@ Pergamon

Int. J. Heat Mass Transfer. Vol. 38, No. 12, pp. 2297-2303, 1995
Copyright ©© 1995 Elsevier Science Ltd
Printed in Great Britain. All rights reserved

0017-9310/95 $9.50+0.00

0017-9310(94)00283-5

Evaluation of heat and moisture transfer
properties in a frozen—unfrozen water-soil
system

ASHOK K. SINGHY and D. R. CHAUDHARY
Thermal Physics Laboratory, Department of Physics, University of Rajasthan, Jaipur 302 004, India

(Received in final form 10 August 1994)

Abstract—An experimental study of heat and mass transfer in a moist unsaturated sand has been carried
out by maintaining the two ends of a sample column at temperatures of —5 and 30°C, respectively.
Measurements of temperature have been made as a function of distance from the cold end and time, along
with effective thermal conductivity and liquid water distribution at the end of the experiment. Comparison
of the measured thermal conductivity values shows close agreement with calculated values from an effective
continuous model (Singh ez al.). Evaluation of thermal and moisture diffusion coefficients has been done
from measured steady-state temperature and moisture profiles. A dryout condition has also been determined
from the evaluation of heat and moisture transfer properties.

1. INTRODUCTION

Heat and mass transfer in soils is a complicated prob-
lem because of the presence of the solid, liquid and
gaseous phases. During the freezing process the prob-
lem is also complicated because the freezing of soil
generally produces significant changes in its struc-
tural, mechanical and thermal properties. The thermal
status of freezing soils which are in a delicate balance
and disturbance of this region could have serious
engineering and ecological implications. Knowledge
of thermal behaviour is essential in ensuring that such
a disturbance does not occur, and also for the energy
balance at the soil surface. The process of simul-
taneous heat and mass transfer in the freezing process
in soils is of practical interest in many other engin-
eering applications. The heat and mass transfer
properties of soil systems are also essential for eva-
luating the effectiveness of insulation of energy storage
devices, buildings, and storage of solar and geo-
thermal energy in soils. These properties are also use-
ful for drying processes, heat transfer calculations
from buried pipelines and underground space util-
ization. They include heat dissipation from under-
ground electrical power cables, heat transfer to and
from buried heat pump coils, recovery of geothermal
energy and waste heat rejection from power plants.
For schemes of a medium to large scale, buried
pipelines and ground-based reservoirs are appropriate
means of storage and transportation. Unfortunately,
these devices usually need to be surrounded by bulky
and relatively cheap thermal insulation. This suggests
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that sand/soil can act as a natural and robust thermal
insulation. In determining the long-term thermal insu-
lation properties of sand/soil, the different properties,
i.e. diffusion coefficients, thermal properties with dis-
tribution of moisture under the effect of a temperature
gradient and dryout possibilities under different con-
ditions, have to be known.

Thermal gradients in a moist soil can induce mois-
ture movement which, in turn, can result in a decrease
in the thermal conductivity of the unfrozen soil and
an increase in the thermal conductivity of the freezing
side. In particular, the layered structure is associated
with considerable moisture migration to the freezing
front, as may occur in a frost-susceptible soil. They
are considered to be coupled processes interacting to-
gether. In consequence, changes occur in the proper-
ties of both the freezing layer and underlying unfreez-
ing zone.

The long range objective of this study is to deter-
mine experimentally the effect of moisture migration
on freezing point depression and related phenomena
on the cooling of soil with sufficient precision, and to
provide the basis for the development of mathematical
models which take these complications into proper
account. Heat and mass transport properties of moist
porous media are basically important in solving such
problems. However, there are few data and still fewer
convenient means available for the measurement of
these properties at the moment. An evaluation of these
properties with the distribution of moisture content
and its effect on the effective thermal conductivity
(ETC) and the diffusion coefficients has been made in
the present investigation, along with the conditions for
the existence of a dryout region under experimental
conditions.
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NOMENCLATURE

a constant V4 volume fraction
b slope of density temperature curve /. non-dimensional steady-state
D diffusion coefficient temperature
h latent heat of evaporation 1/ non-dimensional steady-state moisture
J moisture flux L phase dispersion
K moisture diffusion coefficient ¢ ratio of energy stored in vapour
Le Lewis number enthalpy to that stored as internal
M moisture content by weight at energy.

