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Abstract — Transient heat and mass transfer in soil surrounding a buried heat source are considered. One*>
dimensional (spherical) models are developed to predict the coupled heat and moisture migration
phenomena. Numerical solutions of the exact formulation are given. In addition, two types of closed-form
solutions are derived employing approximate models. Experimental measurements are presented for two
disparate soil types — a well-graded loam (slow hydraulic response) and sand (more rapid hydraulic
response). Predicted and measured temperature variations at the heat source surface are compared. In all
cases the numerical solution of the exact formulation agrees with the experimental data reasonably well. The
closed-form solutions deviate somewhat from the measurements, but are shown to be useful for obtaining
approximate predictions in a simple manner.

thermal diffusivity, k/pc [m?/s];

equivalent thermal diffusivity, k,./(pc),
[m?/s];

geometrical factor in the vapor diffusion law ;
dimensionless temperature (T — T;)/AT,;

NOMENCLATURE Greek symbols
a, heat source radius [m]; a,
c, specific heat [J/kgK]; o,
D, hydraulic diffusivity [m?/s];
D,,  mass diffusivity for air-water vapor [m?/s]; 8,
F, specific liquid phase heat of transport L,
[J/kel; 6,

f(T), vapor diffusion function defined by equation A8
(6) [kg/smK];

g, acceleration of gravity [m/s®];

h, specific enthalpy, latent heat [J/kg]; g,

J,  mass flux [kg/m*s];

k, thermal conductivity {W/mK]; Doy

k., equivalent conductivity, equation - (20) o,
[W/mK]; T,

k, hydraulic conductivity [m/s];

volumetric moisture content [m3/m?®];
ultimate steady state decrease in moisture
content at heat source, equation (22)
[m*/m];

dimensionless moisture content
(0; — 0)/A0, ;

equivalent Lewis number, a,/D;

density [kg/m?];

Fourier number, at/a.

P, pressure, partial pressure [N/m?]; Subscripts

p,  porosity [m*/m*];

q, heat source output [W]; &
q",  heat flux [W/m?]; G
R,  gas constant [JTkgK]; d,
r radius [m]; ©
T, absolute temperature [K]; f"
AT, ultimate steady state temperature rise at heat b
source surface, ag,/k [K]; L
t, time [s]; Im,
u, specific internal energy [J/kg]; It,
v, specific volume [m?/kg]; I,
X, dimensionless length, (r — a)/a; m,
Vs dimensionless temperature, (1 + x){; pa,
z, dimensionless water content, (1 + x)¢. Py,
s?
t
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for air, median value;

critical value;

dry region;

equivalent value;

heat source;

initial;

liquid ;

matrical liquid;

thermal liquid ;

change from liquid to vapor phase;
matrically induced ;

air at constant pressure;

water vapor at constant pressure;
soil;

thermally induced ;

vapor;

air at constant volume;

water vapor at constant volume.
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Superscripts
0,
().

positive side of interface;
negative side of interface.

INTRODUCTION

THE TRANSIENT response of wet soils to heating is
important in a number of natural processes and
engineering applications, including warming of the
earth by the sun and heating of soil by underground
electrical installations. Examples of the latter are
transmission lines and distribution transformers
which generate heat due to dissipation of electrical
energy. Another recent example involves the use of
waste heat {rom power plants for soil warming to
enhance agricultural production. In this application
water carrying the rejected power plant energy is
typically circulated in pipes buried in the soil.

These engineering applications are represented by a
heat source buried underground such as the one shown
in Fig. 1. The rejected heat can dry out the surrounding
region due to evaporation. Vapor diffuses away from
the heat source and condenses in the cooler outer
regions. This sets up a liquid concentration gradient
which causes some of the moisture to be drawn back by
capillary action toward the source. The drying process
can increase the thermal resistance of the soil, and this
effect can produce higher heat source temperatures
than would otherwise occur. These higher tempera-
tures, in turn, drive out more liquid causing even
higher soil resistance. If moisture inflow balances the
outflow, the thermal resistance of the soil stabilizes.
Otherwise, a dry soil region can develop around the
heat source. This can result in permanent equipment
damage due to overheating in the case of underground
electrical installations. Because of the importance of
these kinds of applications it is appropriate to study
both the transient thermal and transient hydraulic
response of soils and their mutual dependence, or
coupling.

