tio n s  

u t i l i z in g  the Cary and Tay lo r model. The agreement o f measured and 

p red ic ted  temperature p ro f i le s  is  b e tte r ,  but th is  m ight be a tt r ib u te d  

to  the re la t iv e  unimportance o f  coupling o f m oisture content g rad ien t 

to  heat f lu x  and the g re a te r c e r ta in ty  associated w ith  thermal conduc

t i v i t y  values.

The m oisture content data in d ic a te , however, th a t one

dimensional tra n s fe r  is  not s t r i c t l y  s a t is f ie d  since a general trend  

toward h igher m oisture contents is  obvious toward the bottom o f the 

annular medium. This observation m ight be q u a l i ta t iv e ly  associated 

w ith  g ra v ita t io n a l e ffe c ts .



CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

I .  Methods have been developed fo r  ob ta in in g  the tra n s p o rt

c o e ff ic ie n ts  in  the Cary and Taylo r equations, and a s o lu tio n  tech

nique was developed to  ob ta in  p re d ic tio n s  o f the temperature and 

m oisture con ten t fo r  a one-dimensional s teady-s ta te  system w ith  

zero mass f lu x .

A. A tra n s ie n t method has been used to  determine the thermal 

c o n d u c tiv ity  fo r  the porous medium as a fu n c tio n  o f m oisture 

con ten t. The measurements were made in  a time frame which 

precluded s ig n if ic a n t  m oisture tra n s fe r ,  thus o b v ia tin g

the d i f f i c u l t y  o f  assign ing thermal c o n d u c tiv ity  values which 

do not r e f le c t  the coupling between heat and m oisture tra n s fe r .

B. The coup ling  c o e f f ic ie n t  β *, which measures the inde

pendent e f fe c t  o f  temperature g rad ie n t on l iq u id  m oisture 

f lu x ,  has been determined fo r  a nom ina lly  250 μ glass bead- 

water unsaturated system, β *, a lthough s tro n g ly  dependent on 

the m oisture con ten t, appears not to  be a fu n c tio n  o f the 

g rad ien ts  o f m oisture o r temperature fo r  the range o f fluxes  

s tud ied . This conclusion is  based on comparison o f  ca lcu la ted  

values o f  β* from runs w ith  heating ra tes  d i f fe r in g  by a fa c to r  

o f  about two, and on the success o f  p re d ic tio n  o f s teady-s ta te  

temperature and m oisture p ro f i le s  fo r  d i f fe re n t  boundary cond i

tio n s  using β* determined fo r  one heating ra te .
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C. The coup ling  c o e f f ic ie n t  β, which measures the independent 

e f fe c t  o f  m oisture con ten t g rad ie n t on heat f lu x ,  appears to  be 

e s s e n t ia lly  zero fo r  th is  system, based on a p p lic a tio n  o f 

Onsager's re la t io n s h ip  and on numerical eva lua tio n  o f  the e f fe c t  

o f β on p red ic ted  s tea dy-s ta te  temperature and m oisture content 

p r o f i le s .

D. The IBM Continuous System Modeling Program has been used to  

p re d ic t the s tea dy-s ta te  tem perature and m oisture p ro f i le s  in

a one-d im ensional, s p h e r ic a lly  symmetric, closed porous medium 

system. The thermal c o n d u c t iv ity , d i f f u s iv i t y ,  and coupling 

c o e f f ic ie n t  β* are tre a te d  as fun c tion s  o f  m oisture con ten t.

I I .  Comparison o f  s tea dy-s ta te  experimental data w ith  model pre

d ic tio n s  showed reasonable agreement, in d ic a tin g  v a l id i t y  o f  the 

I r re v e rs ib le  Thermodynamics model over the range o f parameters 

s tud ied .

I I I .  Precise g u ide line s  regard ing the a p p l ic a b i l i t y  o f the theory o f

l in e a r  I r re v e rs ib le  Thermodynamics to  o th e r systems o f th is  nature 

fo r  both s teady-s ta te  and tra n s ie n t con d ition s  are not y e t known 

and need to  be es ta b lish e d .

A. The importance o f hys te res is  is  not c le a r ly  understood and 

needs in v e s tig a tio n .

B. A th e o re tic a l basis is  needed fo r  e s ta b lis h in g  the ranges 

o f m oisture contents and temperatures in  which l iq u id -  

dominated f lo w , which is  assumed in  the present fo rm u la tion  o f 

Cary and Taylo r model, a p p lies .
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C. For high l iq u id  m oisture con ten ts , there is  an in d ic a tio n  

th a t g ra v ity  e ffe c ts  may be im portan t. Extension o f the 

p re d ic tiv e  model to  inc lude such e ffe c ts  should be in s tru c t iv e .

D. V a lid a tio n  o f  the Cary and Tay lo r model fo r  processes in  

unsaturated porous media fo r  open systems should be attempted.

E. F in a lly ,  the Ir re v e rs ib le  Thermodynamics basis fo r  the Cary 

and Tay lo r model needs ca re fu l s c ru t in y . I t  appears th a t a 

more conceptua lly  c o rre c t d e riv a tio n  should id e n t i fy  a p o te n tia l 

which inc ludes surface e ffe c ts  in  the Gibbs Equation and th a t 

the id e n t i f ic a t io n  o f  chemical p o te n tia l in  the thermodynamic 

fo rce  conjugate to  mass f lu x  in  th is  system may not be rigo rou s .