saturation
m moisture content by weight at Subscripts

unsaturation a air
q power per unit length supplied to the c cold

probe heater d dry
T temperature [°C) e effective
t time ECM effective continuous media
w moisture content g gas
X coordinate (distance). H hot

i initial
Greek symbols j 1 for frozen and 2 for unfrozen

o thermal diffusivity ma  moist air
B new thermal diffusivity S saturation
A thermal conductivity s solid
P density s.s.  steady-state
£ porosity v vapour
v «mass condensation/evaporation per A moisture (water)

unit volume 0 thermal
w mass content of water vapour in ov thermal vapour

saturated air at 760 mm of Hg fw  thermal moisture.

2. MEASUREMENT AND ANALYSIS

Temperature and water content profiles in a vertical
soil column, with the cold side temperature below the
freezing point of water, and subjected to temperature
gradient, were measured as a function of time and
distance from the cold end. The moisture content pro-
file was measured at the steady state. The soil sample
was dune sand of particle size 150-177 um, porosity
0.42 in dry state and density 1620 kg m~?*, The sample
had a predetermined moisture content of 14.47% and
was in a PVC pipe of length 27.0 cm and diameter
15.0 cm. The moisture content was measured by a
gravimetric method using a precise electric balance :
accurate to 0.1 mg. This oven drying technique is the
most widely used method for measuring soil moisture
content and is the standard for the calibration of all
other soil moisture determination methods [1]. The
error associated with this method can be up to 10%
[2] and consists of drying a soil sample in an oven at
105°C until a constant weight is obtained.

The experimental arrangement is similar to that
illustrated in Fig. 1. Controlled liquids of constant
temperatures, i.e. —5°C and 30°C, were circulated
through hollow copper circulation plates placed at
both the ends of the soil column. Thirteen thermal
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Fig. 1. Schematic diagram of experimental arrangement.

conductivity probes were placed at intervals of 2.0 cm
throughout the length of the column. Temperature
recording was achieved throughout the length of
column by an inbuilt copper—constantan thermo-
couple within each probe and a Therm 5502 (micro-
processor-based data recording system, German
made), which has a facility of recording temperatures
at 20 points within an accuracy of +0.02°C.

The effective thermal conductivity at each probe
position i.e. with the distribution of moisture and tem-
perature profile was measured using the expression

[3):
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where T, and T, are two temperatures at times ¢, and
t,, respectively. By knowing the value of the slope
between In(¢), the temperature rise, and g, power per
unit length supplied to the probe heater, one can deter-
mine the thermal conductivity 4. At the end of the
experiment, the probes were removed and a small
amount of the sample was extracted from the vicinity
of the probe position with the help of hollow brass
tubes. The determination of the water content was
achieved by weighing a sample specimen with a precise
electrical balance before and after drying in an oven at
105°C. The calculation of the ETC was accomplished
using temperature-dependent expressions [4].

The moisture concentration (W) and temperature
(T) in an unsaturated porous medium has been
described as [5, 6]:

%l = D)V’ T+KV*W 2)
and
U g, 3
where

(1+ (ngjhj/(pc)/’)(Di/aj))
(1+&,bh,/(pc)))

The term B, is a rather new diffusivity term which is
dependent on the thermal diffusivity of the material
(), the latent heat of evaporation (), the slope of
density temperature curve (b)), the volumetric heat
capacity of the material (pc);, and it reveals the
character of the system. A brief account of the
development of ecuation (3) is given below.

At any point within the system, the rate of change
in vapour density (g,p,) equals the diffusion rate to
that point minus/plus the condensation/evaporation
(v), i.e.

Bi=uw

a(sgpv) _ D'al(agpv) .

2 o e (3a)

Here subscript j is 1 for the frozen region and j is 2

for the unfrozen region. The change in internal energy

at any point is expressed as
po), T, _, 0T,

i g T

(3b)

The empirical relation for vapour density with tem-
perature can be written as [7]

(3¢c)
Using equation (3a), (3b) with (3c) one can obtain
equation (3).