Much research has been done on heat transfer and
mass flows in soils. A few key pertinent investigations
will be discussed briefly. Smith [1], Phillip and deVries
[2], and Woodside and Kuzmak [3] have postulated a
moisture transfer model consisting of a series of
evaporation and condensation steps together with a
discontinuous flow of liquid film. Nielson et al. [4] and
Taylor and Cary [5] have applied nonequilibrium
thermodynamics to analyze the associated coupling
effects. Similar techniques have been employed by Ash
and Barrer [6], Mokadam [7], and Vink [8]. Further
discussion of pertinent references is contained in [9].

It appears that little work has been performed on
coupled heat and mass transfer under transient con-
ditions. Sepaskhah et al. [10] and Slegel and Davis
{11] report experimental and analytical work on heat
and mass transfer in heated and irrigated soils. A
report containing information on soil warming appli-
cations by means of power plant waste heat has been
published by Knudsen and Boersma [12].
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It should be noted that the investigations reported
in [10] and [11] are somewhat similar to the present
study, but they deal with a different geometrical
arrangement which is associated with soil irrigation
and soil warming applications. In the present work
spherical symmetry is employed and liquid sources are
not considered, but a more detailed evaluation of the
transport phenomena is performed.

This paper describes an investigation of the physics
of transient coupled heat and mass transfer in soils,
including coordinated analytical and experimental
studies. The specific system considered is that of a
spherical heat source, buried in an essentially infinite
soil of uniform composition, temperature and mois-
ture content, which is subjected to the sudden appli-
cation of a constant heating rate. The various applic-
able physical processes are discussed in the analyticai
formulation. In the present study analysis of the
problem led to three different methods of predicting
the soil transient response. These methods differ in the
degree of sophistication and also. correspondingly, in
the amount of computational effort required and in the
error incurred. Experiments were conducted using two
different sotls, Fox loam (99, clay, 40° silt, 51%; sand}
and Mason sand (0% clay, 1% silt, 999, sand). These
soils have quite different hydraulic propertics and
thereby exhibit considerable contrast in the effects of
water movement on thermal response. Comparisons of
experimental measurements and the corresponding
results of the three computational methods show
reasonably good. agreement for the most complex
analytical technique, and less favorable agreement for
the other two. Further details concerning the work
reported in this paper are contained in [9].

ANALYTICAL FORMULATION

The general formulation of the buried heat
source problem is quite complex, mvolving
evaporation—condensation processes together with
gravity action, soil hysteresis, and other secondary
phenomena. For purposes of analysis it is appropriate
to simplify the problem substantially by eliminating
consideration of effects such as gravity, water table,
and changes in surface weather conditions. The major
aim here is to isolate and study the dominant physics of
the problem in order to determine the major effects of
mass transfer upon the heat transfer capability of soil
adjacent to the heat source. Spherical symmetry is
assumed with transient heat and mass transfer in the
radial direction only. A polar coordinate system is
chosen with its origin located at the center of a
spherical heat souurce. The source is buried in an
essentially infinite, initially uniform mass of soil. The
relationships describing the dominant physical
phenomena are listed below.

1. Fourier’s law of heat conduction:
&t

ar

q" =~k
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2. Buckingham-Darcy’s law for matrically induced
liquid mass flux [13]:

00
= — — 2
Jim D P 2
3. Thermally induced liquid mass flux [4]:
F, oT
—pik 3
Ju P 'gT E 3)

Hence, the total liquid mass flux, based on equations
{2) and (3), is
a6 F, oT
= - — + k= —]. 4
Jy Px(Dzar + ‘9T 6r> @
4, Vapor mass flux inside the pore spaces of wet soil
[14, 15]:

oT
Jo= =B - O f(T) 5~ )

where

P

f(T) = vavkthvTZ P Pv’

which can be correlated by

8.34 x 10°

6
T3 (0.024207¢5200T — ©)

(M= 37448)

as shown in [9].

5. Saturated  vapor  density-temperature
relationship:
2.54 x 108 5200/7
R et - , 7
Py T ™

which is a semi-empirical expression described in [9].