NOMENCLATURE

A constant

b exponent; g ra p h ic a l ly ,  the negative o f  the slope o f  the log

Y -t  curve, sec-1

C. mass concentra tion  o f  component i ,  g / g

c s p e c i f ic  heat, c a l/g  °C

D c o e f f ic ie n t  o f  d i f f u s i v i t y  o f  l i q u id  water in  an unsaturated

porous medium, cm2 /  day

g g ra v i ta t io n a l  constan t, cm/ sec2

H he igh t, cm

h surface heat t ra n s fe r  c o e f f i c ie n t ,  cal /  sec cm2 °C

Hi p a r t ia l  enthalpy o f  component i ,  cal / g

thermodynamic f lu x  o f  i th species

Jq thermodynamic heat f l u x ,  cal /  cm day

 
Jq heat f lu x  (= JQ - Σ J i Hi ) , cal /  cm2  day

 
Jw f lu x  o f  l iq u id  water, g /  cm day

J0(x ) Bessel fu n c t io n  o f f i r s t  kind and zero order o f  x

J1(x) Bessel fu n c t io n  o f  f i r s t  kind and f i r s t  order o f  x

K hyd rau lic  c o n d u c t iv i ty ,  cm /  day

Ks saturated hyd rau lic  c o n d u c t iv i ty ,  cm /  day
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Ksc ca lcu la ted  sa tu ra ted  c o n d u c t iv ity , cm/ day

Κ (θ)i ca lcu la ted  h yd ra u lic  c o n d u c tiv ity  fo r  a s p e c ifie d  water 

content o r pressure

L le n g th , cm

Li k ’  Liq ’ Lq i ’

Lqq ’ Lqw’ phenomenological c o e ff ic ie n ts

L , L wq ww

M mass o f system, g

Mi mass o f component i , g

n to ta l number o f pore classes

2
P pressure, dynes /  cm2

p parameter th a t accounts fo r  in te ra c t io n  o f pore classes

Q heat ra te , cal /  day

3
Qw vo lum e tric  flo w  ra te , cm /d a y

R1, R2 ra d ia l d is tances , cm 

r  ra d iu s , cm

r m rad ius o f c y lin d e r , cm

S en tropy, cal /  °C

S s p e c if ic  en tropy, cal /  g °C

T tem perature, °K

To i n i t i a l  un iform  temperature o f sample, °C

T1 temperature a t rad ius R1, °K
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T constant ambient water bath temperature, °C
a

Trm temperature o f  c y l in d e r  wall 

t  time va r ia b le

U s p e c i f ic  in te rn a l energy, cal /  g

V s p e c i f ic  volume, cm3 /  g

v mass average v e lo c i t y ,  cm /  sec

Vi v e lo c i ty  o f  component i ,  cm /sec

x1 a constant (= 2.405)

i th thermodynamic force

Y r a t io  o f  temperature d i f fe re n c e ,  dimensionless

a thermal d i f f u s i v i t y ,       cm2 /  sec

3 coupling c o e f f ic ie n t  (= d ψ / d In T) , cal /  g

β* coupling c o e f f ic ie n t  (= d O / d l n T )  , dimensionless

γ c o la t i tu d e  angular coord ina te , degrees

Δ no ta t ion  fo r  change

Ϭ surface tension o f  water, dynes /  cm

 ε p o ro s ity ,  cm3 /cm 3

η v is c o s i ty  o f  water, g /  cm sec

 0 vo lum etr ic  moisture con ten t, cm3 water /  cm3 medium

 01 moisture content a t  radius R1, cm3 water /  cm3 medium

λ thermal c o n d u c t iv i ty ,  cal /  cm sec °C

P chemical p o te n t ia l ,  ca l/qchemical p o te n t ia l ,  ca l/g
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μw chemical potentia l o f water, cal /  g

chemical potentia l o f free water, cal / g

p density, g /  cm3

density o f component i ,  g /  cm3

ρw density o f water, g /  cm3

σ rate o f entropy production, cal /  g °C day
 

σ' volumetric rate o f entropy production, cal /  cm3 °C day

Φ la titu d e  angular coordinate, degrees

ψ water p o te n tia l, dynes /  cm2

∇ gradient operator, cm-1
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*  SHOOTING METHOD FOR BOUNDARY VALUE DETERMINATION (SEE PAGE 26 )
N=N+1
IF(N.GT.20)  GO TO 3 
DIF=MASS-MASS 1 
IF (A B S (D IF ) -1 .0 )  3 , 3 ,4

4 IF (D IF )  2 , 3 ,5
2 MIN=TH 

TH1=MIN+0.618 * (MAX-MIN)
GO TO 6

5 MAX=TH
TH1=MIN+0.382*(MAX-MIN)

6 CALL RERUN
*

3 CONTINUE 
TIMER FINTIM=10.0 
END
TIMER PRDEL=I. 0 , OUTDEL=I .0
PRTPLT T,THETA,MASS
END
STOP
ENDJOB
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