For one-dimensional flow of heat the moisture con-
centration flux from equation (2) is

pv = a;+5,T;
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where Dy = Dy, + Dy, and K = K, + K, are thermal
and moisture diffusion coefficients, respectively.
Under the condition of steady-state flow, the net flux
of moisture must be zero, i.c.

Dy, (dW)dx)

K~ (dT/dx)’ ©)

From equation (5) the evaluation of the ratio (D,/K)
can be obtained under the condition of one-dimen-
sional heat flow from the steady-state measurements
of temperature and moisture profiles. The thermal
diffusion coefficient from the definition itself can be
expressed as

W O
_Pup @

Dy =—D;—.
Y

(6

The air density (p,) can be expressed as

273.13 )

Pu= ‘~2929(m

The vapour diffusivity through the porous material
(Dy), is equal to approximately one-fifth of the
diffusion coefficient of water vapour through air,
which is expressed as

T+273.137]7°
__t__‘_:| [m2s'].

. -5
D;=229x%10 [ 57313

The mass content of water vapour (w) in saturated
humid air under 760 mm of Hg with variation of
temperature was derived by Yu [8] and is expressed
as

do 1.8041 x 10 exp (g) K]
dr” [760—0.378 x exp (9)](T+227.02)* ’
@)
The parameter g is
3816.4

Here one obtains the concept of dryout in a moist
porous medium when the moisture profile reaches its
steady state [9] by writing equations (2) and (3) in
dimensionless form and using Green’s theorem under
steady-state conditions. The non-dimensional steady-
state temperature (/1) and moisture () profiles are
related by g = — 4+ (Y1), irrespective of the ther-
mal boundary conditions with impermeable boun-
daries. One then has

K
= —DGVT((W)S.S. —W) = — (Wr)ss. + {(Wr)ss)

D,vVT
K

(!/IM )s.s.

(W)s.s. = I/Vl - ((l//T)s.s. - <(l//T)s.s. >) (73)

From this, one defines the wet region (W > 0) as
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KW,
(‘pT)s.s. < For +<(¢T)s:>

DT (7b)

Using the Laplace transform technique, the solution
at steady state is
(r)ss = 1—X with (Yr)>=1/2 (8)
Um)es = —(1=X)+ (1 - X))
~(1-X)+1/2=X-1/2. 9

In these expressions X = 2x, then equation (7a) shall
be

W=W+Q2x—1/2)D,VT/K (10)
and the wet region is given by equation (7b)
L__KW, 11
4= pvr =" (1

When the left-hand side of equation (11) is set equal
to zero, one obtains the upper bound of W, for which
dryout is possible.

D,VNT
2K

The effective thermal conductivity (ETC) has been
calculated using the expressions developed by Singh
et al. [4]. This model has been tested for different types
of porous materials saturated with various liquids and
for materials having a wide variation in porosity. The
ETC of moist soil is expressed as

;Ls_'{ECM
= 844 L3 TECM Y23 |
Ae = Agcm [1 +3.8 <15+2iscm)€s :| (13)

( VVi)dryout = (12)

Here {; = y,—0.5, where ¥, {, A, and Agcy denote the
volume fraction of the solid phase, the solid phase
dispersion, the thermal conductivity of solid phase
and the thermal conductivity of the effective .con-
tinuous medium, which is expressed for a moist
porous medium as

Jpem = 1.092(A,40) 2. (14)

The thermal conductivity of moist air (A,,) is ex-
pressed as (for ., volume fraction of moisture in
pore space, 0 < 23 < 0.4)

A
Ama = Aa(1+3.844 (15)

w ey 03
Aw+24, ™)
When ¥, lies between 0.4 and 1.0, the thermal con-
ductivity of moist air becomes

B Ao s
ﬂvma—ﬂ.w<1+3.844la+2iw(l—l//ma . (16)

The thermal conductivities of water (4,) and air (1,)
are expressed as

Ay =0.55+234x 107 T—1.1x107° T?
and

A, = 002374641 x107° T.
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The volume fraction of moisture in the pore space
will be

_Vu

l//a
where ¥, = (m/M),. Here m and M represent the
varying moisture content and the moisture content at
saturation by weight percent, respectively. In the case
of a frozen system, A,, will be replaced by the thermal
conductivity of ice (Ai.).