6. Air density-temperature relationship:

= pvRv}, (8)

where the total pressure P is taken to be constant and
equal to one atmosphere.

When the above relationships are employed in
expressions for mass and energy, the moisture con-
servation equation becomes:

10 o0 F, oT
k—
r? 6r[ p,(D or * 'gT or )]

1
+~2-5—[ *B(p — 6) f(T}*]

00 dp, oT
= (p — Pu)a—t +(p -0 ar 7 ®
and the energy conservation equation becomes
a8 F, oT}| 8T
Dy— + ky— —
p ‘[ o TNGT B ] “ar
oT 8T
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The air flux J, in equation (10) can be calculated by
integration of the mass conservation equation for air.
Hence

(10)

r*(p — 0)p,dr.

= 11
a rzat . ( )

The initial distributions of temperature and moisture
content are assumed uniform, and the values of T and
6 far from the source remain equal to these initial
values. Thus

T(,0) =
6(r,0) = 8(cw,t) = 8; = constant.

T(0,t) = T, = constant

The boundary conditions at the surface of the heat
source are

(57>,=a = Tmpe—orm+k ¥
20 p;k; + Blp — 6) f(T)

) 13)
<6r r=a PtDt[hzuﬁ(P ) f(T)+ k] G-

In dry soils the moisture content is equal to or less
than the critical value . At the critical value of 8,
liquid film continuity is broken and the liquid does not
flow. Also, retained moisture is so tightly held to the
surfaces of the soil particles that evaporation and
vapor flux are usually neglected. Hence, for this
situation J; = J, = 0. Further, the air flux J, is also
neglected in this case based on order of magnitude
considerations. As a result, for dry soils the single
governing equation is the heat diffusion equation,

1o /,0T\ 1T
P 6r<r 6r> % ot
ky

PsCs + Pr Od (&]
Again, the presence of air and water vapor is neglected,
based on order of magnitude considerations, in the
expression for the heat capacity. For this dry soil
situation the initial and boundary conditions are
written as

(14)

where

T(r,0) = T(0,t) =T,
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In the general case of an initially wet soil, a dry-wet
interface may be established. This case is shown in Fig.
I. The moisture content throughout the dry region
becomes constant and equal to thecritical value 6,, and
all mass fluxes are essentially zero in this region. On
the other hand, moisture content in the wet region is a
function of space and time, and in this region mass flow
can be very significant. Equations (9) and (10) on the
one hand and equation (14) on the other are the
governing equations in the wet and dry regions,
respectively. The conditions at the interface separating
the two regions are

(ar ~
or re

oD, o0
é

F NZrs
p,k,ﬁ +Bp—0)f(T) T

(ar)[ _ huBlp — 8 f(T) + ks (fl) ,

or ky or

N\ Sry

(16)

where r; refers to the wet side of the interface and r;
refers to the dry side. 1t should be noted that adry-wet
interface does not occur in every case of an initially wet
soil.

In summary, for the case of a dry soil the tempera-
ture distribution is obtained from equation (14). For
the case of an initially wet soil in which a dry-wet
interface does not form, the moisture and temperature
distributions are obtained from equations (9) and (10).
And finally, for the case of an initially wet soil in which
a dry—wet interface does form, the distributions in the
wet region are obtained from equations (9) and (10)
while the temperature distribution in the dry region is
obtained from equation (14). Equations (15) and (16)
are used to couple the solutions at the dry-—wet
interface for this last case.

For the case of initially dry soil, the classical solution
of equation (14} with the indicated initial and boun-

earth’'s surface
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Fic. 1. Buried heat source.
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dary conditions is given in many texts [16]. This
solution is

X x
v=erfc] —— | —e*FTerfc] - +
i (2\/1') ( 2\]'"{ K

wherey = (1 + x){,x = (r — a)ja,{ = (T — T)AT,.
T = gt/a’, and AT, = ag;/k,.

