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The extremely small values of the coupling coefficient B (see
Figure 10) indicate negligible influence of moisture content gradients
on the heat flux. As a numerical check, the model equations were also
solved with a zero value for B, and no change was observed in the pre-
dicted temperature and moisture content profiles. This constitutes an
indirect verification of the Onsager relationship since B was calcu-
lated from B* using the Onsager relation.

Surface temperature uniformity of the two spheres and close
agreement of temperatures measured at equal radii for different loca-
tions appear to support the assumption of one-dimensional heat transfer.
Local moisture content determination by the gravimetric method is sub-
ject to greater error than the temperature measurement. Such errors
include the spatial averaged nature of the local moisture content
values, loss of moisture during handling, and determination of very
small differences in mass. The measured values of moisture content,
while exhibiting scatter, are in reasonable agreement with predictions
utilizing the Cary and Taylor model. The agreement of measured and
predicted temperature profiles is better, but this might be attributed
to the relative unimportance of coupling of moisture content gradient
to heat flux and the greater certainty associated with thermal condué-
tivity values.

The moisture content data indicate, however, that one-
dimensional transfer is not strictly satisfied since a general trend
toward higher moisture contents is obvious toward the bottom of the
annular medium. This observation might be qualitatively associated

with gravitational effects.



CHAPTER 9
CONCLUSIONS AND RECOMMENDATIONS

Methods have been developed for obtaining the transport

coefficients in the Cary and Taylor equations, and a solution tech-

nique was developed to obtain predictions of the temperature and

moisture content for a one-dimensional steady-state system with

zero mass flux.

A.

A transient method has been used to determine the thermal
conductivity for the porous medium as a function of moisture
content. The measurements wére made in a time frame which
precluded significant moisture transfer, thus obviating
the difficulty of assigning thermal conductivity values which

do not reflect the coupling between heat and moisture transfer.

The coupling coefficient g*, which measures the inde-
pendent effect of temperature gradient on liquid moisture
flux, has been determined for a nominally 250 n glass bead -
water unsaturated system. B*, although strongly dependent on
the moisture content, appears not to be a function of the
gradients of moisture or temperature for the range of fluxes
studied. This conclusion is based on comparison of calculated
values of B* from runs with heating rates differing by a factor
of about two, and on the success of prediction of steady-state
temperature and moisture profiles for different boundary condi-

tions using B determined for one heating rate.
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C. The coupling coefficient B, which measures the independent
effect of moisture content gradient on heat flux, appears to be
essentially zero for this system, based on application of
Onsager's relationship and on numerical evaluation of the effect
of B on predicted steady-state temperature and moisture content

profiles.

D. The IBM Continuous System Modeling Program has been used to
predict the steady-state temperature and moisture profiles in
a one-dimensional, spherically symmetric, closed porous medium
system. The thermal conductivity, diffusivity, and coupling

coefficient 6* are treated as functions of moisture content.

Comparison of steady-state experimental data with model pre-
dictions showed reasonable agreement, indicating validity of the
Irreversible Thermodynamics model over the range of parameters

studied.

Precise guidelines regarding the applicability of the theory of
linear Irreversible Thermodynamics to other systems of this nature
for both steady-state and transient conditions are not yet known

and need to be established.

A. The importance of hysteresis is not clearly understood and

needs investigation.

B. A theoretical basis is needed for establishing the ranges
of moisture contents and temperatures in which liquid-
dominated flow, which is assumed in the present formulation of

Cary and Taylor model, applies.
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For high liquid moisture contents, there is an indication
that gravity effects may be important. Extension of the

predictive model to include such effects should be instructive.

Validation of the Cary and Taylor model for processes in

unsaturated porous media for open systems should be attempted.

Finally, the Irreversible Thermodynamics basis for the Cary
and Taylor model needs careful scrutihy. It appears that a
more conceptually correct derivation should identify a potential
which includes surface effects in the Gibbs Equation and that
the identification of chemical potential in the thermodynamic

force conjugate to mass flux in this system may not be rigorous.



NOMENCLATURE

constant

exponent; graphically, the negative of the slope of the log

Y-t curve, sec”]

mass concentration of component i, g/g

specific heat, cal/g ¢

coefficient of diffusivity of liquid water in an unsaturated

porous medium, cm2/ day
gravitational constant, cm/sec2

height, cm

20

surface heat transfer coefficient, cal / sec cm C

partial enthalpy of component i, cal/g

thermodynamic flux of ith

species
thermodynamic heat flux, cal/ an2 day

n
heat flux (= JQ -z

Ji ﬁi) , cal /cm2 day
j

1
flux of liquid water, g/ cm2 day

Bessel function of first kind and zero order of x
Bessel function of first kind and first order of x

hydraulic conductivity, cm/ day

saturated hydraulic conductivity, cm/ day
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KSc calculated saturated conductivity, cm/ day

K(G)i calculated hydraulic conductivity for a specified water

content or pressure

L length, cm

Li> Lig» Laiv

qu’ qu’ phenomenological coefficients
qu, wa

M mass of system, g

Mi mass of component i, g

n total number of pore classes

P pressure, dynes / cm2

p parameter that accounts for interaction of pore classes
Q heat rate, cal / day

Qw volumetric flow rate, an3/ day

R], R2 radial distances, cm

r radius, cm

" radius of cylinder, cm

S entropy, cal /OC

S specific entropy, cal/g °C

T temperature, OK

T0 initial uniform temperature of sample, ¢
T] temperature at radius R], Ok



e

<<

constant ambient water bath temperature, ¢

temperature of cylinder wall

time variable

specific internal energy, cal /g
. o 3

specific volume, cm™ /g

mass average velocity, cm/ sec

velocity of component i, cm/ sec

a constant (= 2.405)

.th .

i thermodynamic force

ratio of temperature difference, dimensionless

thermal diffusivity, anz/ sec

coupling coefficient (= dy/d1InT), cal/g
coupling coefficient (= d0/d1InT), dimensionless
colatitude angular coordinate, degrees

notation for change

surface tension of water, dynes / cm

porosity, cm3/ cm3

viscosity of water, g/ cm sec

volumetric moisture content, cm3 water/’cm3 medium
moisture content at radius R], cm3 water / cm3 medium

thermal conductivity, cal /cm sec ¢

chemical potential, cal/g
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chemical potential of water, cal/g
chemical potential of free water, cal/g

density, g/ cm3

density of component i, g/ cm3

density of water, g/ cm3

rate of entropy production, cal/g ¢ day

30

volumetric rate of entropy production, cal/cm” ~C day

latitude angular coordinate, degrees

water potential, dynes/ cm2

gradient operator, cn!
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+ SHOOTING METHOD FOR BOUNDARY VALUE DETERHINATION (SEE PAGE 26)
N=N+1
IF(N.6T.20) 60 T0 3
DIF=NASS-HASS1
IF(ABS(DIF)-1.0) 3,3,4

4 IF(DIF) 2,3,5

2 HIN=TH
TH1=NIN+0.618: (MAX-MIN)
GO TO &

5 HAX=TH
THI=HIN+0.382:4(MAX-MIN)

é CALL RERUN

E 3

3 CONTINUE

TIMER FINTIN=10.0

END

TIMER PRDEL=1.0,QUTDEL=1.0
PRTPLT T,THETA,MASS

END

sST0P

ENDJOR
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