l//ma

3. RESULTS AND DISCUSSION

The results of the study are presented in Figs. 2-6.
In Fig. 2 the transient temperature measurements are
presented. This figure presents temperature recordings
for various times after the temperature at the upper
end of the column is lowered suddenly to —5°C
(below the freezing point of water) and the bottom
end of the column is at 30°C, which is approximately
room temperature. From Fig. 2 it can be observed
that the soil temperature decreases and approaches
a linear distribution, because of the initial uniform
moisture content, and then approaches a steady-state
non-linear profile. It might be due to the fact that the

300

250
200 at 15.0 cm

150

10.0

50

Temperature °C

00

at 1,
| TN NSO SO N R

sol 1
00 100 200 300 400 500
Time (hour)
Fig. 2. Variation of non-dimensional temperature [(7— T¢)/
(Ty— T¢)] with non-dimensional distance (x/L) from cold
end (L =27.0cm, T. = —5°C and Ty = 30°C).
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Fig. 4. Variation of effective thermal conductivity (ETC)

with moisture content and distribution of steady-state tem-

perature and moisture with axial distance from cold end
(cm).

effective thermal conductivity of moist porous
materials primarily depends upon moisture content
and composition [10, 11]. Also if the effective thermal
conductivity of the moist material is to remain
uniform, then a linear temperature distribution would
be expected. As the heat and moisture migration is a
coupled process, therefore the steady-state tem-
perature profile will be non-linear, because of moisture
redistribution resulting from the applied temperature
difference. Since the slope of the temperature profile
decreases with increase in axial distance from the cold
end, this profile shows the characteristics of the
material, whose ETC decreases with x/L. Transient
temperature measurements reveal that the tem-
perature adjusts rapidly compared with the moisture
and that a quasi-steady state exists during the time of
moisture redistribution.

In Fig. 3 the variation of temperature with time at
specific distances is presented. This figure presents the
effectiveness of time-dependent cooling of the material
with the axial distance from the cold end. In Fig. 4
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Fig. 5. Variation of the ratio of thermal and moisture
diffusion coefficients with moisture content.
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Fig.

the steady-state temperature and moisture profiles are
shown as a function of axial distance from the cold
end. These steady-state temperature and moisture
profiles have been used for the evaluation of diffusion
coefficients. Also on this figure are plotted the mea-
sured and calculated values of the effective thermal
conductivity. The Singh et al. model [4] was used to
calculate the ETC values. A reasonable agreement has
been found between the measured and calculated ETC
values. A sharp increase in the ETC has been found
at the interface that might be due to the freezing of
soil. At the interface, the moisture content within the
soil freezes, which increases the ETC of soil because
freezing water has a thermal conductivity which is
four times greater than that of free water. In the cal-
culations, the thermal conductivity of ice was taken
tobe 220 Wm 'K~

An analysis of the proposed diffusivity term f; and
some points of interest are discussed here. The new
diffusivity term is

(1+¢,/Le))
(1+¢)

where Le; = o;/D; represents the Lewis number, which
is of basic importance in determining the behaviour
of the system. The term ¢, which also affects the
magnitude of the difference between a; and §,, is the
ratio of energy stored in the vapour enthalpy to that
stored in the internal energy

_ &bk

(pe);
The vapour density temperature slopes for the frozen
and unfrozen regions are b; =194x10"* and
b, = 6.18 x 107%, respectively. The magnitude of Le;
presents the existence of evaporation or condensation.

When Le; > 1 evaporation will occur in the system,
which will increase the thermal diffusivity of the

B;=o,

;
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system. The ratio of the energy flux in the vapour
enthalpy to that in the internal energy is