For the case of an initially wet soil the simplest
prediction technique involves solving the heat con-
duction equations while neglecting all effects of mass
migration as well as phase change of the water. This
consists essentially of solving equation (14) with o,
replaced by a, the thermal diffusivity of the initially
uniform soil, assumed constant throughout the pro-
cess. This ‘pure heat conduction mode!” again leads to
equation (17) with a; and k,; replaced by « and k.
Obviously this represents a very crude approximation,
especially if a dry—wet interface should form in the
actual situation. The great advantage of this method
lies in its simplicity, but it fails to account for a number
of phenomena that may be important. Specifically, of
the four transport mechanisms indicated by items 14
at the beginning of this section, only the first (Fourier™s
law) is employed while the other three are negiected.

A somewhat more refined prediction technique
involves simplification of equation (10) by eliminating
consideration of convective transport of thermal en-
ergy due to mass migration, but retaining the latent
heat effect due to phase change. The resulting equation

is
e/, (“T) cT
W e R PR i
v or (r °or (e ot

Gt

(1%}

where

(pc)e = Psls + /)19(’1 ”9]

is the equivalent heat capacity of the wet soil, and
ke =k + by, lp — 0) f(T) {20)

is the equivalent conductivity of the soil. if k, and (pc),
are taken to be constant, this model leads to the same
classical solution which characterizes the pure heat
conduction model, but an equivalent diffusivity.
k. /(pc),, is employed. The equivalent diffusivity ac-
counts for heat conduction according to Fourier’s law
and portions of the remaining three transport
mechanisms (see items 1-4 at the beginning of this
section). The purpose of this procedure is to account
for effects of mass migration to the maximum extent
possible, while still retaining the simplicity associated
with the heat conduction equation. This model i3
referred to as the ‘energy conduction model’.

The most accurate prediction technique involves
numerical solution of the equations discussed in this
section, equations (9)—(16) and the appropriate initial
and boundary conditions. Results obtained in this
manner account for ail of the phenomena discussed
previously, and therefore are more accurate than the
predictions obtained from the two approximate
models.
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In the Results and Discussion, predictions by all
three techniques are compared with experimental
measurements. The experimental apparatus and pro-
cedure are discussed in the following section.

EXPERIMENTAL PROGRAM

Two types of soils were investigated in this study, a
well-graded loam (fine pores and slow hydraulic
response) and a plain sand (larger pores and faster
response). Their thermal and hydraulic properties
were measured using established procedures which are
generally accepted in the soil science field.

The measurements of soil dry bulk density p,
porosity p, and specific heat ¢, were straightforward.
The line source method was used to measure soil
thermal conductivity k(#). This is an accepted method
in soil science which involves measurement or the
thermal response of the soil sample as a result of rapid
heating by a very small diameter cylindrical heat
source. During the brief period of measurement thereis
not sufficient time for appreciable moisture migration
to occur. Hence the k-value determined corresponds to
soil in which the moisture is essentially stationary [17].
A pressure plate apparatus was employed to determine
soil water suction. The method of Ahuja and Swartzen-
druber [13] was employed, and an equation for the
hydraulic conductivity k,(0) was deduced. Then, one
point given by this equation was matched to an
experimentally measured value (using a constant head
apparatus) to determine both the hydraulic diffusivity
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Fic. 2. Variations of properties of loam with moisture
content.
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Dy(6) and hydraulic conductivity k(). The resulting
variations of k, k;, and D; with moisture content are
shown in Figs. 2 and 3 for the two soils tested. Details
of these aspects of the experimental work are con-
tained in [9].

Because of difficulties involved in measurements of
the geometrical factor f and liquid phase heat of
transport F;, equations (5) and (3), these two properties
were not measured. Values within the ranges given in
the literature for the two soil types were used instead
{4, 15].

A very important aspect of the experimental work
was the degree of uniformity of the soil. Consequently,
the two soils studied were put through preparation
processes to break the aggregates and remove gravel
and large organic materials. A power mixer was used
to stir the prepared soil with a mist of water in order to
bring the moisture content of the soil up to the
optimum level. In the vicinity of this optimum value
the density of compacted soil becomes insensitive to
variations in moisture content. The optimum moisture
content was determined by the Standard Proctor
Method [18].

The prepared loam was compacted in a tank 1.85m
in height and diameter while the sand was tested in
another tank which was 0.92 m in both dimensions. As
a result, test runs with loam lasted 200 h while those
with sand were terminated after 10h — before the
boundaries of either tank had interfered with the
transient processes occurring in the soil during each

y ky, 1074m/s

Hydraulic diffusivity D, 1074 m?/s
Thermal conductivity k, W/m-K

Hydraulic conductivit

o 0.10
Volumetric moisture content 8

Q.20 0.30 040

F1G. 3. Variations of properties of sand with moisture content.
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run. That is, during the periods of 200h and 10h,
respectively, the soils in the two tanks represented
infinite media with regard to the transient heat and
mass transfer processes.

A heat source 0.02 m in radius was positioned in the
center of each tank. This consisted of a copper sphere
with an electrical resistance heater imbedded inside.
Twenty-nine thermocouples were located vertically
along the axis of each tank and horizontally in the
central plane of the tank as shown in Fig. 4. This
arrangement made it possible to experimentally de-
termine the extent of gravity effects due to free
convection and also to check on the initial temperature
uniformity of the soil. An electronic scanner and a
digital voltmeter were used to sense and record the
thermocouple signals.

After preparing the soil volume, several small sam-
ples were removed and dried in an oven, with
weighing of each sample being performed before and
after the drying process. By averaging the results for
the various samples a reasonably accurate value was
determined for the initial moisture content 4. Four
moisture probes buried in the soif were used to provide
an additional check on the value of €, as well as on the
uniformity of the initial moisture content. Each probe
was composed of two plates separated by an in-
termediate fiberglass layer. The electrical capacitance
of this device is dependent on the moisture content of
the fiberglass, which in turn is related to that of the
surrounding medium. Transient measurements of the
moisture content # were also obtained with these
probes. However, the quality of these data was not
very good because the probes were too large and their
transient response was too slow. Therefore. transient
measurements of moisture content are not reported in
this paper.

top view
of central plane

[ \ﬁ/.“soil

~

thermocouple
‘\\_hem

source

iead wires

N

side view

hS

\—\‘hermncouple

FiG. 4. Experimental apparatus.
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Once the uniform soil, heat source and probes were
in place, electrical power was supplied to the heat
source at a constant rate. A number of transient tests
were performed. Conditions and initial values of some
of the properties associated with eight representative
cases are summarized in Table 1. In connection with
the initial property values shown it should be men-
tioned that the numerical solution accounted for
variable properties during the transient period.

RESULTS AND DISCUSSION

Experimental measurements for the cight test runs
indicated in Table 1 are shown in Figs. 5-7. Only
measurements at the surface of the heat source are
shown. In most applications the temperature at the
source is of greatest interest. Temperatures at other
locations for any given time lic between the initial
temperature and the temperature at the source
Measurements obtained at various radii, as indicated
in the previous section, were also plotted but arc
omitted here for the sake of conciseness.

Each experimentally obtained temperature re-
sponse is compared with the corresponding analytical
predictions. Results for loam are given in Fig. S. For
each case the pure heat conduction model predicts &
rise in temperature with time. The energy conduction
modei predicts a similar rise, but for any given time the
predicted temperature rise is smaliler. This is explained
by the fact that the equivalent conductivity &, charac-
terizing that model is larger than the actual soil
thermal conductivity k, since the former represents
both heat conduction and energy transport associated
with the latent heat due to phase change. Hence,
according to this model the moist soil acts like a
substance undergoing pure heat conduction, but with
a higher k-value. Consequently, the heat diffuses more
readily than is predicted by pure heat conduction
alone. The numerical solution accounts for all of the
transport mechanisms described in the analytical
formulation, and therefore exhibits a greater facility
for transport than the two simplified models. For this
reason the predicted temperature rise for any given
time is lower than the values calculated with the wo
simplified models. Notice that the pure heat con-
duction model overpredicts the experimentally obser-
ved temperature response, and the energy conduction
model does also, but with smaller error. The numerical
solution, on the other hand, agrees with the measure-
ments reasonably well. The response for Run No. | lies
well below that for Run No. 2, which vividly illustrates
the enhanced energy transport due to moisture. The
initial moisture content ¢, was 0.245 for Run No. |, and
was 0.165 for Run No. 2 (see Table 1).