¢, Dbhe, Dibhe,

i _ ity
Le; afpc), Aej

In Fig. 5 variation of the ratio of thermal and mois-
ture diffusion coefficient (D,/K) with moisture content
is presented. The ratio of D,/K is a function of both
composition and soil moisture content. Variation of
the ratio can also be seen by combining the above two
with moisture content individually. These results also
verify that the ratio should not be more than 1072, as
proposed by Luikov [12] from the theoretical analysis.
It can be concluded from the graph that the ratio
becomes greater with the increase of moisture content
and thereafter decreases. The ratio is small for a low
moisture content. As the moisture content increases,
the ratio also increases up to a certain value of mois-
ture content, which depends on soil type. Further
increase in water content results in a decrease in the
ratio of the diffusion coefficients. The decrease in D,/K
at higher water content is mainly because of the
decrease in porosity of soil, which reduces the amount
of vapour transfer. The experimental data presented
by Luikov [12] indicated that D,/K is approximately
zero when moisture content reaches saturation. In the
dry region of the soil, the ratio should also decrease
to a small value (i.e. zero), since the mass transfer of
water vapour is not possible due to the absence of
liquid water. Figure 4 shows a small dip in the mois-
ture content distribution between 0.7 and 0.85 (x/L).
This dip affects the dW/dx values in the region and
hence causes the aforementioned D,/K valley, which
may be caused by measurement error. The ratio of
thermal and moisture diffusion coefficients has been
found to be in the range of 107°~107*>C~". Based on
theoretical analysis and experimental data, Luikov
has proposed that, for the coupled heat and mass
transfer process in porous media, the ratio of diffusion
coefficients should be less than 1.0 x 10~*°C.

The variation of individual thermal and moisture
diffusion coefficients with moisture content has been
plotted in Fig. 6. The moisture diffusion coefficient
exhibits a broad minimum, because it is inversely pro-
portional to D,/K and D, varies monotonically with
W/Ws. For the sand sample, the thermal diffusion
coefficient has been found to be in the range 107
10" m?s~'°C~' and the moisture diffusion coefficient
has been found to be in the range of 107*-10"° m®
s7'(1073-10"7 for unfrozen soil and 10~-10° for
frozen soil). The order of these values is in agreement
with results of Wang and Yu [13].

The analysis of the dryout condition presents a
method for determining the existence of a dryout
region by knowing only the boundary conditions and
the ratio of diffusion coefficients. It has been found
that, for the present thermal boundary conditions,
dryout is possible only when the initial moisture con-
tent is less than 3.0%. Thus the existence of a dryout
region will depend upon the initial moisture content.
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The extent of the dryout region increases with a
decrease in initial moisture content. Dryout starts at
a time when the temperature field has already reached
a steady state. It can be observed that the moisture
content decreases near the hot surface of the slab and
increases near the cold surface. After a certain time,
the moisture content at the hot surface reaches the
value zero. At that moment, dryout starts and the
dryout region expands into the interior of the slab, an
asymptotic steady state is finally reached in which
the moisture content increases linearly with increasing
depth of the slab. The depth to which dryout pen-
etrates increases with larger values of thermal/mass
diffusion parameters. The total moisture content in
the slab must remain unchanged. As such the local
moisture content value at the cold side increases with
increase in value of the mass diffusion parameter.

4. CONCLUSION

Ratios of diffusion coefficients, D,/K, were exper-
imentally determined by measuring the one-dimen-
sional temperature and moisture distribution in the
temperature range of —5-30°C. The ratio of Dy/K
was found to be function of the moisture content. The
ratio was found to be small for low moisture content
values, increases with moisture content and thereafter
decreases. The ratio D,/K was found to be in the range
of 1073-1072°C. For the soil used in this study, the
moisture diffusion coeflicient was estimated to be in
the range of 107%-10"¢m?s ™! (10~%-10~" for unfrozen
region and 10~"-10"¢ for frozen region).

The transient thermal response of the sand is much
quicker than its moisture response, the thermal
response soon settles down to being quasi-steady. The
steady-state moisture and temperature profiles were
found to be functions of initial moisture. In general,
an increase in initial moisture content leads to uniform
moisture distribution, thus a uniform thermal con-
ductivity and linear temperature profile. Since both
Djand K are physical properties, they should be inde-
pendent of time. Therefore, the diffusion coefficient
determined at any specific instant (e.g. quasi-steady
state) must be applicable through the process.

The results show that the effective thermal con-
ductivity model is adequate for a system of porous
media under different conditions. This analysis estab-
lishes a method of predicting the existence of a dryout
region for different boundary conditions using the
diffusion coefficients.

The moisture diffusion coefficient K is very sensitive
to moisture content. Small errors in the measurement
of the moisture content give rise to large errors in the
K value.
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