The results for sand shown in Fig. 6 are similar 10
those for loam, and the comments given above gen-
erally apply to sand as well as loam. However, the two
simplified models yield almost identical predictions for
Run No. 3. In this case the sand was very wet. The
conductivity of liquid water in the pores of wet sand is
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Table 1. Summary of conditions and initial properties for experimental tests

T; 6, n k k, D,
Run No. (°C) (m?/m?) (W) (W/mK) (m/s) (m?/s)
1-loam 222 0.245 20 2.01 1.79x 107° 508x 1078
2-loam 20.8 0.165 20 1.24 521x 10710 2.50x 1078
3-sand 204 0.196 20 2.11 1.01x 1075 1.02x 103
4-sand 20.7 0.196 40 211 1.01x1073 102x1073
5-sand 20.0 0.070 20 1.36 998 x 1078 3.06x 1077
6-sand 20.1 0.070 40 1.36 998 x 1078 3.06x10°7
7-sand 20.3 0.024 20 1.00 8.25x 10710 1.02x 1078
8-sand 20.2 0.024 40 1.00 8.25x 10710 1.02x 1078
Ps Cs P ec Fl
Soil (kg/m’)  (J/kgK) (m’/m®) (m*/m?) (J/kg) (none)
loam 1680 795 0.353 0.055 419 2
sand 1560 795 0.390 0.050 4.19 1

much higher than that of the air and water vapor
occupying the pores of sand with low moisture con-
tent, thus yielding a higher overall conductivity k. Also,
for very wet sand the liquid nearly fills the pore spaces,
leaving only a very small portion of the pore cross-
sectional area for vapor diffusion, thus limiting the
latent heat effect due to phase change. Hence, the heat
conduction effect is dominant in both simplified
models for this case, and for this reason they yield
almost identical predictions. Both of them overpredict
the observed experimental response because they fail
to account for transport due to liquid migration, which
is a substantial effect for very wet sand. The numerical
solution does account for this, as well as all the other
effects, and it therefore predicts the experimentally
observed response quite well. For Run No. 5 the
moisture content is smaller, and the prediction based
on the energy conduction model falls somewhat below
the prediction based on the pure heat conduction
model, as expected. The numerical solution and the

ey T T
o Experimental measurement
~— Pure heat conduction model
—— Energy conduction model
— Numerical solution T T

90

3 3 8

Temperature,
4]
o]

40

Q0I Ol 1.0 100 1000

Time, h

FIG. 5. Temperature responses for loam at the surface of the
heat source (g, = 20 W).

experimental measurements fall together below these
two predictions, in a manner similar to the results for
loam shown in Fig. 5. In Run No. 7 the initial moisture
content §; was below the critical moisture content 0,
(see Table 1), so the soil can be regarded as essentially
dry throughout the process. Since moisture migration
is virtually nonexistent in this case the pure heat
conduction model provides a sufficiently accurate
prediction. Predictions based on the energy con-
duction model and the numerical solution are not
illustrated, but both of these are identical to the result
shown based on the pure heat conduction model. The
prediction agrees reasonably well with the measure-
ments for the first hour. But for larger values of time
the analysis somewhat overpredicts the observed
temperatures.

— T T T YT

o Experiment measurement

100 | —— Pure heat conduction model
—-— Energy conduction model NoT
— Numerical solution Py
0 o a® 4
// - e

°C

Temperature,

Time, h

FiG. 6. Temperature responses for sand at the surface of the
heat source (g, = 20 W).
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s Experimental measurement s 8
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— Numerical solution 9/0 No.8
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|
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Time, h

FiG. 7. Effects of high heat flux for sand (g, = 40 W).

Figure 7 shows results similar to those given in Fig.
6, but for a heating rate twice as high. Temperatures
rise more rapidly, as expected, with essentially dry
sand exhibiting temperatures well above 100°C (Run
No. 8).

It should be mentioned that all of the analytical
predictions shown in Figs. 5-7 were adjusted to
account for the thermal inertia of the heat source.
Although the electrical heater element provided a
constant heating rate, a fraction of the energy was
required to raise the temperature of the source itself,
such that the heat transfer rate from the source surface
to the soil was not quite constant. This adjustment had
the effect of shifting the analytical curves slightly to the
right for small values of time. The adjustment was
negligible for times in excess of 0.2 h.

It has been previously explained that the numerical
solution accounts for convective transport of thermal
energy due to mass migration, while the energy
conduction model does not. Hence, the deviation of
these two predictions is due to this effect. For wet sand
(Runs No. 3 and 4) this is a substantial effect. By
comparison, wet loam (Runs No. 1 and 2) exhibits
some influence of this mechanism, but percentage-wise
it is smaller than in the case of wet sand. This difference
was traced to the fact that in this range of moisture
content the equivalent Lewis number of wet loam is
considerably larger than unity, while for sand it is
considerably smaller than unity. In the former case
equation (9) can be reduced to a diffusion type
equation, the solution of which is

— erf ( X
z = eric \m@) — €
+ \/(T//lz)),

x+T/A,

f ( X
RENCTR

2
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where 4, = o,/D; is the equivalent Lewis number,

based on the equivalent thermal diffusivity.
2= (1 +x)¢ &= (0, — 0)/Af,, and
F, .
ok, "*7: + Blp — N F(T)
AB, = — T AT, {22

oD

Recall that the ‘energy conduction model’ leads to
equation (17) with a, and k, replaced by « and k as
discussed earlier. By comparing this equation and
equation (21), it can be seen that the change of z with ¢
is much slower than of y with 7 because of the existence
of 4, in equation (21). As a result, at large values of /.,
moisture migration is very small and, hence, the
convective transport of energy is small. For this
reason, predictions of the numerical solution and of
the ‘energy conduction model’ are closer together for
wet loam. See [9] for further discussion.

It was found that thermocouples in the loam at
equal radii, below the heat source and in the central
horizontal plane (Fig. 2), indicated essentially the same
temperature at any instant of time. This showed that
free convection effects within the soil had little effect in
distorting the spherical symmetry of the transient
temperature distribution. Temperature differences of
the order of 1°C or less were observed for loam, and
some of this discrepancy may have been due to
inaccuracy in thermocouple location. The same be-
havior was observed for dry sand. For wet sand,
however, thermocouples in the central horizontal
plane indicated slightly higher temperatures than the
thermocouples along the vertical axis at equal radii.
The largest difference observed was 4°C, but typically
the difference was smaller than this. Thus, it can be said
that there was a small but discernible effect of free

convection within wet sand.
The numerical solution program contained pro-

vision for handling the occurrence of a dry-wet
interface, as explained previously. For the eight test
runs listed in Table 1, only Run No. 6 exhibited this
phenomenon in the numerical solution. It can be seen
from Fig. 7 that the source surface temperature
exceeded 100°C (boiling point of water), thus indicat-
ing the existence of a dry—wet interface. The numerical
solution for this case indicated that the dry-wet
interface remained essentially at the heat source sur-
face within the 10h time period of the test run. This
prediction is in agreement with the observed ther-
mocouple responses. Only thermocouples attached to
the surface of the heat source indicated temperatures in
excess of 100°C. Since the remaining thermocouples
closest to the heat source were 0.01 m from the surface,
these measurements showed that the dry--wet interface
did not move more than 0.01 m from the surface during
the test. It should be mentioned that Run No. 8 also
exhibits temperatures in excess of 100°C, but in this
case the sand was initially dry making the formation of
a dry-wet interface impossible.
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CONCLUSIONS

Based on results obtained in this investigation the
following conclusions are drawn:

1. For a given soil energy transport is facilitated by
higher moisture content, thus yielding lower
temperatures in comparison with the same soil with a
lower moisture content.

2. The numerical solution characterizing the com-
plete formulation of the problem predicts the transient
thermal response of soils reasonably well.

3. For well-graded moist soils, such as loam, the
energy conduction model yields approximate pre-
dictions that are adequate for many engineering
applications.

4. For porous moist soils, such as wet sand, con-
vective transport of thermal energy due to mass
migration is appreciable. For this situation predictions
based on the energy conduction model yield consider-
able error. Use of the numerical solution procedure is
recommended for these cases when higher accuracy is
desired.

5. For initially dry soils the pure heat conduction
model provides accurate predictions. For moist soils
this simplified procedure yields approximate pre-
dictions only, with errors that are generally greater
than those associated with the energy conduction
model.

6. Both simplified models overpredict the transient
temperature rise.
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TRANSFERTS VARIABLES DE CHALEUR ET DE MASSE DANS LES SOLS

Résumé—On considere les transferts variables de chaleur et de masse dans le sol entourant une source de
chaleur enterrée. On développe des modéles monodimensionnels (sphérique) pour estimer les phénoménes
couplés de migration de chaleur et d’humidité. Des solutions numériques de la formulation exacte sont
données. Deux types de solutions littérales sont obtenues en utilisant des modéles approchés. Des mesures
expérimentales sont présentées pour deux types de sols: une argile bien homogéne (réponse hydraulique
lente) et un sable (réponse hydraulique plus rapide). On compare les variations de température calculées et
mesurées a la surface de la source de chaleur. Dans tous les cas la solution numérique de la formulation exacte
s’accorde assez bien avec les résultats expérimentaux. Les solutions littérales s’écartent des mesures mais
elles sont utiles pour obtenir de fagon simple des estimations approchées.
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INSTATIONARER WARME- UND STOFFTRANSPORT IM ERDBODEN

Zusammenfassung — Der instationdre Wirme- und Stofftransport in der Umgebung einer im Erdboden
verlegten Warmequelle wird betrachtet. Es werden eindimensionale (sphérische) Modelle entwickelt, um die
gekoppelten Wirme- und Stofftransportvorginge zu berechnen. Dazu werden mit Hilfe von Ndherungsmo-
dellen zwei Arten von geschlossenen Ldsungen hergeleitet. Die Ergebnisse experimenteller Messungen an
zwei verschiedenen Bodenarten werden vorgelegt — fiir einen gut gesiebten Lehm (langsames hydraulisches
Ansprechen) und Sand (schnelleres hydraulisches Ansprechen). Die vorausberechneten und die gemessenen
Temperaturdnderungen an der Oberfliche der Wiarmequelle werden miteinander verglichen. In allen Fillen
stimmt die numerische Lsung des genannten Ansatzes mit den experimentell ermittelten Daten ziemlich gut
iberein. Die geschlossenen Losungen weichen von den Messungen zwar etwas ab, sind aber - wie gezeigt
wird —- brauchbar, um auf einfache Weise Ndherungslgsungen zu erhalten.

HECTAUUOHAPHBIN TEIJIO- U MACCOIMNEPEHOC B [MOYBE

AnnoTanns - PaccMoTpen HectallMOHapHBIN [POLIECC TEMJIO- M MaCCONEPEHOCA B TOYBE BO3JIE 3a-
rybneHHoro McrouyHuka tenja. Pa3paboTaHbl onHOMepHbIe (cepuueckHe) MOAENH [UIs pacyeTa
B3aHMOCBSA3aHHBIX SBJICHHH TENJIO- M BjaronepeHoca. I1pMBENECHBI YHCIIEHHBIE PEUIEHHS 3dja4M B
nosHoN nocraHoBke. Kpome TOro, ¢ noMoupio NpHOTHXKEHHBIX MOMIENEH MOJIyY€HO B4 THra
peuleHHH B 3aMKHyTOM BHze. [lpencTaBieHbl NaHHbIE JKCNEPUMEHTAJbHBIX H3MEPEHMIl i AByX
THNOB [OYB: XOPOLIO OTCOPTHUPOBAHHON [JIMHBI (MEAJICHHAS THAPABJIMYECKas peakuMs) u necka (bonee
6bicTpas ruapasiMyeckas peakiuus). [IpoBeAeHO cpaBHEHHME PACCUMTAHHBIX M H3MEPEHHBIX 3HAYEHHH
TeMIepaTyp Ha NOBEPXHOCTH MCTOYHMKA Tenja. Bo Bcex ciyyasx daHHblE YHUCIEHHOIO pacyeTa
ZIOBOJILHO XOPOUIO COrNIACYIOTCS € PE3yIbTaTaMHU JKCIEPUMEHTOB. Peluenns, noayueHHbie B 3aMKHYTOM
BHJIE, JAIOT 3HAYEHHS, HECKOJIBKO OTJIHYAIOIIHECS OT M3MEPEHHBIX, TEM HE MEHEE MX MOXHO € YCIEXOM
MCNOJIb30BaTh Ui MPOCTBIX NPUOHKEHHBIX PacyeToB.



